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Preface 
 

The Seventh International Conference on Debris-Flow Hazards Mitigation was held in Golden, 

Colorado June 10-13, 2019.  The major objective of the conference was to provide a forum for 

international researchers, engineers, and policy makers to exchange ideas and promote 

communication to advance the scientific understanding of debris-flow hazards as well as 

approaches to assess and mitigate debris-flow risk to infrastructure and people.  The conference 

agenda consisted of 14 keynote presentations, 38 shorter oral presentations, and 86 poster 

presentations. The conference sessions were preceded by a 1-day field trip to examine 2013 

debris flows in Rocky Mountain National Park and followed by a 2-day field trip to the Chalk 

Cliffs debris-flow monitoring basin near Nathrop, Colorado.  

 

This proceedings volume contains 134 papers from 17 countries that accompanied all three types 

of presentations. All papers underwent peer review, with each paper receiving at least one 

technical and one editorial review, and most receiving two technical and two editorial reviews.  

We acknowledge the critical role that reviewers played in assuring the high-quality of papers in 

this volume. Reviewer names and affiliations are given on the following pages.  

 

Many people contributed to the success of the conference.  The International Organizing 

Committee provided guidance to the Local Organizing Committee throughout the multi-year 

preparation period leading up the conference, as well as assisting with the review process and by 

serving as session moderators during the conference.  The Colorado School of Mines Continuing 

and Professional Education Services group, led by Melody Francisco and including Becca 

Guillen, Jennifer Graser, and Andy Ledford, managed the massive job of creating and updating 

the conference website, corresponding with authors and attendees, wrangling manuscript 

submission and review logistics, and organizing meeting rooms, housing, and food arrangements 

for the conference.  Emily Bongiovanni, the Colorado School of Mines Scholarly 

Communications Librarian, assured that this volume was posted on the Mountain Scholar 

website. Several organizations provided sponsorship through financial support.  Their names are 

provided on the following pages. Our profound thanks goes out to all of these individuals and 

groups.    
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Abstract 

Particle size segregation is a common feature in debris-flow deposits and is assumed to develop in a similar way as in dry granular 
flows where fluid forces are neglected. Solid-fluid coupling however is a defining feature of debris flows and fluid forces must 
therefore be accounted for in modelling for the segregation that develops therein. This paper presents a numerical investigation of 
the mechanisms of segregation under the influence of fluid forces. For this, a segment of a fully submerged bi-disperse steady 
granular flow is simulated using the CFD-DEM method. The solid-fluid interactions come in the form of buoyancy and fluid drag 
force. It is found that the presence of the fluid generally retards the rate and quality of segregation primarily by promoting the 
formation of a plug flow in the stream-wise velocity profile. The plug flow region forms at the free surface where it significantly 
reduces or zeroes out the shear rates thus inhibiting the main mechanisms of segregation, i.e. kinetic sieving and squeeze expulsion, 
to take place. It is inferred that the rapid shearing that occurs near the base promotes segregation but is unable to proceed towards 
the free surface due to the presence of the plug flow region that serves as a barrier. The quality of submerged segregation improves 
at lower angles where the plug flow region is minimized and the usual parabolic shear profile develops. 

Keywords: CFD-DEM; interstitial pore fluid; particle size segregation; debris flows; solid-fluid interaction 

1. Introduction

Particle size segregation is a prominent physical feature observed in debris-flow deposits (Major 1997) and is
believed to have significant effects on the flow’s overall dynamics (Johnson et al. 2012, Kokelaar et al. 2014). The 
head region and the lateral edges are primarily composed of larger and coarser grains while the tail region is mostly 
composed of fines. Cutting into the deposit, one can observe an inversely graded profile where the large particles rise 
to the free surface and the fine particles settle at the base. This phenomenon has been well observed in highly sheared 
dry granular mixtures (e.g. chute flows, rotating drums, heaps and silos) and has been found to be well accounted for 
by the theories of kinetic sieving and squeeze expulsion (Savage & Lun 1989, Vallance & Savage 2000, Gray & 
Thornton 2005, Gray & Chugunov 2006). Debris flows however are distinct from other granular and geophysical mass 
flows due to the active influence of the interstitial fluid on the particle dynamics (Cuossot & Meunier 1995, Iverson 
1997). 

Physical experiments on segregation (Vallance & Savage 2000, Zanuttigh & Ghilardi 2010, van der Vaart et al. 
2015) have been invaluable in characterizing the mechanisms that drive the process and have been instrumental in the 
development of theories that are able to predict the degree of segregation for different initial conditions (Gray& 
Thronton 2005, Benjy & Marks 2011, Gajjar & Gray 2014). It is, however, only through computational and numerical 
simulations of particle interactions that the micro-mechanical origins (i.e. particle scale) of segregation can truly be 
investigated (Fan & Hill 2011, Hill & Tan 2014, Jing et al. 2017). Recently, particle dynamics simulations have been 
computationally ‘coupled’ with fluid dynamics solvers in order to model fluid effects on particle motion and vice 
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versa. Several works that employ these methods have already demonstrated their effectiveness in providing significant 
insight to the dynamics of coupled systems ranging from laboratory-scale granular transport (Tsuji et al. 1992), and 
saturated soil mechanics (Zhao et al. 2014), to landslides (Zhao & Shan 2013, Zhao et al. 2016) and debris flows 
(Leonardi et al. 2015, Zhao 2017, Li & Zhao 2018).  

In this study, we report the results of a series of computational experiments that were aimed to study the 
development of particle size segregation under the influence of fluid forces. This is to further understand the driving 
mechanisms responsible for the size re-arrangement observed in natural debris flows. We use the coupled Discrete 
Element Method – Computational Fluid Dynamics (CFD-DEM) to simulate bi-disperse mixtures of particles ‘flowing’ 
at different angles of inclination in water. The segregation that develops in the saturated cases are compared with the 
segregation of dry particles.    

2. Methodology

2.1. Definition of the system 

The simulation consists of two separate but coupled domains. In the solid domain, the flow of a bi-disperse mixture 
of solid spheres is simulated using the open-source code ESyS-Particle (Weatherly et al. 2011). Periodic boundaries 
were set in the stream-wise direction to represent an infinitely long chute. The distance between the span-wise 
boundaries were set to be small enough for side-wall effects to be negligible (Jop et al. 2005). The floor was roughened 
by ‘gluing’ a randomized array of small particles to the base; the flow surface was free. The particles were initially 
set to be randomly mixed. The exact number of small and large particles were calculated according to a volume 
fraction of 0.5, a large to small particle size ratio of 1.5 and an initial packing volume of 0.3 × 0.1 × 0.4m (𝐿 × 𝑊 ×
𝐻). Flow was initiated by tilting the 𝑥𝑧 plane of gravity to the desired inclination angle. It is to be noted that the chosen 
parameters are highly idealized and do not necessarily reflect natural debris flows which are known to have much 
wider size distributions and size ratios. The goals of this paper simply focus on the particle scale effects of fluid forces 
on the particle dynamics that lead to inverse grading and not on the effects of varying these parameters themselves. 
Hence they will be held constant throughout the study. In particular, the chosen size ratio is relatively small but is 
sufficient to induce size segregation within a short period of time.  

The fluid domain was implemented using the open-source CFD code OpenFOAM. The whole domain was given 
the material properties of water at 20°C. The domain was uniformly discretized in such a way that at least 5 large 
particles would fit (Zhao et al. 2014). A free-atmosphere boundary condition (pressure is based on local velocity of 
adjacent mesh; velocity dynamically changes from zero gradient when there is outflow to having a flux dependence 
when there is inflow (OpenCFD 2004)) was set at the right, left and top walls, allowing the fluid to freely flow in and 
out of the domain. A no-slip condition (zero pressure gradient, fixed zero velocity) was set at the bottom wall. For the 
turbulence, the standard 𝑘 − 𝜀  model is implemented. The complete set of material and system parameters are 
summarized in Table 1.  

The solid domain is positioned completely within the fluid domain. The fluid domain is set to be slightly longer 
stream-wise since setting both domains to exactly coincide would mathematically result to very sharp fluid pressure  

c. 

Fig. 1. (a) The conceptual diagram of the system being simulated. Snapshots of the (b) velocity and (c) dynamic pressure distributions of the actual 
simulation which represents the segment bordered by the cube in (a). 

a. b. 
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gradients. Over-all one can imagine the whole simulation to be that of a segment of a submerged bi-disperse debris 
flow (Fig. 1a). A fully submerged case is chosen since, for now, we only wished to observe the effects of fluid forces 
on segregation, while avoiding the complications of solving for fluid free surface flows. The fluid is initially static 
and only flows as a reaction to the particle motion.  

Snapshots of the velocity and dynamic pressure distributions are shown in Figs. 1b and c respectively. The highest 
velocities are observed at the top-right since particle velocities are highest near the free surface for a flow that moves 
from left to right. Relatively low velocities are measured at the left since that is where the ‘new’ particles enter whose 
velocities are impeded by the particles ahead of them. On average, granular flow and fluid velocities are approximately 
equal. Dynamic pressures fluctuate as a reaction to the random dilation and contraction of the particles within the 
mixture. The extremely low pressures at the boundaries of the solid domain are due to the velocity differences of the 
solids and the fluids (Zhao 2016). 

2.2. The CFD-DEM method 

The CFD-DEM method relies on a message passing algorithm that relays information from the DEM solver to the 
CFD solver after a pre-defined number of DEM time-steps. The algorithm proposed by Zhao et al. (2014) was used 
in this study. 

The translational and rotational displacements resulting from particle-particle interactions are updated after each 
numerical time-step, determined after integrating the governing differential equations which are based on Newton’s 
second law of motion. The governing equations for the said trajectories can be written as: 

𝑚𝑖  
𝑑2𝒙𝒊

𝑑𝑡2
= 𝑚𝑖𝒈 + ∑(𝒇𝒏𝒄 + 𝒇𝒕𝒄)

𝒄

+ 𝒇𝒇𝒍𝒖𝒊𝒅 (1) 

𝑰𝒊

𝑑𝝎𝒊

𝑑𝑡
= ∑ 𝒓𝒄 × 𝒇𝒕𝒄

𝑐

(2) 

for linear and rotational motions respectively. Here 𝑚𝑖 and 𝒙𝒊 are the mass and position of a particle 𝑖 at a single
numerical time-step and 𝒈 is the acceleration due to gravity. 𝒇𝒏𝒄 and 𝒇𝒕𝒄 are the normal and tangential forces defined
at a contact point 𝑐. A linear spring-dashpot contact model (Cundall & Strack 1979) is used to calculate for the contact 
forces. 𝑰𝒊 is the moment of inertia of a sphere, 𝝎𝒊 is the rotational acceleration, and 𝒓𝒄 is the distance between the
centers of two contacting spheres.  

The final term on the right hand side of Eqn. (1) represents the force exerted by the fluid on particle 𝑖. This is called 
the solid-fluid interaction force (Zhao 2016) and is calculated as the sum of 2 types of fluid forces: the hydrostatic and 
the hydrodynamic. The hydrostatic forces are represented by buoyancy 𝑓𝑏

𝑖 = −𝑣𝑝𝑖∇𝑝, which is basically a function of
the particle volume and the pressure gradient that develops between two adjacent fluid cells. The hydrodynamic forces 
are born from the relative motion of the solid and the fluid phases and usually come in the form of the drag force 
which is quantified as: 

𝐹𝑑𝑖 =
1

2
𝐶𝑑𝜌𝑓

𝜋𝐷2

4
|𝑼 − 𝑽|(𝑼 − 𝑽)𝑛−𝜒+1

(3) 

Table 1. CFD-DEM material and simulation parameters 

DEM Parameters CFD Parameters 
Small particle diameter (mm) 10 Fluid density (kg/m3) 1000 
Large particle diameter (mm) 15 Viscosity (Pa.s) 0.001 
Number of small particles  5999 
Number of large particles 1777 Simulation Parameters 
Solid volume fraction 0.5 Gravity (m/s2) -9.81 
Young’s modulus (N/m) 1x107 DEM time-step (s) 1x10-5 
Poisson’s ratio 0.3 CFD time-step (s) 1x10-4 
Friction angle (°) 30° Coupling frequency* 10 
Linear Damping Coefficient 0.1 
Inclination angle (°) [22,24,26,30] 
*Coupling frequency pertains to the number of DEM time steps that have to elapse before a single CFD time step. 
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where: 

𝐶𝐷 =
24

𝑅𝑒
(1 + 0.15𝑅𝑒0.681) +

0.407

1 +
8710

𝑅𝑒

(4) 

𝑅𝑒 = 𝜌𝑓𝑑|𝑼 − 𝑽|/𝜇 (5) 

are the drag coefficient and Reynold’s number defined at the particle scale respectively. 𝑼 and 𝑽 are the fluid and 
particle velocities, 𝜌𝑓  is the fluid density, and 𝜇  is the dynamic viscosity. 𝑛  is the local porosity while 𝜒  is the

empirical porosity correction factor calculated as  𝜒 = 3.7 − 0.65 exp [−
(1.5−log10 𝑅𝑒)2

2
]. 

The fluid domain is discretized into 3-dimensional cells where the Navier-Stokes equations are solved using the 
Finite Volume Method (FVM) (OpenCFD 2004). The mass and momentum continuum equations are written as: 

𝜕(𝜌𝑓𝑛)

𝜕𝑡
+ ∇ ∙ (𝜌𝑓𝑛𝑼) = 0 (6) 

𝜕(𝜌𝑓𝑛𝑼)

𝜕𝑡
+ ∇ ∙ (𝜌𝑓𝑛𝑼𝑼) − 𝑛∇ ∙ 𝝉 = −𝑛∇𝑝 + 𝑛𝜌𝑓𝒈 + 𝒇𝒅 (7) 

where 𝝉 fluid stress tensor calculated via the standard 𝑘 − 𝜀 turbulent model (Zhao 2016), and 𝑝 is the fluid pressure. 
The term 𝒇𝒅 = ∑ 𝐹𝑑𝑖 𝑉𝑐𝑒𝑙𝑙⁄𝑁

𝑖=1  is the drag force per unit fluid volume. The fluid pressures and velocities that are
calculated in each cell are used, in turn, to calculate for the interaction forces. 

3. Results and discussions

3.1. Post-processing 

To calculate for the relevant kinematics of the system, the whole granular flow was divided into bins of fixed 
dimensions along the flow depth ( 𝒚 -direction). The kinematic properties will be calculated considering the 
contribution of the part of each particle that falls within a certain bin with height 𝚫𝒚 centered at 𝒚. The bin height is 
arbitrarily set to be 1/5 of the small particle diameter. Dry and submerged mixtures flowing at 26° were simulated to 
provide comparison between the segregation that develops with and without buoyant forces. Submerged mixtures at 
different angles of inclination were simulated to show how the segregation process varies under different flow 
conditions. 

3.2. Measuring segregation 

Segregation is measured as the deviation of the local volume concentration 𝝓 
𝒏 of a certain size species 𝒏 from the

global volume concentration (which is 0.5 at all times) at a height 𝒚 for a certain time 𝒕. This is calculated using the 
equation proposed by Hill & Tan (2014):  

𝑆𝑛(𝑦) = √ ∑ (𝜙𝑗
𝑛(𝑡) − 𝜙)

𝑁𝑏𝑖𝑛

𝑗=1

(𝑁𝑏𝑖𝑛 − 1)⁄ (8) 

where 𝑆𝑛 is the segregation of a species and 𝑁𝑏𝑖𝑛 is the number of bins along the 𝑦-direction respectively. The higher
the value of 𝑆𝑛 the better the ‘quality’ of segregation, where the best case involves a complete separation of small and
large particles into two homogeneous layers.  

Fig. 2a shows the segregation trends of the large particles of both dry and submerged mixtures. The segregation of 
the dry mixture (at 26°) shows a rapid increase at the beginning which evens out to a nearly constant value at around 
120 seconds. Beyond this point, there is no longer a clear change in the local large particle concentration deviations, 
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implying that there is no longer a net flux of large (small) particles to the free surface (base) and segregation has 
achieved a steady state.  

The segregation of submerged mixtures are significantly different. The levels of segregation are lower and slower 
compared to the dry case. Instead of a parabolic trend, segregation rapidly increases in a linear manner initially for a 
short period of time before abruptly slowing down. The slow increase continues until the end of the simulation. 
Segregation steady-state was not achieved except for the mixture flowing down at a 30° angle. This flow was very 
diffuse – random particle motion dominated – and hence no net upward nor downward flux was able to develop, 
maintaining a constant concentration deviation until the end.  

Segregation is a shear driven process. At higher velocities shear rates are high, more random voids appear for small 
particles to percolate down to and more inter-particle contacts to hoist large particles up. High velocities will increase 
random particle motion and create voids that even large particles can fall into, preventing them from segregating up. 
Flows that are relatively slow result to lower shear rates which also effectively reduce segregation. Simply put, the 
presence of the fluid slows down the granular flow, reducing local shear rates and consequently slows down 
segregation. The difference that the presence of fluid makes can be seen when comparing Figs. 2b and c – snapshots 
of dry and submerged mixtures respectively, both simulated at an inclination angle of 26°; taken at 160 seconds. 

3.3. Particle distribution 

For a more qualitative assessment of the spatio-temporal development of segregation, phase diagrams representing 
the solid volume concentrations of large particles 𝝓𝒍 for the dry case at 26° (Fig. 3a) and the submerged cases (Figs.
3b-e) at different angles of inclination are presented in the first column of Fig. 3. As in section 3.1, the dry case is 
simply included for comparison. For the dry case, a thick layer composed of purely large particles is observed at the 
free surface. One that is dominated by small particles develops at the bottom. The black dashed line near the floor 
marks the height of the base particles. A blurred transition line develops between these two regions. This area is where 
both size species co-exist and mix under dynamic equilibrium (cf. Jing et al. 2017). This is usually attributed to 
diffusivity which prevents the perfect segregation of the two particle species (cf. Vallance & Savage 2000, Gray & 
Chugunov 2006). 

 For the submerged case, the large particle layers are noticeably much thinner and take much longer times to 
develop. Immediately under this layer is a region which, although dominated by large particles, is also sufficiently 
populated with small particles. This layer continues to thicken over time indicating that large particles still continue 
to rise from the bottom. Most of these large particles, however, do not continue all the way upwards but instead remain 
suspended there. This can be seen from the granularity that develops in this region where a certain degree of striation 
is observed. This indicates that the solid concentrations at a certain height remain constant for prolonged periods of 
time. All throughout the rest of the flowing body, the mixture is more or less homogenous and a more ‘diffuse’ 
granularity is observed. This suggests that there is a difference between the flow properties along the height of the 
flow that, in effect, causes particles to behave differently.   

Comparing the phase diagrams of the flows at different angles, it can be seen that the lower the slope angles the 
better the segregation, and the more the distribution resembles that of the dry case. At low angles (i.e. low velocities; 
22° and 24°) the large particles in the stagnant layer accumulate at the beginning but then slowly rise up to be a part 
of the pure large particle layer. This is accompanied by the continued increase in the thickness of the small particle 

Fig. 2. (a) Segregation of a dry bi-disperse mixture at 26° and submerged mixtures (indicated by the prefix ‘sub’) at different angles of inclination. 
Snapshots of segregation for a (b) dry and (c) submerged mixture at 26°, 160 seconds. 

b. c. Dry 26°

Sub 22°
Sub 24°

Sub 26°
Sub 30°

a.
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layer. This means that although slow, segregation and its primary mechanisms (e.g., kinetic sieving, squeeze 
expulsion) are still in progress and the inhomogeneities in the flow profile are less pronounced. At higher angles (i.e. 
higher velocities; 26° and 30°), the striation in the stagnant regions are more pronounced, indicating that almost no 
relative change in the solid concentration has occurred for long periods of time. The same is also true for the fine 
particle layer near the base whose thickness has ceased to increase indicating that even the gravity-driven downward 
percolation of small particles is also inhibited. In addition (especially at an inclination of 30°), distinct layers start to 
form at the lower regions indicating more pronounced differences in the flow profile along the depth.  
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Fig. 3. The solid volume concentration distributions of large particles 𝜙𝑙 of (a) a dry bi-disperse mixture at 26° and submerged mixtures for angles 
(b) 22°, (c) 24°, (d) 26°, and (e) 30°. The stream-wise velocity and shear profiles of the (f) dry and (g-j) submerged mixtures at 160 seconds. The 
kinetic stress profiles of the (f) dry and (g-j) submerged mixtures at 160 seconds. 
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3.4. Kinetic properties 

To further shed light on the flow properties that are believed to affect the manner of segregation, the kinetic 
properties of the simulated granular mixtures are evaluated according to their velocity, shear rate and kinetic stress 
profiles. The kinetic stress is a measure of the degree of individual particle mobility, expressed in terms of their relative 
velocities to the average velocity of the surrounding particles at the height where they are located. This value is 
analogous to the granular temperature. Here we calculate the kinetic stress through (Fan & Hill 2011): 

𝜎𝑦𝑦
𝑘,𝑛(𝑦) = 𝜌𝑚𝜙𝑛 (

1

𝑁
∑

∑ (𝑣𝑖𝑗
𝑛 − 𝑣(𝑦))2𝑉𝑖𝑗

𝑛
𝑗

∑ 𝑉𝑖𝑗
𝑛

𝑗

𝑁

𝑖=1

) (9) 

where 𝑣𝑖𝑗
𝑛  is the velocity of the volume portion of a certain particle and 𝑣(𝑦) is the average velocity of both size species

at bin center 𝑦. 𝑖 is the time-step number, of which there are 𝑁 at which the velocity per bin is averaged, 𝑉𝑖𝑗
𝑛 is the

total volume of a particle specie at 𝑦, and 𝜌𝑚 is the material density.
 Figs. 3f and k show the relevant kinetic properties of the dry flow respectively. The measured stream-wise velocity 

and shear rate profile of the dry case is typical for dry granular flows (cf. Jop et al. 2004). In dry mixtures, the kinetic 
stress is mostly borne by the small particles and is highest near the base where the shear rate is highest. Large particle 
kinetic stress is significantly lower and more or less even throughout the flow height. 

The flow profiles of the submerged mixture (Figs. 3g-j) exhibit a plug flow near the free surface and a rapid shear 
at the base. This profile is consistent with the stream-wise flow profiles of submerged (Istad et al. 2004) and even 
free-surface debris flows (Mainali & Rajaratnam 1994). The kinetic stress magnitudes (Figs. 3l-o) of both small and 
large particles are lower in the submerged case and are also notably less distinct – both of them show near zero values 
at the plug flow region and both peak near the base. This implies that the presence of fluid reduces individual particle 
mobility and does this to the point that individual particle motion for both species are nearly equalized. Relating the 
inhomogeneity of the kinetic profiles to the concentration profiles in 3.2, one can infer that the particles in the plug 
flow region almost move as a single block where due to the lack of shearing find it hard to segregate up or down. 

Comparing the velocity profiles at different angles, the plug flow region is more pronounced and is wider for higher 
velocities. The larger the relative velocities of the particles and the surrounding fluid, the greater the opposing drag 
force and hence when the particles move faster, the greater the drag force they experience from an initially static fluid. 
When the granular flow is slow, the fluid resistance is less and hence a velocity and shear profile resembling a dry 
flow can be achieved. 

4. Conclusions and outlook

A simple case of a submerged bi-disperse mixture is simulated using the CFD-DEM method to investigate the 
effects of fluid forces on the development of particle size segregation. From the initial results, it can be seen that the 
fluid generally retards the degree and rate of segregation. It is inferred that the resistive forces of the fluid create a 
plug flow region near the free surface wherein the shearing of the particles are greatly reduced to the point that the 
particles seemingly move as a single block. The reduction of the shearing inhibits the generation of random voids 
which are essential for small particle percolation downwards and reduces the relative inter-particle motion which 
necessary for the ‘squeezing’ of the large particles upwards. The shearing that exists in the lower regions continues to 
promote the aforementioned mechanisms, however, it is supposed that further segregation from this region is 
suppressed due to the plug flow that develops at the upper regions. 

The aforementioned mechanism however still requires a more stringent evaluation which would involve knowing 
the fluid effects on particle contacts and how the shear profile that develops actually affects the particle trajectory. 
Further insight can also be gained through the variation of particle parameters such as the size ratio and the density 
ratio between the solid and the fluid.   
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Abstract 

The mobilization of surface material by particle-laden flows involves phenomenology that cross multiple scales: 
particle-scale interactions and mesoscopic stresses have significant implications for landscape evolution and associated hazard 
mitigation issues. Here, we consider the problem of erosion of bed materials by debris flows – flows of boulders, gravel, sand, 
fine particles, and fluids – as they entrain soils and rocks from steep hillsides. In this paper we report results from laboratory 
experiments investigating the effect of changing coarse particle concentration in a dry “debris flow” on the erosion of a bed over 
which it flows. We find that increasing the fraction of coarse particles in the bed often increases the bed erosion.  However, for 
some systems, the details are noisier and harder to discern.  We associate the variable erosion and noisiness in part with the 
competing dynamics of small scale interactions, such as the coarse grain impacts, and larger scale details, such as those related to 
angles of repose.  We also present preliminary results measuring instantaneous erosion rates and demonstrate that size 
dependence of the erosion rates can vary considerably from that of the net erosion.  We conclude by summarizing some 
limitations of our experiments and ongoing next steps to address these limitations. 

Keywords: debris flows, granular materials, erosion 

1. Introduction

Debris flows are massive movers of sediment – boulders, gravel, and sand- and clay-sized particles – from
mountainous regions and steep hillslopes to foothills, valleys, and river channels below (Hungr, McDougall, Jakob 
and Bovis, 2005).  Along the way, they pose significant hazards to infrastructure and human life, and they determine 
important details of river channel dynamics to which they supply a substantial amount of sediment.  There is 
significant evidence that changing land use and climate change are increasing debris flow magnitude and frequency 
(e.g., Stoffel and Beniston, 2006; Jakob and Friele, 2009; Jomelli et al., 2009).   

Much of our understanding of debris-flow processes is drawn from experimental studies and limited natural 
examples.  Changing environmental conditions, such as rainfall frequency and magnitude, and variable particle 
properties limit effectiveness of empirical models based primarily on previous debris flows. A solution to this 
problem may lie in a more physics-based understanding of the manner in which debris flow composition, interstitial 
fluid composition, and particles which can vary from one debris flow to the next can affect debris flow behaviors. 
Understanding the mechanisms that control the rate at which a particular debris flow entrains particles and grows in 
size is important for predicting their hazard (Godt and Coe, 2007).   

In this paper, we focus on the effect of changing the concentration of large particles in an experimental debris 
flow on net erosion, the difference in bed mass before and after the flow, of a bed of erodible materials (loose 
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particles rather than bedrock).  We also perform a preliminary investigation of the dependence on near-instantaneous 
bed material erosion rates on large particle concentration in an initial debris flows.  

1.1. Field-scale observations of debris flow entrainment 

Much of our intuition of debris flow entrainment has historically come from observations of landscape evolution 
associated with natural debris flows.  After a debris flow is initiated, inspection of the steepest part of the canyons 
indicates that at the steepest slopes, debris flows entrain most loose sediment in their paths and incise into the 
bedrock itself (e.g. Wieczorek et al., 2000; Stock and Dietrich, 2006).  At intermediate slopes debris flows no longer 
scour down to bedrock, but they typically continue to entrain debris from the channel bed causing granular flows 
increase considerably in size (e.g., Revellino et al., 2004, Hungr et al., 2005).  This paper concerns the dynamics of 
the entrainment process when the limit to entrainment is set by the details of the flow and the particles in the bed.   

Many physical factors influence debris flow entrainment rates under these conditions.  In most cases, these have 
been categorized into one of two mechanisms: (1) an applied shear stress by the flow on the bed that has the 
potential to accelerate the material into motion and (2) internal forces or stresses within the bed that resist the 
movement of bed materials into the flow (e.g., Takahashi, 1981; Hungr et al., 2005).  In other words, the rapid 
loading associated with debris flows can entrain particles by increasing the shear loading of the material at the same 
time it can reduce the internal stress or even induce a liquefaction of the bed material, leading to erosion.   

Monitoring stations around the world have produced data that have increased our understanding of key factors in 
debris flow entrainment.  Notably, these include stations in active debris flow sites such as Acquabona Creek in the 
Dolomites in the Italian Eastern Alps (Berti et al., 1999); Illgraben channel in the Swiss Alps (Berger et al, 2011); 
Chalk Cliffs study basin in the Sawatch Range, Colorado, USA (McCoy et al., 2012).  Berti et al. (2000) used flow 
height sensors, load cells, and fluid pore pressure sensors buried in the channel bed to understand entrainment 
dynamics in the Italian Eastern Alps. Their data indicated that the scour rate was proportional to local slope gradient.  
Berger et al. (2011) used a progressive erodible daisy-chained sensor in conjunction with dynamic load cells 
measuring downslope and normal stresses, pore pressure sensors video monitors in moderately moist debris flows 
along the Illgraben channel in a temperate-humid region in the Swiss Alps.  They found that entrainment rate 
increases with both average and fluctuating stresses, and demonstrated that the fluctuations and entrainment rate 
particularly well-correlated with the highly fluctuating granular front. McCoy et al. (2012) used a comparable situ 
sensor network to measure related quantities in the Chalk Cliffs study basin of Colorado for dry-to-saturated flows 
in the typically semi-arid conditions. They found a strong correlation between entrainment and bed-sediment 
moisture content by comparing time-averaged entrainment rates across all six (dry and saturated) flows.  In contrast 
to the findings of Berger et al. (2011) McCoy et al. (2012) found negligible correlations between stress fluctuations 
and sediment entrainment, perhaps because of a different in the nature of the debris flows.  The Chalk Cliffs 
measurements indicated shallow stress fluctuation penetration depths into the bed. 

These field studies have demonstrated the importance of bed inclination, moisture level, and dynamics such as 
shear stress and bed fluctuations.  However, investigating the effects of grain size distribution of the debris flow, or 
of the erodible material, on erosion dynamics is difficult due to the difficulty of systematically isolating the effect of 
grain sizes, interstitial fluid properties and other factors from one another.   

1.2. Previous studies of erosion – laboratory scale 

Laboratory investigations can isolate the effects of particle properties, changing interstitial fluid properties, slopes 
and other parameters from one another.  Egashira et al. [2001], Papa et al. [2004], and De Haas and Van Woerkom 
[https://doi.org/10.1002/esp.3963] reported experiments in a laboratory flume designed to study the effect of 
changing relative size of the particles in the flow and the bed.  Egashira, Papa, and colleagues [Egashira et al., 2001 
and Papa et al. 2004] both used millimeter-sized particles (from ~ 2 mm to 10 mm) in an experimental flume with an 
adjustable angle.  The flume was designed with a “weir” at the bottom, allowing these researchers to fill the bottom 
of the downstream end of the flume with particles and provide an erodible bed at a lower angle of inclination.  Papa 
et al. [2004] showed that, for these systems, if both bed and flow particles are of the same size distribution, erosion 
rates decrease monotonically with increasing particle size.  Egashira et al. [2001] demonstrated that, using smaller or 
equal-sized particles in the flow, the net erosion rate increases with decreasing bed particle size.  Egashira, Papa, and 
colleagues [Egashira et al., 2001 and Papa et al. 2004] predicted theoretically that net erosion rate should scale as 𝑑𝑓𝑙𝑜𝑤/𝑑𝑏𝑒𝑑, i.e,. the smaller the bed particles relative to the particles in the flow, the larger the erosion rates.  While 
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the results are compelling, typical laboratory experiments such as these suffer the risk of scale-limiting issues, 
particularly when it comes to particle-fluid flows [e.g., Iverson, 1997]. 

The well-known United States Geological Survey (USGS) flume [Iverson et al., 2010] provides some best 
elements of both worlds – those of laboratory experiments and field measurements.  At 95 m long and 2 m wide, it is 
sufficiently big to minimize scaling issues of smaller laboratory experiments.  Yet because of its relatively simple 
(rectangular) channel geometry and extensive instrumentation, it provides a setting that allows for systematic studies 
primarily only possible in relatively small laboratory flumes.  Using these facilities, researchers have been able to 
isolate a number of important dynamics of debris flows [e.g., Iverson et al., 2010] Notably, Iverson et al. [2011] and 
Reid et al. [2011] tested the effect of changing volumetric water content of the bed on relative erosion of that bed by 
a debris flow.  To do so, they varied water content from ~ 15% to 30% holding all else constant, including the 
particles in the bed and flow, i.e., mostly gravel and sand with a small percentage of finer particles.  .  They 
demonstrated that bed moisture plays an indisputable role in entrainment: the more moisture in the bed, the higher 
the measured entrainments rates.  Further, they showed that higher entrainment rates associated with the higher bed 
moistures were strongly correlated with higher mobility rates of the debris flows.     

1.3. Present studies of erosion – laboratory scale 

We developed a laboratory flume, detailed in Section 2, to focus on particular aspects of entrainment rates.  
In the rest of this paper we present our experimental investigations of the influence of grain size dependence of an 
initial debris flow on its erosion of materials in the bed over which it flows.  To help provide a simple foundation for 
these studies, we focus on bimodal mixtures in the initial debris flow and use dry particles only for the results 
described here.  We discuss potential issues with these simplifications in the last section of this paper.  

2. Experimental set-up

2.1. Experimental equipment 

The experiments described herein were performed in our laboratory flume (Fig. 1) fabricated by the University of 
Minnesota (UMN) College of Science and Engineering (CSE) machine shop, that we designed specifically to study 
erosion and deposition by model channelized debris flows.  The flume channel is approximately 3 m long 0.08 m 
wide. The inclination angle of the flume (𝜙) is adjustable from approximately 0° to 40°.   

The upslope ~1.8 m of the flume channel has a rigid rough bed and is approximately 1.8 m long 0.15  m deep 0.08 m wide.  Three release gates are installed along this section of the flume, at 0.38 m, 1.12 m, and 1.84 m from 
the upstream end.  The bed is roughened from 1.12 mm to the end of this upslope region using sandpaper of ~ 1mm 
roughness elements.  For the experiments we report here, we used the central release gate at 1.12 m from the 
upstream end.  (We have found similar results using release gates at 0.38 m from the upstream end as detailed in 
[Moberly, 2016]).  The downslope ~ 1.3 m of the flume has a false bottom, without which is ~ 1.3 m long 0.70  m 

Fig. 1  Sketch of laboratory flume (not to scale). 
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tall 0.15 m high.  Both ends of the erodible bed chamber are bounded by a wire mesh of spacing ~ 0.5 mm up to 
the height of the bottom of the rigid bed (0.15 m high).  A ramp installed between the bottom of the rigid bed and 
the bottom of the erodible bed chamber (inclined ~30° from the bed) greatly minimized the scour that otherwise 
occurred at the upstream end of the erodible bed, and did not otherwise appear to affect the results we present here. 

We used three primary pieces of measurement equipment: During the course of each experiment, we made two 
relatively simple measurements of relevance here: (1) We determined the inclination angle of the flume, 𝜙, using a 
digital level (Husky® accurate to the nearest 0.1°), placed the digital level on the base of the flume, as we inclined 
the flume. (2) We collected mass measurements of the particles using a digital scale with a resolution of one gram.  
In addition, we captured high speed videos of the experiments using two Photron high speed cameras, the 
FASTCAM SA3 and v9.0, both capable of taking slightly higher than 1000 x 1000 pixel resolution figures at a 
frequency of 1000 frames per second. Most of the data we present here concerns the total net erosion from the bed 
associated with each debris flows.  In addition, we present some preliminary instantaneous erosion.rate data for 
which we used data from the digital images to track the particles from one image to the next as we describe shortly. 

2.2. Bed and debris flow materials 

For these experiments, we used two different sizes of near-spherical zirconium silicate beads (Quackenbush, 
specific gravity ~ 4.0) with diameters of 2.0 mm and 0.8 mm. For both mixtures, we dyed the smaller particles blue 
using Sharpie ink to enhance differentiation of the two constituents when used together in an experiment. To 
simplify the experiments for this paper, we used only one type of bead in the bed at the beginning of each 
experiment and used uniform or bimodal systems in the supply, or initial debris flow, of the same material as the 
particles in the bed. 

2.3. Experimental procedures 

To prepare for each experiment, we reset the bed with the flume is in a horizontal position, such that 𝜙 0° and 
apply anti-static spray to the flume walls. We place a predetermined mass and mixture of particles in a position 
upslope of the closed gate to act as the initial debris flow for our experiment.  The shape of the conglomerate of 
particles placed here is similar from one experiment to the next, though, using this release gate, we observed little-
to-know difference in net erosion when this was changed [Moberly, 2016]. Next, we place an amount of particles in 
the erodible bed chamber predetermined to fill the chamber to the top. We use a flat rectangular plastic piece to 
gently smooth the top of the erodible bed in a way that flattens the surface while minimizing disturbance to the bed 
beyond the top layer of beads.  After this, we incline the flume to a predetermined angle and then secure the flume in 
place.  

To initiate each experiment, we quickly open the gate to allow the initial debris flow material to flow 
downstream.  As the initial debris flow travels over the roughened rigid section of the flume, the particles accelerate, 
become agitated and spread out due to the interparticle interactions.  Once the energized particles reach the 
stationary erodible bed, they collide with and mobilize initially stationary particles.  These mobilized particles, once 
energized, become part of the energized shearing collisional flow and subsequently mobilize lower, initially 
stationary particle in the bed. An apparent non-material boundary between moving and stationary particles descends 
for some time, depending on the experimental conditions (discussed shortly).  Then, the process reverses. The 
bottom-most moving particles slow and stop due to “drag” forces from the particles below them and insufficient 
mobilizing interactions from the particles above.  Then, the particles slightly higher in the bed slow to a stop and so 
on, until the non-material boundary between moving and stationary particles comes to a rest at the top of the bed.  
Over the course of an experiment, the bed may increase in height and mass, associated with deposition of some or 
all of the intial debris flow on and in the bed; the bed height may be lower associated with removal of some of the 
bed material; or, the bed surface may return to its initial height or mass if no net material was removed from or 
deposited into the bed.   

b 
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During flow, we monitor the flow, entrainment, and deposition dynamics primarily using one high speed camera, 
though a second camera catches a wider view and qualitative details over the duration of the experiment. After flow 
ceases, we weigh the particle that exited the flume during the experiment to calculate a net mass eroded from the 
bed, and we analysed the digital images to measure the local quasi-instantaneous entrainment rate.   

3. Results

3.1. Summary of Experiments 

We conducted results for two different sets of experiments.  For the first set we performed what we call “uniform 
particle experiments,” where all particles (in the initial debris flow and in the bed) were the same.  We plot the mass 
that exited the flume (𝑚 ) and the normalized net mass eroded (𝑚 ≡ (𝑚 − 𝑚 ) 𝑚⁄ )), where 𝑚  
is the initial debris flow mass, as a function of each inclination angle in Fig. 2(a) and Fig. 2(b), respectively.  Table 1 
also contains the parameters of the linearized least squares fit shown in Fig. 2(b):  𝑚 , = ∆ ,∆ 𝜙 − 𝜙 (1)

In this equation, ∆𝑚 , /∆𝜙 and 𝜙  are fit parameters, as we discuss in section 4. 

Table 1. Particle properties, input parameters and fit parameters for uniform particle experiments 𝜌 (𝑘𝑔/𝑚 ) 𝑑 (mm) 𝑚  (kg) 𝑚  (kg) 𝜙 (𝑑𝑒𝑔) 𝜙  (𝑑𝑒𝑔) ∆𝑚 , /∆𝜙 𝑅  √𝑣𝑎𝑟
4100 0.8 6.6 17.1 22.5, 23.5, 24.5, 25, 25.5 24.9 0.41 0.996 0.027 
4100 2 6.6 17.1 24, 25, 25.5, 26, 27 26.0 0.46 0.985 0.057 

In table 2, we present the inputs for our two sets of “mixture erosion experiments”; here, the bed was composed 
of zirconium silicate of one size (𝑑 ).  For these, we varied the percentage of finer and coarser particles in the initial 
debris flow (𝑑 ,  and 𝑑 , , respectively).  For the coarse bed (𝑑 2.0 mm), we performed the experiments at 
the fitted angle for which we found no net erosion for the uniform particle experiments (𝜙 𝜙 = 26.0°), as we 
discuss in more detail in Section 4.  The finer particle bed (𝑑 0.8 mm) was not stable under the same conditions, 
so we performed the experiments using a somewhat lower angle than that at which we achieved stability (𝜙 =23.5° 24.9° = 𝜙 ).  For the mixture erosion experiments, we plot the dimensionless (total net) erosion, 𝐸 = 𝑚 𝑚⁄ = (𝑚 − 𝑚 ) 𝑚⁄  , vs. percentage of small particles in the initial debris flow in Fig. 3. 

a. b. 

Figure 2: Net eroded mass as a function of bed inclination, 𝜙.  (a) total mass discharged from the system, 𝑚   (b) normalized net mass out, 𝑚 ≡ (𝑚 − 𝑚 ) 𝑚⁄ .  The lines represent linearized least squares fit lines, Eqn. 1: 𝑚 , = (∆𝑚 ∆𝜙⁄ ) 𝜙 − 𝜙 . 
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Table 2 Input parameters for mixture erosion experiments 

Experiment 𝑑  (mm) 𝑑 ,  (mm) 𝑑 ,  (mm) 𝜙 (𝑑𝑒𝑔) % fine particles by mass in initial debris flow (supply)  
0.8 mm ZS bed 0.8 2 0.8 23.5 0, 25, 50, 75, 100 
2 mm ZX bed 2 2 0.8 26 0, 25, 50, 75, 100 

For one set of our mixture erosion experiments, we performed digital image anlaysis.  We located and tracked 
nearly all particles in all images taken during an experiment (Fig. 4a).  Then we tracked the particles from one image 
to the next and calculated an average velocity profile (Fig. 4b).  From this, we calculated the location of the interface 
between moving and quasi-stationary particles, i.e., the bed material “entrainment height.” (Fig. 4c).  The derivative 
of this quantity (rate change of entrainment height), shown in Fig. 4d, is a quasi-instantaneous entrainment rate. 

a.    b. 

Figure 4 Image analysis results of the experiments for the coarse bed (𝑑 2.0 mm),. (a) illustrates that the fine and coarse particles are
detected seperately, (b) shows the bulk velocity profile of the flow at an instantaneous time, (c) shows the time series the entrainment 
height, H, (top) and the entrainment rate (bottom). 𝐻  is the entrainment height at the initial time.  

𝐻 

a.  b. 

Figure 3 Dimensionless net mass out for each component and mixture 𝐸 , = 𝑚 , /𝑚  (𝑖 represents one of the components or the 
mixture) as a function of concentration of the fine particles in the supply.   
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4. Discussion

The results from our uniform particle experiments presented in Figure 2, i.e., the net erosion, 𝑚 , versus flume 
inclination angle, 𝜙, for each system, show that the total net erosion increases linearly with 𝜙, similar to that we 
found for particles of different materials. The linear relationship between increase in inclination (i.e., slope) angle 
and erosion highlights the significance of the slope of the debris flow path in determining erosion and deposition 
patterns [Conway et al. 2010]. We define the fit parameter 𝜙  as the neutral angle for a particular set of particles. 
This is the fitted value for the flume inclination angle at which erosion 𝑚 ∝ (𝑚 − 𝑚 ) = 0,  analogous to 
the equilibrium angle discussed in Egashira et al. [2001] and Papa et al. [2004].  The fitted slopes of our linear least 
squares fits , (∆𝑚 , /∆𝜙) represents a measure of the sensitivity of the erosion to the deviation of the angle of 
inclination from the neutral angle.   We suspect the variability of this slope from one system to the next is due to a 
variability of relative roughness of the beads, another surface property, or a relative asphericity of the particles.  
Although investigating this is beyond the scope of this paper, it is likely important in the context of natural particles 
that differ more significantly in shape and surface properties and is the topic of future work.  

The results from our mixture erosion experiments presented in Figure 3, i.e., 𝐸 , =  (𝑚 , − 𝑚 , ) 𝑚⁄  vs. 
percent fine particles, lends more intuition.  For the 2 mm ZS bed, 𝐸 ,  decreases with increasing fraction of fine 
particles in the initial debris flow, or supply.  This is similar to results we reported previously for other materials.  
We hypothesize that this is due to the increasing effect of the impact of large particles with their size, increasing 
their capability to dislodge other particles.  In contrast, for our 0.8 mm ZS bed we report here, we note that the 
coarse particles have a higher value of 𝜙  than the fine particles.  We hypothesize that a bulk effect drives this, 
related to the deposition of the coarse particles on the bed inclined lower than its own 𝜙 .  We note that the results 
for the individual particle sizes varies a bit more.  One might expect that the normalized net erosion of one 
componetn should be proportional to its representation in the initial flow.  However, for the 2 mm ZS bed 
experiments, 𝐸 ,  decreases with increase of fine particles, while the normalized net output of the coarse particles 𝐸 ,  is relatively flat.  In the case of the 0.8 mm ZS bed experiments, the normalized net output of the fine particles 𝐸 ,  increases slightly overall, while 𝐸 ,  actually increases with decreasing representation of coarse particles in the 
initial debris flow. We suspect that in the case of the erosion behavior of the individual components, complex 
interparticle interactions including segregation, and disparate momentum and energy exchange may play a role.  We 
believe these details are important in predicting the overall evolution of a debris flow and its deposit and are 
currently investigating this with a wider variety of mixtures and with particle tracking of the dynamics during the 
flow. From Fig. 4c we see that the instantaneous entrainment details reveal that intuition we develop from our 
average entrainment rates do not always provide helpful insights for instantaneous entrainment rates.  For example, 
the case of the highest entrainment rates at a particular time is the case of 75% fine particles, while the net total 
erosion in this case is among the smallest.  More analysis is needed to understand how the instantaneous erosion 
rates may be related to the net erosion that can be more easily measured in the field. 

5. Summary and Future Directions

In this work we investigated the effect of changing the fraction of large particles in a bimodal grain size 
distribution in an initial debris flow on the erosion of the bed over which it flows.  For our systems we found: 
• The dependence of the net bed material eroded on the composition in the flow strongly depends on the

composition of the bed: (1) When the neutral angle of the bed material is less than that of the initial debris flow,
increasing the percentage of larger particles in the bed increases the net erosion of the bed, and (2) When the
neutral angle of the bed material is greater than that of the initial debris flow, increasing the percentage of larger
particles in the bed appears to have a less systematic effect on the net erosion.

• We hypothesize, based on our average results, that the relationship between coarse particle fraction of the debris
flow and bed material erosion is influenced by competing effects at the bulk scale and at the particle scale,
including a particle-scale collisional effect on net erosion.

• Instantaneous erosion rates, which determine other dynamics of debris flows, indicate complex dynamics that
may include relative segregation that are not accounted for in our current relatively simplistic understanding.
The experiments presented in this paper provide a foundation for the work needed to understand the complexity

of the particle size dependence of erosion by debris flows.  However, there are still many unanswered questions 
regarding our mixture-dependent erosion results, including those involving: (1) the presence of moisture; and (2) 
changing grain size distribution in a more continuous distribution of particle sizes.  
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Abstract 

It is essential to consider the fluidity of a debris-flow front when calculating its impact. Here, we flume-tested monogranular and 
bigranular debris flows, and compared the results to those of numerical simulations. We used sand particles with diameters of 0.29 
and 0.14 cm at two mixing ratios, of 50% and 50% (5:5), and 30% and 70% (3:7), respectively. Particle segregation was recorded 
using a high-speed video camera. We evaluated the fronts of debris flows at 0.5-s intervals. We then numerically simulated one-
dimensional debris flows under the same conditions, and we used the mean particle diameter when simulating mixed-diameter 
flows. For monogranular debris flows, the experimental and simulated results were in good agreement in terms of flow depth, front
velocity, and flux, but the bigranular debris flows were not well-simulated; the simulated flow depth was less than that found 
experimentally, and the front velocity and flux were greater. The differences may be attributable to the fact that the dominant shear 
stress was caused by the concentration of smaller sediment particles in the lower flow layers; such inverse gradations were detected 
in the debris flow bodies. In this situation, most shear stress is supported by smaller particles in the lower layers; the debris-flow 
characteristics become similar to those of monogranular flows. Consequently, the calculated front velocities were underestimated;
particle segregation at the front of bigranular debris flows did not affect fluidity either initially or over time. 

Keywords: Flume test; Multi-granular debris flow; Numerical simulation; Particle-size segregation 

1. Introduction

Stony debris flows have been modeled by reference to internal stresses caused by interactions (such as collision
and friction) between particles and the viscosity of pore fluid (Egashira et al., 1997; Takahashi, 2007). Numerical 
simulations have been used to reproduce and predict debris-flow behaviors (Nakagawa and Takahashi, 1997; Osti and 
Egashira, 2009). In both laboratory models and numerical simulations, a representative (uniform) particle size is 
usually assumed, although real-world debris flows include grains of many different sizes associated with inverse 
gradations and accumulation of large boulders at debris-flow fronts (Stock and Dietrich, 2006; Suwa et al., 2009). 

Particle size greatly affects debris-flow fluidity; larger particles impart higher flow resistance (Takahashi, 2007). 
Hence, the fluidity of the debris-flow front, which is important in terms of impact forces, is affected by both particle 
size and particle admixing. Accumulation of boulders at the front causes the flow characteristics of that front to differ 
from those of the main body; these cannot be reflected in numerical simulations employing particles of uniform size.  

Here, we flume-tested monogranular and bigranular debris flows and compared the results to those of numerical 
simulations, to determine the effects of particle segregation on the debris-flow front. 
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Fig. 1. The experimental setup. 

2. Materials and Methods

2.1. Flume test 

A channel of variable slope (10 m long and 10 cm wide) with a left-side glass sidewall was used for all experiments 
(Fig 1). The slope angle was set to 15°. The upper 3.5 m of the channel was filled with sand particles to a depth of 
10 cm and connected to a lower stream 10 cm in height; this was a rigid bed 5 m in length to the surface, to which 
2.9-mm-diameter sand particles were glued to impart roughness. To prevent overflow, the sand was watered to near-
saturation immediately before each test. A steady flow of water (2,000 mL/s) was supplied from the upper end of the 
channel to generate debris flow by eroding the deposited sand.  

Silica sands 0.29- and 0.14-cm in diameter were used; the mixing ratios were 50% and 50% (5:5), and 30% and 
70% (3:7) (Table 1). Particle-size distribution affects the flow characteristics of debris flow in several ways. For 
example, fine sediment and its liquefaction change the fluidity (Nishiguchi et al., 2012; Hotta et al., 2013). In this 
study, we focused on particle segregation in stony debris flows. Sand particles of 0.29 and 0.14 cm were selected 
because they have been validated to behave as representative stony debris flows under this experimental setting (Hotta 
and Miyamoto, 2008; Hotta, 2012). Monogranular debris flows using each particle size, and bi-dispersed mixtures 
would simplify and clarify the particle segregation process. 

Eight ultrasonic displacement sensors (E4C; Omron, Kyoto, Japan) were placed above the channel at 0.5-m 
intervals from 0.5–4.5 m distant to the downstream end; these monitored flow depth and timing. The temporal data 
were used to calculate front velocities. A high-speed video camera (EX-F1; Casio, Tokyo, Japan) was placed 0.5 m 
from the downstream end of the flow and recorded the debris flow from the side at 600 frames/s; we used the resulting 
images to evaluate the vertical velocity profiles and the locations of the larger (2.9 mm-diameter) particles by tracking 
the particles through the sequence of images. Five debris-flow samples from the front edges were collected at ca. 0.5 s 
intervals into a container with five separate rooms (Fig. 1), and one sample was also obtained from the main body at 
the lower end of the channel. We measured sediment concentrations and particle segregation. 

Table 1. The silica sands used in the flume test.

Mixing ratio (0.29 cm : 0.14 cm) Meam diameter (cm)

10 : 0 0.29 

5 : 5 0.22 

3 : 7 0.19 

0 : 10 0.14 

2.2. Numerical simulation 

We performed a one-dimensional numerical simulation of debris flow. When modeling debris flows containing 
particles of two different diameters, we used the mean diameter (Table 1). The equations included a continuity 
equation for the debris flow, a continuity equation for the sediment, and a momentum equation: 

Sediment deposition
Water supply

Bed roughness

Displacement
sensors

Sampling
High-speed video camera

High-speed video camera
(for sampling time record)
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where h is the flow depth, M is the discharge rate per unit width, E is the bed entrainment rate, c  is the mean cross-
sectional sediment concentration, ct is the transported sediment concentration, c* is the sediment concentration 
deposited in the channel,  is a compensation coefficient for momentum, u is the cross-sectional average velocity, g
is the acceleration attributable to gravity, H is the elevation of the flow surface (H = h + zb, where zb is the bed 
elevation), 0 is the shear stress at the bed, and m is the density of debris flow. c  and ct are identical when assuming 
a uniform profile of sediment concentration. According to our measurements, c* was 0.60. For 0, Itoh and Miyamoto 
(2002) developed constitutive equations, as follows: 
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where  is the density of water,  is the density of the sediment particles (2.64),  is the bed slope angle, s is the 
internal friction angle of the sediment particles (34.0°), d is the mean diameter of the sediment particles, kg is an 
experimental constant that was reported to be 0.0828 by Miyamoto (1985), according to Itoh et al. (1999) and, e, the 
coefficient of restitution of sediment particles, is equal to 0.85. kf is a constant reflecting the interstitial space, which 
Egashira et al. (1988) evaluated as 0.16. Eqs (1)–(3) can be closed using an entrainment rate equation for E. We used 
the equation of Egashira et al. (1988): 
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where e is the equilibrium bed slope, which can be calculated based on a given sediment concentration (Takahashi, 
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1978). 

3. Results

3.1. Flow depth and discharge 

The experimental and simulated results were in close agreement in terms of the depths of monogranular, but not 
bigranular, debris flows (Fig 2). The experimental depths of bigranular flows were very similar to those predicted for 
monogranular flows of the smaller particles (diameter 0.14 cm) regardless of the mixing ratio (5:5 or 3:7 of 0.22- and  
0.19-cm-diameter particles; Fig 2bc, respectively). Eqs (4) and (6) show that the flow depth differs by particle size, 
thus affecting flow resistance. However, the discharges did not differ greatly; the amounts of water supplied were 
identical. Eq (10), the entrainment rate equation, governing the sediment concentration is implicitly incorporating 
particle size (Hotta et al., 2015). Experimentally, the discharges of monogranular debris flows of 0.29- and 0.14-cm-
diameter particles differed slightly, but calculations did not reveal any distinct difference (Fig 3a). The calculated and 
experimental data for the 0.14-cm-diameter-particle and mixed-particle debris-flow fronts disagreed (Fig 3b). The 
discharges were similar at particle mixing ratios of 5:5 and 3:7, as were the flow depths.  

3.2. Velocity 

The experimental and calculated monogranular debris-flow frontal velocities (both initially and over time) were in 
good agreement (Fig 4a). However, the experimental frontal velocity of bigranular debris flows were initially that of 
the 0.29-cm-diameter monogranular flow, and later became that of a debris flow containing particles of diameter 
equal to the mean of 0.14 and 0.29 cm, regardless of the mixing ratio (Fig 4bc). Fig 5 shows the experimental vertical 
distributions of particle velocities within bigranular debris flows. The velocities of the 0.14- and 0.29-cm-diameter 
particles did not differ at the same depth. The velocity profile indicated that the inclination was steeper in the flow 
body (7.9 and 6.9 s after the front had passed) than at the front (photos taken at 0.3 s; Fig 5a and 5b, respectively). 

Fig. 2. Debris-flow depths over time of (a) monogranular flows, and (b) and (c), bigranular flows at particle mixing ratios (larger:smaller) of 5:5 
and 3:7 respectively, at a point 0.5 m from the downstream end. The experimental flow depths are smoothed using a 0.4-s moving average. 

Fig. 3. Debris-flow discharge over time of (a) monogranular flows and (b) bigranular flows. 
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Fig. 4. Debris-flow frontal velocities over time of (a) monogranular flows, and (b) and (c), bigranular flows at particle mixing ratios (larger:smaller) 
of 5:5 and 3:7 respectively. 

Fig. 5. Comparison between vertical velocity distributions of the front (left) and main body (right) of the debris flow at particle-mixing ratios 
(larger:smaller) of (a) 5:5 and (b) 3:7. The solid line indicates the average flow depth with error bar of the standard deviation. 

Fig. 6. The experimental particle mixing ratios of the fronts and main bodies of debris flows. 

Fig. 7. Frequency distributions of 0.29 cm-diameter particles in the upper and lower layers of the experimental debris flows with particle mixing 
ratios (larger:smaller) of (a) 5:5 and (b) 3:7. N indicates the number of 0.29 cm-diameter particles in each image taken using the high-speed video 
camera. The relative flow depth was normalized by the surface level. 
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3.3. Particle segregation 

Experimentally, the larger particles (0.29 cm) accumulated at the front (Fig 6). The extent of accumulation clearly 
differed by mixing ratio; the flow body retained the initial mixing ratio but inverse grading was apparent. Fig 7 
compares large particle accumulation in the upper flow between the front and the main body. The extent of inverse 
grading was more significant in the main body; small particles thus predominated in the most inclined section of the 
velocity profile (Fig 5b). 

Fig. 8. Simulated profiles of the surges for (a) monogranular and (b) bigranular debris flows. In (b), the mean particle diameter was defined to 
decrease at the front of the body to simulate particle segregation. 

4. Discussion and Conclusion

As shown in Figs 2 and 4, the behavior of bigranular debris flows could not be modeled using the mean particle
diameter, whereas the behavior of monogranular flows could. This may be attributable to particle segregation; the 
uneven distribution of particles renders it inappropriate to use the mean particle diameter when seeking to model 
fluidity. Particle segregation is initially caused by inverse grading (Fig. 7), as shown in previous reports on bi-
dispersed dry granular flow (Goujon et al., 2007) and saturated flow (Yamano and Daido, 1985). Thus, small particles 
concentrate in the lower layer, characterized by a steeper velocity profile (Fig 5b), suggesting that most shear stress is 
borne by small particles. This is consistent with the fact that the behavior of bi-granular flows corresponds to that 
predicted for flows with small particles only, regardless of the mixing ratio, after the flow has developed sufficiently 
(Fig 2bc). Similar behavior was pointed out by Linares-Guerrero et al. (2007) through numerical simulation, who used 
the discrete element method to model bi-dispersed dry granular flow.  

On the other hand, at the start of the debris flow, when differently sized particles had not yet segregated, the fluidity 
of bigranular flows was similar to that of a monogranular flow of 2.9-cm-diameter particles (Fig 4bc). Large dispersed 
particles within the flow body may dominate the internal stress environment, but, as the flow descended, the flow 
velocity changed to that of a flow of smaller-sized particles (Fig 4bc). Thus, in reality, debris-flow motion, especially 
that of the front, is not adequately described by numerical simulations featuring a uniformly sized particle.  

In a further example, we compare the simulated profiles of the surges for monogranular and bigranular debris flows 
in Fig 8. The calculation employs the same model as used in Section 2.2 but was applied at a real scale so that we 
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could clarify the different performances after simulating the distances descended by mono- and bigranular debris flows. 
In Fig 8b, the frontal accumulation of large boulders is modeled by gradually decreasing the particle size; the larger 
particles accumulate at the front and the smaller ones accumulate in the main body, and the average particle size is 
that of a monogranular debris flow (Fig 8a). The monogranular flow exhibits steady motion; the velocity of the mixed-
particle flow is lower, in contrast to the observed results (Fig. 4). The flow depth of the bigranular flow increases as 
the main body catches up to the front, due to the greater velocity of the main body, which consists of smaller particles. 
This result conflicts with that of the experiment (Fig. 2). Thus, the results of the calculations based on a basic particle-
segregation model that simply incorporates the transition of the mean particle size differ markedly from our 
experimental results.  

Particle segregation in a debris flow is not simple. Debris flow fluidity may be controlled by local conditions, such 
as the vertical distribution of particle sizes, resulting in an uneven structure of internal stresses. Further understanding 
of particle segregation is needed for better assessment of on-site debris flows that contain a variety of particle sizes. 
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Abstract 

Debris-flow experiments and models commonly use “hot-start” initial conditions in which downslope motion begins when a large 
force imbalance is abruptly imposed.  By contrast, initiation of natural debris flows almost invariably results from small 
perturbations of static force balances that apply to debris masses poised in steep channels or on steep slopes.  Models that neglect 
these static balances may violate physical law.  Here we assess how the effects of hot starts are manifested in physical experiments, 
analytical dam-break models, and numerical models in which frictional resistance is too small to satisfy static force balances in 
debris-flow source areas.  We then outline a numerical modeling framework that avoids use of hot starts. In this framework an 
initial static force balance is gradually perturbed by increasing pore-fluid pressure that may trigger the onset of debris motion. 
Subsequent increases in pore-fluid pressure, driven by debris motion, may then reduce the debris frictional strength, leading to high 
flow mobility. 

Keywords:  debris flow, numerical model, hot start, initial conditions, dam break, experiments 
_____________________________________________________________________________________________________________________ 

1. Introduction

Debris flows can begin to move in a variety of ways, but nearly all natural debris flows arise from mechanically
balanced initial states in which stationary sediment is poised in steep channels or on steep slopes.  The onset of debris-
flow motion might entail wholesale landsliding or piecemeal sediment entrainment by running water, but in either case 
motion of sediment-rich debris begins when a static force balance is slightly perturbed.   By contrast, many debris-
flow experiments and models use “hot-start” initial conditions in which motion begins when a large force imbalance 
is abruptly imposed.  (The term “hot start” has been used previously to describe tsunami simulations that begin by 
imposing an instantaneous—thus excessively energetic—uplift of the seafloor (e.g., Grilli et al. 2012). We adopt the 
term here to describe excessively energetic onsets of simulated debris flows.)    

One type of hot-start initial condition involves a dam break in which a barrier that impounds debris on a slope is 
instantaneously or rapidly removed.  Instantaneous dam breaks provide important mathematical idealizations because 
they precisely represent end-member behavior that can be used to test the accuracy of numerical solution techniques 
(e.g., Mangeney et al., 2000).  Rapid—but not instantaneous—dam breaks also serve an important purpose in physical 
experiments and model testing because they provide a convenient means of creating reproducible debris flows (e.g., 
Iverson et al., 2010) (Figure 1).  On the other hand, use of dam-break initial conditions in simulations of natural debris 
flows generally involves an unwarranted artifice because it assumes that debris in steeply sloping source areas can 
remain in place only if held there by an imaginary dam.   
     An analogous type of hot-start initial condition is used in numerical models that do not explicitly consider a dam 
but which nevertheless assume that a static debris mass has too little strength to satisfy a static force balance (e.g., 
Hungr, 1995; Moretti et al., 2015).  The modelled debris mass is held in place merely by withholding a computer 
command, and issuing the command triggers motion of the debris by abruptly imposing a large force imbalance.  Like 
dam-break initial conditions, this type of hot-start initial condition is simple and convenient to use, but it conflicts with 
evidence from field observations.  Moreover, by imposing an instantaneous transition from an equilibrium state to a 
far-from-equilibrium state without any physical cause, this type of hot-start condition violates physical law. 
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Fig. 1.  Sequential photographs of a 10 m3 debris flow discharging through the opening headgate at the U.S. Geological Survey debris-flow flume.  
(a) photo captured at 0.6t ≈ s, and (b) photo captured at 0.8t ≈ s, where 0t =  denotes the time when the headgate began to open.  A shadow visible 
on the flume bed and debris-flow surface is cast by a crossbar that suspends a laser depth-measurement gauge 2.5 downslope from the headgate.  

Some landslide and debris-flow modelers have attempted to rationalize use of hot-start initial conditions by claiming 
that the physics of motion onset has no consequential effect on debris behavior downslope or downstream (e.g., Aaron 
et al., 2018).  This claim is contradicted not only by qualitative field observations but also by quantitative evidence 
from physical experiments (e.g., Iverson et al., 1997, 2000) and results of numerical simulations that account for the 
influence of varying debris porosities on the propensity for debris liquefaction (George and Iverson, 2014; Iverson and 
George, 2016). Indeed, these studies show that the behavior of debris masses can be extraordinarily sensitive to initial 
conditions and short-timescale (~ 1 s) dynamics that unfold as downslope motion begins.   

In this paper we first examine some implications of hot-start initial conditions and then summarize an alternative 
modeling approach that avoids hot starts. This approach requires a debris-flow model that uses physical conservation 
laws, values of material properties, and numerical solution methods that allow statically balanced initial states to persist 
indefinitely in the absence of force-balance perturbations.  A satisfactory model also must account for the effect of 
external agents such as rainfall in gradually perturbing the static force balance, and for a natural evolution of material 
strength that occurs as debris begins to move, liquefies, flows downslope, and eventually forms deposits (e.g., Iverson 
and George, 2014; George and Iverson, 2014).   

2. Hot starts in physical experiments

    Although hot starts are primarily a property of mathematical models, hot-start initial conditions are also used in 
physical experiments that involve either dry granular avalanches or wet debris flows suddenly released from behind 
barriers that impound static material on a slope (e.g., Savage, 1979; Iverson and LaHusen, 1993).  These “dam-break” 
experiments are defensible scientifically because their goal is to abstract and simplify natural phenomena rather than 
to simulate their full complexity.  Nevertheless, a physical dam break can introduce experimental artifacts that must 
be considered if the purpose of the experiments is to test models that are intended ultimately to explain or simulate 
the behavior of natural debris flows.   
     A set of six dam-break debris-flow experiments conducted at the U.S. Geological Survey (USGS) debris-flow 
flume in June 2016 revealed some important aspects of hot-start flow behavior. In these experiments either 10 m3 or 
8 m3 of debris consisting almost entirely of sand and gravel-sized material was initially impounded to a depth of 1.9 
m behind a vertical headgate, saturated with water, and then abruptly released on a 31° slope (Figure 1) (Logan et al., 
2007, revised 2018; Iverson and Logan, 2017).  Opening of the side-by-side doors that formed the steel headgate 
required ~0.8 s and was accompanied by rapid evolution of basal normal stresses, shear stresses, and pore-fluid 
pressures measured beneath mobilizing debris at locations 2.23 to 2.85 m upslope from the headgate (e.g., Figure 2a 
and 2b).  Although this stress evolution largely mirrored behavior measured in natural, gravity-driven failures of 
loosely packed wet debris (Iverson et al., 2000), it also showed evidence of experimental artifacts.  
    One possible artifact resulted from a nearly instantaneous ~45 kN force drop that occurred during unlatching of the 
flume headgate at t = 0 s. The abrupt force drop radiated seismic energy into the concrete flume bed and generated 
conspicuous ~10 Hz fluctuations in basal normal stress that persisted until 1t ≈  s (e.g., Figure 2a and 2b). These 
fluctuations may have facilitated the debris liquefaction process, much as cyclic loading can cause liquefaction of 
saturated soils during earthquakes (e.g., Jefferies and Been, 2016).  However, soil liquefaction during earthquakes  
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Fig. 2. Graphs of data collected in dam-break debris-flow experiments conducted at the USGS debris-flow flume in June, 2016.  (a) and (b) basal 
stresses measured at locations 2.23 to 2.85 m upslope from the headgate as it opened in two typical experiments.  (c) and (d) flow depths 
measured 2.5 m downslope from the headgate in six experiments.  In each graph t = 0 denotes the time when the gate began to open. 

typically develops over tens of seconds, whereas liquefaction in our experiments was essentially complete within ~1 
s (as evidenced in Figure 2a and 2b by basal pore pressure becoming nearly equal to the total basal normal stress). 
Owing in part to this liquefaction, nearly all debris evacuated the area upslope from the headgate within ~3 s (Logan 
et al., 2007, revised 2018).  However, we do not know whether similarly rapid liquefaction and debris acceleration 
would have occurred in the absence of radiation of seismic energy during opening of the headgate.  
    Despite differences in debris volumes, the six dam-break experiments conducted in June 2016 each produced flow 
fronts that initially traveled downslope at nearly identical speeds.  At a position 2.5 m downslope from the headgate, 
flow-front arrival times ranged from 0.82t =  s to 0.87t = s, where 0t =  denotes the time the headgate began to open 
(Figures 2c and 2d).  In comparison, a frictionless point mass released from the base of the headgate at 0t =  would 
have required 0.995 s to travel 2.5 m downslope.  Thus, the abrupt release of potential energy associated with collapse 
of the leading edge of the debris mass during the dam break boosted the speed of the flow fronts.  On the other hand, 
the front speeds measured in the experiments were smaller than the front speeds predicted by analytical models of 
instantaneous dam breaks, which we consider next.  

3. Hot starts in analytical models of instantaneous dam breaks

Exact analytical solutions that describe the start-up behavior of idealized, depth-averaged, dam-break flows
illustrate some important mathematical properties of hot starts. We focus on 1-D dam-break solutions aimed at 
predicting downslope propagation speeds of flow fronts that are resisted by basal Coulomb friction, with a zero-
friction case as an end member.  Despite the effects of basal friction, these solutions predict flow-front speeds that 
exceed the speeds of frictionless point masses released from rest at the base of the dam.  The high speeds reflect the 
influence of an idealized dam break in instantaneously converting potential energy to kinetic energy. 
    The first solution considers a dam that is oriented normal to the bed at 0x =  and initially retains an infinite upslope 
reservoir of debris with uniform thickness 0h (Figure 3a).  At time 0t =  the dam vanishes, releasing a flow that 
descends a uniform slope inclined at an angle θ .   Mangeney et al. (2000) addressed this problem by generalizing a 
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Fig. 3. Schematics illustrating different dam and debris configurations considered in analytical dam-break models. (a) bed-normal dam located at 
0x = with infinite, rectilinear debris reservoir upslope, (b) bed-normal dam located at 0x =  with finite, triangular debris reservoir upslope, (c) 

vertical dam located at 0 tanx h θ=  with finite, triangular debris mass upslope. In each case the bed-normal thickness of debris at 0x =  is 0h .  

classical dam-break analysis to obtain a solution for the downslope velocity of the flow front Fu  that can be expressed 
as 

02 cosFu Sgt h g θ= +  , (1) 

where g is the magnitude of gravitational acceleration and S is defined as 

sin cos tan bedS θ θ φ≡ −  .  (2) 

The value of S is proportional to the difference between the downslope gravitational driving force and the upslope 
resisting force produced by basal Coulomb friction, which depends on the effective basal friction angle bedφ . 

 The two terms on the right-hand side of (1) have distinct physical implications.  The term Sgt describes the growth 
of velocity due to steady downslope acceleration of a Coulomb point mass that begins from a position of rest at the 
base of the dam (i.e., 0Fu = at 0t = ).  By contrast, the term 02 cosh g θ describes an instantaneous velocity boost that 
lacks any dependence on time or frictional resistance.  In the case of debris-flow flume experiments with debris 
initially impounded 1.9 m deep against a vertical dam face on a 31° slope (Figure 1), use of the formula 02 cosh g θ  
and the bed-normal debris thickness 0 1.9 m cosh θ= × =  1.629 m predicts that a velocity boost of 7.4 m/s applies for 
all t > 0.  
    The flow-front propagation solution (1) also applies to cases in which the reservoir of debris upslope from a bed-
normal dam has a horizontal upper surface and finite length (Figure 3b).  This solution can easily be obtained from an 
analogous dam-break solution for frictionless fluids by inserting (2) in place of sinθ in the derivation of Ancey et al., 
(2008).  A key implication of this solution is that the presence of a finite reservoir does not modify the terms Sgt or 

02 cosh g θ  in (1).  The sum of these terms describes flow-front propagation even after an upslope-traveling wave of 
disturbance arrives at the upper end of the finite debris reservoir, thereby resulting in downslope motion of the entire 
mass of debris (Ancey et al., 2008).  
     If a vertical rather than bed-normal dam impounds a finite mass of debris with a horizontal upper surface, then a 
different solution describes flow-front propagation following the dam break.  In this case the base of the dam is 
positioned at 0 tanx h θ= , in which 0h is the debris thickness measured normal to the bed where 0x = (Figure 3c).  
Relative to the geometries discussed previously, this geometry better approximates the initial geometry used in our 
debris-flow flume experiments described in section 2.  For this geometry an analytical solution obtained by Fernandez-
Feria (2006) describes the dam-break behavior of frictionless fluids, but only for a short time following the dam break 
(i.e., 02 / tan / cost h g θ θ ≤   , indicating the interval 0 0.53t< ≤ s in our debris-flow flume experiments.  The

solution of Fernandez-Feria (2006) can be generalized to account for the effect of basal Coulomb friction by using (2) 
in place of sinθ in his analysis, thereby yielding the result 

cos
tanFu Sgt gtθ

θ
= +  . (3) 

This solution implies that the flow front behaves as an accelerating Coulomb point mass that is subject to a persistent 
force imbalance proportional to [ (cos / tan )]S gθ θ+ , which exceeds the force imbalance implied in (1).  However, 
the flow-front speed predicted by (3) is not subject to an explicit dependence on 0h  or to a time-independent velocity 
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boost like that described by the term 02 cosh g θ in (1).  This key difference between (1) and (3) exists because the 
bed-normal thickness of impounded material adjacent to a vertical dam vanishes for all 0θ > .  
    Equations (1) and (3) can be used to calculate the theoretical positions of advancing flow fronts for circumstances 
like those in the debris-flow flume experiments summarized in Figures 1 and 2.  Predicted flow-front positions ( )Fx t  
are obtained by integrating the equation /F Fdx dt u= . Use of (1) and the initial condition (0) 0Fx =   in this integration 
yields the prediction 

2
0(1 / 2) 2 cosFx Sgt t h g θ= +  , (4) 

whereas use of (3) and the initial condition 0(0) tanFx h θ=  yields the prediction 

2
0(1 / 2)[ (cos / tan )] tanFx S gt hθ θ θ= + +  . (5) 

Inserting t = 0.5 s along with the experimental values 31θ =   and 0 1.9 m cosh θ= × = 1.629 m in (4) and (5) yields 
results that are summarized in Table 1 for limiting cases with no basal friction (i.e., sinS θ= ) and with basal friction 
that is sufficient to counteract the entire downslope driving force (i.e., 0S = ).    For reference, the table also lists Fx
values calculated for a point mass that is released at x = 0 and obeys 2(1 / 2)Fx Sgt= . The tabulated values show that 
the distances of flow-front advance predicted for a bed-normal dam are larger than those predicted for a vertical dam, 
and that each of these predictions greatly exceeds the prediction for a point mass released at x = 0 in the absence of a 
dam of finite height.   

 The predicted flow-front arrival time Ft at a specified downslope distance x can be calculated by performing some 
simple algebraic manipulations of (4) and (5).  Table 1 lists Ft values calculated for x = 2.5 m. For this location, data 
collected in our June 2016 debris-flow flume experiments yielded flow-front arrival times with a mean and standard 
deviation Ft =  0.846±0.016 s (Figure 2c and 2d).  All predictions of Ft listed in Table 1 differ significantly from this 
measured value.  Indeed, the most accurate prediction of Ft is provided by the simplest and most naïve model, the 
frictionless point-mass model.  This finding reveals the limitations of hot-start dam-break solutions in evaluating 
physical scenarios, even if those scenarios are as highly idealized as they are in our dam-break debris-flow 
experiments.  

Table 1. Analytical predictions of flow-front position Fx  at t = 0.5 s and flow-front arrival time Ft  at x = 2.5 m. 
Basis of prediction  0S =  (maximum friction)  sinS θ=  (frictionless) 

Fx  at t = 0.5 s Ft  at x = 2.5 m Fx  at t = 0.5 s Ft  at x = 2.5 m 
equation (4), bed-normal dam 3.70 m 0.338 s 4.33 m 0.306 s 
equation (5), vertical dam 2.73 m 0.483 s 3.36 m 0.414 s 
point mass with no dam 0 m ∞ 0.63 m 0.995 s 

4. Hot starts in numerical models of natural debris flows

Rather than simulating dam breaks, numerical models commonly implement hot starts by using a computational
artifice in which the specified geometry of an initially static debris mass is intentionally mismatched with the debris 
frictional resistance.  In such models resistance typically is set to a value far smaller than is necessary to statically 
balance forces in debris-flow source areas, but motion of the modeled debris is held in check by withholding a 
computer command (e.g., Hungr, 1995; Moretti et al., 2015; Aaron et al., 2017).  Then, when a command is issued, 
the debris mass is instantaneously released with a great excess of net driving force, analogous to launching it 
downslope with a slingshot.  

The implications of this hot-start tactic can be illustrated by considering a very simple model that lies at the 
quantitative heart of many complicated debris-flow dynamics models.  The simple model stipulates that the downslope 
velocity u of a debris flow’s center of mass obeys Newton’s second law as summarized by the equation of motion 

/du dt Sg= , which can be rewritten as  
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tansin 1
tan

beddu g
dt

φθ
θ

 = −  
 , (6) 

where bedφ is an effective basal friction angle that implicitly accounts for any effects of pore-fluid pressure. For 
physically valid initial states in which static debris is poised to begin downslope motion, (6) indicates that
tan tanbedφ θ= must be satisfied. This condition places an unambiguous constraint on the value of bedφ , yet numerical 
models that use hot starts ignore this constraint and commonly use values similar to tan 0.5(tan )bedφ θ≈  instead (e.g., 
Moretti et al., 2015;  Aaron et al., 2017). 

 The motion predicted by (6) depends strongly on whether there is a small perturbation of a statically balanced initial 
state (e.g., tan / tan 0.9999bedφ θ = ) or a large perturbation like that implied by tan / tan 0.5bedφ θ = .  Integration of (6) 
shows that the predicted instantaneous speed (u) in either case is proportional to [1 (tan / tan )]bed tφ θ−  and that the 
predicted distance travelled (x) is proportional to 2[1 (tan / tan )]bed tφ θ− .  Table 2 lists numerical values of such 
predictions for motion down a uniform slope inclined at the angle 31θ =  (the angle of the USGS debris-flow flume). 

The results listed in Table 2 illustrate why it is tempting for modelers to use hot-start initial conditions rather than 
physically valid initial conditions that involve small perturbations of statically balanced initial states.  Flow speeds and 
travel distances obtained by assuming that tan / tan 0.5bedφ θ = applies may be far more realistic than those obtained 
by using tan / tan 0.9999bedφ θ = .  Indeed, the predictions obtained by using tan / tan 0.9999bedφ θ = are more suitable 
for a slowly creeping landslide than for a fast-moving debris flow, whereas those obtained by using 
tan / tan 0.5bedφ θ = indicate that after 100 s, a debris flow has traveled nearly 500 m and reached a speed of nearly 10 
m/s—values that are quite plausible in many circumstances.  However, while the numerical results obtained by using 
a hot start with tan / tan 0.5bedφ θ = may seem pleasing, the underlying physics are deeply flawed.  The large speeds 
and travel distances attained by modeled debris flows with tan / tan 0.5bedφ θ = are merely artifacts of using physically 
implausible hot-start initial conditions and inappropriate parameter values. 

 Table 2.  Dynamic responses to different perturbations of a balanced initial state, as indicated by solutions of (6). 
Elapsed 
time (s) 

Small perturbation, tan / tan 0.9999bedφ θ = Large perturbation, tan / tan 0.5bedφ θ =  
Speed, u (m/s) Distance traveled, x (m) Speed, u (m/s) Distance traveled, x (m) 

1 1.981e-5 9.906 ×10-6 0.09906 0.04953 
4 7.925e-5 1.584×10-4 0.3962 0.7925 
10 1.981e-4 9.906×10-4 0.9906 4.012 
20 3.962e-4 3.962×10-3 1.981 19.81 
50 9.906e-4 0.02476 4.953 123.8 
100 1.981e-3 0.09906 9.906 495.3 

5. An alternative to hot starts

    Physically valid models of natural debris flows must avoid hot starts, but how can this be accomplished? The basic 
requirements are that such a model must be compatible with a statically balanced initial state and must simulate an 
evolution of debris strength that occurs after motion is triggered by a small perturbation of the static balance.  A 
simplistic way to accomplish this goal is through arbitrary adjustments of debris strength.  For example, a model might 
stipulate that the static debris strength decays gradually until downslope motion commences, and that the strength then 
continues to decline to emulate a transition to a more mobile, flowing state. With a sufficient number of adjustments 
of flow resistance, this model-tuning approach could yield results that match observations quite precisely.  However, 
such an approach is essentially an elaborate curve-fitting exercise that has no explanatory power and limited value for 
making useful predictions.  It merely mimics observed physical behavior rather than explaining it. 
    A requisite feature of a physically based debris-flow model that has both explanatory power and value as a 
predictive tool is that it accounts for natural transitions in debris strength through solution of evolution equations that 
are integral components of the model.  Indeed, the central scientific problem in understanding and predicting the 
dynamics of landslides and debris flows is to quantify not only the effects but also the physical causes of strength 
evolution that occurs naturally during downslope motion.  As noted by Johnson (1970), the most remarkable property 
of debris is its ability to flow fluidly in some circumstances and behave almost rigidly in others.  From a scientific 
perspective, this property demands explanation, and not merely emulation.  
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    Our depth-averaged numerical model D-Claw explains and simulates natural transitions in debris strength by 
solving differential equations that describe evolving distributions of solid volume fraction and pore-fluid pressure.  
These differential equations are strongly coupled to additional differential equations that describe the evolving 
distributions of debris mass and momentum (Iverson and George, 2014, 2016; George and Iverson, 2014).  The system 
of coupled equations shows how pore-fluid pressure responds to dilation or contraction of the granular solid phase, 
such that contractive deformation drives up the fluid pressure.  In turn, increases in fluid pressure reduce the 
intergranular effective normal stress and thereby reduce the effects of intergranular Coulomb friction, which provides 
most of the resistance to debris motion.   
    In D-Claw simulations, the highest flow mobility develops when debris becomes fully liquefied (i.e., has zero 
effective normal stress). In this case the only resistance to motion is provided by viscous shearing of the debris’ fluid 
phase.  The lowest degree of mobility develops when all positive pore-fluid pressure has dissipated and the debris 
behaves as a Coulomb granular solid.  The conceptual and mathematical framework of this model generalize the 
Coulomb mixture-theory framework presented by Iverson and Denlinger (2001) by accounting for dilatancy and its 
coupling to debris motion.  The D-Claw framework also generalizes some key principles of critical-state soil 
mechanics (e.g., Wood, 1990) by considering the effects of inertial forces.  
    D-Claw simulations begin by specifying a statically balanced initial state and then perturbing the static balance by 
gradually increasing the basal pore-fluid pressure—as might occur naturally in response to rainfall or snowmelt. Pore-
pressure increases can be either spatially uniform or nonuniform, but in all cases debris motion begins locally when 
the pore pressure in some computational cell becomes large enough to destabilize the static force balance there.  The 
local force balance is, however, influenced by lateral stresses imposed by neighboring computational cells.  Motion 
thereby begins in the weakest finite sector of a debris mass, which may or may not set off a chain reaction of motion 
in adjacent sectors as momentum is transferred from moving debris to static debris.  If motion is accompanied by 
contractive deformation that drives up the pore pressure, then it can instigate a positive feedback process in which 
further motion yields even higher pore pressure and ultimately leads to liquefaction.  If the feedback is strong, a 
complete transformation from slow, rigid-body motion to highly fluid flow can occur within seconds—leading to a 
style of debris-flow onset like that observed in physical experiments (e.g., Iverson et al., 1997, 2000).  

6. Conclusion

    Hot starts arise from use of initial conditions in which a large force balance is abruptly imposed on a static debris 
mass.  Debris-flow models that rely on hot starts to simulate high flow mobility lack a sound scientific basis.  Indeed, 
numerical models that use hot starts impose an instantaneous transition from equilibrium to far-from-equilibrium 
states, which is inconsistent with physical principles as well as field observations.  A possible exception to this 
inconsistency exists when debris flows are triggered by strong earthquakes, but even in those circumstances, the onset 
of debris motion begins when a static force balance is infinitesimally violated.  
    Hot starts can serve useful scientific purposes in other contexts, as when dam-break debris-flow onsets are used to 
create reproducible experiments or analytical dam-break solutions are used to test the accuracy of computational 
algorithms.  Dam-break behavior nevertheless fails to represent the behavior exhibited during the early stages of 
motion of most natural debris flows. Indeed, results we report in this paper indicate that analytical dam-break solutions 
can yield poor predictions of measured flow-front speeds—even under the idealized circumstances of our dam-break 
debris-flow experiments.   
    Use of hot starts can be avoided in properly formulated debris-flow models that account rigorously for statically 
balanced initial states.  In these models motion is triggered by an infinitesimal perturbation of the balanced state, but 
the subsequent force balances and flow accelerations can evolve rapidly during the early stages of motion.  Evidence 
from our debris-flow flume experiments indicates that a requisite feature of these models is representation of the pore-
pressure feedback process that allows a nearly rigid granular mass to transition into a flowing, liquefied mass, and 
then transition back to a nearly rigid mass following pore-pressure dissipation.   
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Abstract 

Prediction of sediment volume of debris flows is the most important factor for designing debris-flow control structures 
or estimating debris-flow prone area. It has been considered that debris-flow volume may increase due to erosion at 
the steep channel. So, clarifying erosion volume (in this study, erosion volume is sediment volume in the channel 
eroded by debris flow) due to debris flow is a key information to mitigate debris-flow disasters. This study 
hypothesized that erosion volume might be controlled by topography, because it can be thought that the transport 
capacity of debris flow increased with the increase of stream bed gradient and contributing area. In Recent field 
observations by Schürch et al. (2011) supported to this hypothesis and showed a correlation, showing the correlation 
between flow depth and magnitude of erosion. However, detailed information about spatial pattern of erosion depth 
due to debris flow is still limited. In this study, spatial pattern measurements of erosion volume due to debris flows for 
16 debris flows in Japan. LiDAR data taken before and after the debris flow was used for the comparison. Then, 
examination of stream bed gradient and drainage area derived from the LiDAR dataset was performed. The study 
found that erosion volume of debris flow increases as slope of stream bed gradient and drainage area increases. The 
study proposed methods to predict erosion volume due to debris flow using stream bed gradient and drainage area 
based on the probabilistic relationship between measured erosion volume and topography. That is, it is considered that 
the topography derived from LiDAR can be used as one of the indicators used in estimating volume of future debris 
flow. 

Keywords: Debris flow, erosion volume, topography, LiDAR survey 

1. Introduction

Many debris flows increase in volume as they travel downstream, enhancing their mobility and hazard (Reid et al.,
2016). It is recognized that an increase in debris-flow volume of debris flow can result from diverse physical processes 
(e.g., Reid et al., 2016). In general, it is recognized that the volume of debris flow should be controlled by sediment 
transport capacity or removable sediment volume. Removable sediment volume should be determined by both 
distribution of channel-bed sediment and the range where erosion is expected by debris flow.   

This study reports on the relationship between topography and erosion volume of debris flow, using LiDAR 
data, and proposed methods to predict erosion volume due to debris flow using stream bed gradient and drainage area 
based on the probabilistic relationship between measured erosion volume and topography. 

2. Method

2.1. The debris-flow data 

This study focused on 16 debris-flow events that occurred from 2009 to 2014, in Japan (Table. 1). 16 debris flows 
are classified into 5 location. The data of Minamiuonuma City, Nagiso town and Hofu city is mainly Granite area. 
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The data of Inabe City is mainly limestone area. The data of Aso City is mainly pyroclastic flow deposits area. 

2.2. Estimation of sediment volume of debris flow and calculation of topography 

The runout path of debris flows was interpreted from aerial photos. Then a survey point was established every 10m 

in the longitudinal direction of the identified runout path of the debris flow (Fig.1). Additionally, discharged sediment 

volume due to debris flow was estimated and topography at each survey points was calculated at each survey points 

using LiDAR dataset (Fig.1). Discharged sediment volume due to debris flow is variation volume estimated every 

10m in the longitudinal direction of the runout path using surface changes derived from DEM data. Topography 

calculated in this study is slope and catchment area. The slope was measured on the average 100m using DEM data 

before debris flow occurred to longitudinal gradient in the runout path. Similarly, the catchment area was measured 

upstream area from each survey points using DEM data. 

Table 1. Debris flows used in this study 

Fig. 1. Example of survey points 

Ubasawa July 29-30, 2011 Minamiuonuma City, Niigata Pref.

Futagosawakawa July 29-30, 2011 Minamiuonuma City, Niigata Pref.

Garasawakawa July 29-30, 2011 Minamiuonuma City, Niigata Pref.

Koudanakawa July 29-30, 2011 Minamiuonuma City, Niigata Pref.

Tsuchisawa July 29-30, 2011 Minamiuonuma City, Niigata Pref.

Nashisawa July 8-11, 2014 Minamikido town, Nagano Pref

Nishinokaitogawa September 16-19, 2012 Inabe City, Mie Pref.

Kotakigawa September 16-19, 2012 Inabe City, Mie Pref.

Abetanbugawa July 21, 2009 Hofu City, Yamaguchi Pref.

Yahatadanikeiryu July 21, 2009 Hofu City, Yamaguchi Pref.

Matsugatanikawa July 21, 2009 Hofu City, Yamaguchi Pref.

Kamisatogawa July 21, 2009 Hofu City, Yamaguchi Pref.

Uedaminamigawa July 21, 2009 Hofu City, Yamaguchi Pref.

Daimongawa July 11-12, 2012 Aso City, Kumamoto Pref.

Sakanashi area July 11-12, 2012 Aso City, Kumamoto Pref.

Shioigawa2 July 11-12, 2012 Aso City, Kumamoto Pref.

Shinsyogawa3 July 11-12, 2012 Aso City, Kumamoto Pref.

Doigawa July 11-12, 2012 Aso City, Kumamoto Pref.

Name Date of occurrence Location

50m

50m

Suvey point

10m

We masured
the following at each
survey points.

1) Upstream area
2) Slope of bed
3) Sediment volume

Flow direction

Runout path
by debris flow

The following information 
was measured at each 
survey point.

50m

50m

Suvey point

10m

We masured
the following at each
survey points.

1) Upstream area
2) Slope of bed
3) Sediment volume

Flow direction

Runout path
by debris flow

Calculation range of 
Sediment volume 
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2.3. Relationship between topography and sediment volume of debris flow 

Topography was classified at each survey points into categories. The slope and catchment area classes were 
classified based on Fig.2. The slope was classified into 9 every 5° classes and the catchment area was classified into 
8 classes per order size. Additionally, the calculated variation volume at survey area was applied to each category. 
Then, the percentile (10%, 50％, 75％, 90％) of variation volume every 10m in the longitudinal direction of the runout 
path using surface changes was calculated in each category (Fig.3).  

2.4. Estimation of erosion volume of debris flow based on relationship between topography and sediment volume 

This study proposes methods to predict erosion volume due to debris flow using stream bed gradient and catchment 
area based on the probabilistic relationship between measured erosion volume and topography (that is, probabilistic 
method in this study). In this study, the 50th percentile (the median) of variation volume for each category obtained 
from 16 debris-flows data was assumed as standard erosion volume by debris flow occurring at the topographic 
condition corresponding to each category. Therefore, the 50th percentile calculated in this study is used as estimated 
erosion volume due to debris flow for each topographic condition. Then a comparison of actual erosion volume with 
topography was developed using pre-flow and post-flow LiDAR imagery. 

3. Results

Fig 2 shows the relationship between catchment area and the slope of the stream bed with the plots classified by
erosion or deposition calculated each survey area (Fig.1.purple area). Erosion or deposition were determined based on 
the variation volume. The plots where erosion dominates is widely distributed regardless catchment area size and 
stream bed gradient.  

Fig 3 shows the relationship between topography and percentile (10%, 50％, 75％, 90％) of erosion volume due 
to debris flow. For each classified category, erosion and deposition were classified and color coded according to the 
scale. Place where the number of plots corresponding to the category is less than 1％ of the total number of plots is 
indicated by parenthesized numbers, and places where there is no corresponding plot are indicated by [－]. 

Looking at the overall trend, in areas where the slope is steep and the catchment area is large, the volume of the 
eroded sediment tends to be larger than in the area with a low gradient slope and a small catchment area (Fig.3). 

Fig. 2. Relationship between catchment area and slope of bed for each survey points 
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Fig. 3. Relationship between topography and variation volume due to debris flow, (a)10th percentile of variation volume, (b) 50th percentile of 
variation volume, (c) 75th percentile of variation volume, (d) 90 percentile of variation volume, 

Fig 4 shows example of the result of the relationship between actual sediment volume and estimated sediment 
volume. There was a clear correlation between actual sediment volume and estimated sediment volume in 
Koudanakawa02 (Fig 4 (a), orange plots). Although, in Koudanakawa01 (Fig 4 (a), blue plots), the actual sediment 
volume was about 3 times the estimated value regardless of survey points. Also, in Matsugatanikawa05 (Fig 4 (b), 
blue plots), the actual sediment volume was about half of the estimated sediment volume. 

Fig. 4. Relationship between actual sediment volume and estimated sediment volume, (a) Example of Koudanakawa river, (b) Example of 
Matsugatanikawa river 
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4. Conclusion

By comparing pre-and post-flow LiDAR imagery, this study found that erosion volume of debris flow increases as
slope of stream bed gradient and drainage area increases. Then, An erosion volume prediction was developed using a 
probilistic relationship between measured erosion volume and topography. As a result, it is considered that the 
topography derived from LiDAR can be used as one of the indicators used in estimating volume of future debris flow. 
On the other hand, there may be a large difference between the actual sediment volume and estimated sediment 
volume. In this case, it is thought that the debris-flow scale at the start point and distribution of channel-bed sediment 
are influenced, but detailed analysis is necessary.  
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Abstract 

Submarine debris flow can damage oil and gas transport pipelines with potentially adverse consequences to the environment and 
to the industrial activity itself. The deposition process of submarine debris flow, which is related to the flow viscosity, is complex 
due to the slurry diffusion process that happens during the interaction of water and slurry. In addition, a quantitative characterization 
of the characterize the flow mechanism as influenced by the material density during the deposition process remains a scientific 
challenge. To fundamentally understand the mechanisms of solid-fluid interactions in fast-flowing submarine debris flows, a series 
of three-dimensional (3D) numerical simulations using Computational Fluid Dynamics (CFD) were conducted. The Herschel-
Bulkley (HB) model was used to define the submarine slurry’s rheological characterization as calibrate through simple rheological 
experiment. Results reveal that deposition is a mass diffusion process. Shear stress at the bottom and at the top of the slurry leads 
to velocity differences in the vertical direction which in turn generates a huge vortex, which contributed to a separation of slurry 
into two parts: the frontal head, and the tail. The velocity difference in vertical direction is helpful for hydroplaning. For higher 
slurry viscosity case, the flow profile is longer and thicker with a front head that has a lower averaged densities and sharper head 
angles. In addition, highly viscous slurries have lower average frontal velocities during the deposition process. The mixture density 
decreases in two stages: quick decreasing stage and stable decreasing stage. In the first stage, the slurry expands quicker than the 
second stage. Higher viscosities also lead to larger volume expansions which consequently leads to quicker density decrease. 
Keywords: Submarine debris flow; Deposition mechanism; Computational fluid dynamics; Volume of fluid; Herschel-Bulkley model 

1. Introduction

The construction of offshore infrastructure brings great challenges to the engineers due to the very completed 
geologic engineering environment in oceans. Specifically, the challenging problem, about the security of pipelines and 
platforms under the impact of submarine debris flow, are all responsible for the major advances in the understanding 
of the phenomena of submarine debris flows and their inherent consequences. Submarine debris flow is a kind of 
catastrophic hazard. That pose great risk to the security and structural integrity of submarine structures such as 
pipelines and platforms. These events are associated with mass movements that can have a run-out distance of more 
than 100 km (Locat and Lee, 2002) with a wide coverage area. Subaqueous debris flow is known to travel long 
distances due to hydroplaning (Mohrig et al., 1998; Piper, 1999) and substantial damages to foundational facilities 
such as underwater pipelines or cables. An appropriate evaluation of submarine debris flow movements is a major 
challenge for risk assessment (Locat and Lee, 2002).  

Many submarine debris flows are  triggered by earthquakes, overloading or are dislodged from steep slopes. 
(Roberts and Cramp, 1996). Two distinct phenomena can be observed in submarine debris flows:  hydroplaning and 
turbidity currents. Hydroplaning is a thin layer of entrained water at the bottom of the debris flow head which develops 
due to the influence of bottom friction (Mohrig, 1998) and which usually leads to longer deposition distances (Locat 
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and Lee, 2002). Turbidity currents are smoke-like sediments dissociated from the debris flow head (Mohrig et al., 
2003; Sahaheldin et al., 2000). These phenomena can be observed in both high and low coherent debris flows (Marr 
2001). Due to their effects on the flow dynamics and deposition of submarine debris flows, it is important to understand 
the formation mechanisms of hydroplaning and turbidity current, (Locat and Lee, 2002). The potential damage brought 
about by these flow events can be calculated by formulas that are functions of the flow velocity, slurry’s height, 
rheology and flow distance (Zakeri, 2009; Haza et al., 2015; Wang, 2016). Iverson (1997) compared flow distance and 
longitudinal height which are related to the gravitational potential energy and frictional dissipation energy respectively. 
Results show that the runout distance is highly influenced by different clay and water content. However, these tests 
were not carried out in a submerged condition. Nonetheless, it could be comprehended that viscosity also influences 
the energy dissipation process in submarine conditions as well.  

Zhu et al. (2013) used two-dimensional (2D) Finite Element Method (FEM) with adaptive mesh technique to 
simulate large flow deformations and its impact force on submarine pipeline. Results show there is a critical pipe depth 
at which the where generated drag force is minimum. However, the method is only effective in analysis of specific 
conditions, and cannot account for hydroplaning, the velocity field that develops, and the turbidity current. Depth 
Integral Method (DIM) was adopted to simulate landslide flows into the lake (Imran et al., 2001; Marr et al., 2002; 
Blasio et al., 2004; Sue et al., 2011; Liu et al., 2016). Imran et al. (2001) used a one-dimensional (1D) numerical model 
to analyze the influence using of different rheological models. Blasio et al. (2004) adopted a 2D numerical model to 
analyze the mechanisms of hydroplaning. Sue et al. (2011) used this method to analyze tsunamis generated by 
submarine landslides. Liu et al. (2016) found that bed erosion enhances the damage caused by landslides and increase 
the possibility of blocking rivers. Pore water pressure has also been found to influences the erosion process.  

The algorithms presented are usually two-layer models which assume the interaction between landslides and the 
ambient water does not involve mass exchange and diffusion. Besides, slurry’s morphology and velocity regime cannot 
be calculated. Smoothed particle hydrodynamics (SPH) coupled with DIM was adopted by Pastor et al. (2009a, 2009b) 
and Wang et al. (2016) to simulate submarine debris flow. Wang found water depth does not influence flow distance 
and flow velocity, whereas the friction coefficient and slope influences the maximum velocity and flow distance. This 
model still cannot calculate the mass diffusion process and hydroplaning’s influence was ignored. Gauer et al. (2006) 
and Zakeri et al. (2009) simulated submarine debris flow movement using Computational Fluid Dynamics (CFD) 
based on Eulerian-Eulerian multiphase flow theory. Hydroplaning phenomenon was observed although the effects of 
viscosity were not considered using in detail. Zakeri et al. (2009) used multiple incompressible fluid models in CFX 
program to analyze the drag force that submarine pipes experience as generated by submarine debris flows. The test 
conducted a comparison between experimental tests and numerical tests verifying the applicability of a proposed non-
Newtonian Reynold’s number. Many rheological models were adopted to simulate the rheological characteristics of 
submarine debris flow: Bingham model (Marr et al., 2002; Pastor et al., 2004; Gauer et al., 2006), Bilinear rheological 
model (Imran et al., 2001), Power law model (Zakeri et al., 2008) and Herschel-Bulkley model (Imran et al., 2001; 
Haza et al., 2015). In general, the Herschel-Bulkley model is more adaptive in CFD simulation for the accurate 
prediction of shear force by instance changing of shear rate (Blasio et al., 2004). 

In this study, small-scale tests are carried out using a 3-dimensional (3D) biphasic CFD numerical model. The 
numerical results bear insight on how viscosity is manifested through the debris flow deposition process.

2. Methodology

2.1. Theory and governing equations 

In the current study, the motion of submarine debris material of submarine motion and surrounding water are 
schematized as two different type of liquid. The Volume of Fluid (VOF) model (Hirt and Nichols, 1981) has been 
designed for modelling two immiscible fluids phase. The mass continuity of Navier-Stokes equations of submarine 
flow is shown in Equation 2. Meanwhile, from momentum conservation, the Navier-Stokes equations is expressed in 
Equation 3, which is a single momentum equation solved throughout the domain, and the resulting velocity field is 
shared among the phases. Equation 3 is dependent on the volume fractions of all phases through the properties ρ and 
µ that are calculated from Equation 1. 

3 3 3

1 1 1

= ; = ; = ;
i i i i i i

i i i

P P      
= = =

   (1) 
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where i states the i th phases of fluid during the calculation, 𝜌𝑖 is the density of the i th phase; 𝛼𝑖 is the volume fraction
of i th phase, 𝜇𝑖 is the i th phase dynamic viscosity, 𝑃𝑖  is i th fluid pressure; ∇ is the differential operator given in
Cartesian coordinates system; �⃗� is gravity acceleration; �⃗⃗� is velocity field.

2.2. Calibration and input parameters 

The composition of different percent of kaolin clay and Toyoura sand were adopted in this study. Many composition 
ratio were adopted, but for the flowability under water, three reliable content were adopted. Three tests were conducted, 
all of which had water and total mass (sum of the mass of kaolin and sand) contents of 50%. sand mass content is 
37.5%, 25% and 12.5% in different experiment. After thoroughly mixing, three different slurries with different 
densities (as shown in Table1) were produced. The rheological respective characteristics were measured using an 
(Anton Paar Physica MCR301) rheometer. The measured shear stress-strain rate behaviours of the three different 
samples are shown in Figure 1. Both non-linear rheological models, Power Law, and Herschel-Buckley Model are 
used to fit the experimental data. The most obvious difference is Power Law Model without yield stress, which 
influences mechanics during deposition. The Power Law Model and Herschel-Bulkley Model are expressed in 
Equation 4 and 5, respectively. According to comparison results, Herschel-Bulkley model is more reliable compared 
with Power Law, and yield stress should be considered. 

𝜏 = 𝐾γ̇𝑛 (4) 

𝜏 = 𝜏𝑐 + 𝐾γ̇𝑛 (5) 

where 𝜏 is shear stress; 𝜏𝑐 is critical shear stress; γ̇ is shear rate; 𝐾 and 𝑛 are adjustment coefficients according to fitted
data. The fitting results is shown in Table 2. It is found that all the fitting coefficient is larger than 0.99 for Herschel-
Buckley Model, which validate the selection. According to comparison results, the Herschel-Bulkley model best 
represents the materials’ rheology 

Fig. 1. (a) Rheometer (Anton Paar Physica MCR301); (b) rheological data fitting of RD = 1.406; (c) rheological data fitting of RD = 1.419; (d) 
rheological data fitting of RD = 1.431; RD means relative density. 
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Table 1. Rheological fitting (RD means relative density) 

Test ID Density (kg/m3) R2 of Herschel Bulkley model (%) R2 of Power Law model (%) 

RD = 1.406 1406 99.34 98.34 

RD = 1.419 1419 99.13 98.66 

RD = 1.431 1431 99.11 97.88 

Table 2. Input data of Herschel Bulkley Model 

Test ID 𝜏𝑐 K n 

RD = 1.406 1.501 1.863 0.231 

RD = 1.419 5.031 29.303 0.149 

RD = 1.431 9.307 57.803 0.179 

2.3. Domain and boundary conditions 

The model was built and meshed in the Gambit 2.4.6b and then transferred into Ansys before the start of calculation. 
The volume of the storage (0.009 m3) and debris transportation channel is much smaller compared to the water tank 
(0.6m3). In order to increase the calculation accuracy, the mesh size in the slurry domain (Fig.2 domain a-b-c-d) was 
set to be as 0.001 m, 0.002 m in the transportation channel (Fig.2 domain b-d-f-e) 0.002 m in the storage (Fig.2 domain 
g-a-b-h).The mesh size of other remaining domains are 0.020 m. The side view of the model is shown in Figure 2. A 
total of 1.33 Million meshes were generated in high quality with a value of 0.946 as reported in Ansys Fluent (quality 
number close to 1 correspond to high quality, the range is between 0 and 1). The boundary condition between water 
and the wall interface is set as non-slip. This mean that fluid has zero velocity relative to the boundary, consistent to 
what is observed in experiments (Gue, 2012; Elverhoi et al., 2010). 

Fig.2. Side view of the 3D Numerical model setup 

2.4. Numerical simulation program 

Three series of numerical simulations were carried out using different rheological parameters, which were listed in 
Table 2. The debris slurry is assumed as an incompressible flow. A Pressure-based solver of pressure-velocity coupling 
algorithm is used to solve the coupled formula of the VOF model. Semi-Implicit Method for Pressure-Linked 
Equations-Consistent (SIMPLEC) algorithm was adopted to solve this problem with the aims of achieving relative 
quick convergence. The time step was set as 0.001s determined using von Neumann stability method (Anderson and 
Wendt, 1995). Maximum iterations were set as 30 steps for calculation convergence and autosave per 100 steps. The 
acceleration due to gravity is 9.81 m/s2 in all the tests. This model includes three phases: air, water, and slurry. Air and 
water properties are shown in Table.3. 
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Table 3. Physical character of air and water phase 

Fluid Phase Density (kg/𝑚3) Viscosity (kg/(m. s)) 

Air 1.225 1.003 × 10-3 

Water 988.2 1.789 × 10-5 

3. Interpretation of results

Figure 3 (a) shows the deposition process of submarine debris flow with RD = 1.419. as can be seen, it reflects the
deposition process of submarine debris flow. During deposition, as the slurry mixes with the surrounding water, its 
average water decrease. The mixing process is dominated by the shear stress in the interface of slurry and water. In 
the head of debris flow, instability between slurry and water would generate a vortex, one part of vortex is in mixed 
slurry and another part is in pure water area (Fig.3 (b)). The vortex would separate the debris flow into two parts: the 
tail part which develops like a triangle and a front part which is like a quadrilateral during deposition. In the vertical 
direction of frontal head, velocity in the middle part of slurry is larger than the bottom part and interface, where the 
shear stress is higher. The higher velocity area would absorb water into the slurry’s head as shown in Fig.3 (b) which 
promotes the decreasing of density. Apart from this, higher velocity in the middle layer generate hydroplanning in the 
front most point at which slurry is lifted by the surrounding water (Fig.3). Furthermore, the velocity difference in the 
vertical direction elongates and deepen the front head. 

Fig.3. shows the mixing that happens during submarine debris flow deposition (a) the mixture at different times of test for a relative density = 
1.419; (b) Flow regime of relative density = 1.419 at 4.2 s; (c) Flow profiles that slurries flow to the end of the channel for different densities.  

Denser slurries flow slower than low-density slurries., The time that slurry reach the tail of the channel from the 
gate opening are 3.9 s, 4.2 s, and 4.8 s respectively. Figure 3 (c) shows the density profile at the time the front head 
reaches channel’s end. High-density slurry flows are thicker both at the front part and at the tail due to high coherency 
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and viscosity. Higher yield stresses and viscosities generally lead to thicker slurries which can retain their thicknesses. 
Higher viscosities are related to higher shear stresses at the bottom, interface, and body. This is the reason why the 
case shows lower fluidity and thicker flow profile. This also leads to a sharper angle at the front head and tail part as 
well. Sharper angles correspond to lower velocity differences at the vertical section. The ratio of the middle layer’s 
velocity over the distance of the middle layer to bottom is lower than high density case.  

For higher density condition, slurry expanded into larger domain, density decreasing process were considered, the 
averaged density of slurry was calculated from Equation 6, the calculate domain is the mesh that volume fraction of 
slurry more than 0. The average density is calculated as: 
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where 𝛼𝑠𝑖 is the volume fraction of slurry in mesh i; 𝛼𝑤𝑖  is the volume fraction of water in mesh i; 𝜌𝑠 is density of
slurry; 𝜌𝑤 is density of water; 𝑉𝑖 is volume of mesh i; the mesh i is a mesh that volume fraction higher than 0.

Figure 4 shows that the averaged density of the slurry decreasing during deposition. This decrease involves two 
stages. In the first stage (before 2.4 s), the decreasing ratio for each test is higher than the second stage (after 2.4 s). 
During deposition process, the density decrease ratio (calculated as from Equation 7) of the high-density condition 
drops quicker than lower-density condition. Compared with the low-density slurry, the decreasing ratio of the high-
density slurry is higher in the first stage and lower in the second stage. All these data are concluded in Table.4. The 
decrease in the density is related to the domain expansion of the slurry which is influenced by the mixtures’ rheological 
characteristics. In the first stage, high viscosity is related to higher shear stress which leads to thicker flows, which 
creates a larger vortex which results to a higher and larger mixture domain. From these results, high-density slurries 
expand quicker than low-density slurries. As shown in figure 3 (c), the size of the slurry of the high-density condition 
is bigger than the low density case. In the second stage, the value of density decreasing ratio is very close, which 
consequently related to a low decreasing ratio. According to the different expanding ratios, the slurry expands in a 
relatively manner, which then becomes a stable mass diffusion at the second stage that the slurry. This stage would 
continue till the end of deposition. The violent expansion at the first stage only lasts for a short time, but it is very 
important in deposition process. 

𝑑𝑒𝑐𝑟𝑒𝑎𝑠𝑖𝑛𝑔 𝑟𝑎𝑡𝑖𝑜 =
𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑖𝑠 𝑠𝑡𝑎𝑔𝑒 — 𝑒𝑛𝑑𝑖𝑛𝑔 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑖𝑠 𝑠𝑡𝑎𝑔𝑒

𝑠𝑙𝑢𝑟𝑟𝑦 𝑑𝑒𝑛𝑠𝑖𝑡𝑦
 (7) 

where slurry density is the density of slurry before deposition; initial density of this stage means the value of the 
beginning of this stage; ending density of this stage means the density of the end of this stage. 

Fig.4. Averaged density decreases during deposition 

43



Liu / 7th International Conference on Debris-Flow Hazards Mitigation  (2019) 

Table 4. Averaged density decreasing ratio of each test in every stage 

Test ID Decreasing ratio in stage 1 Decreasing ratio in stage 2 

RD = 1.406 19.33 4.21 

RD = 1.419 21.35 4.16 

RD = 1.431 23.97 3.78 

4. Conclusion

In this study, three numerical analyze were carried out to study the deposition mechanism of submarine debris flows.
The deposition process is a process of mass diffusion. In the head of debris flow, shear stress in the interface of slurry 
and water would generate a huge vortex that separate the debris flow into two parts. This vortex also promotes mass 
diffusion of the debris flows. High density slurries have higher viscosities, yield shear stresses, and coherency which 
leads to sharper heads, thicker depths, and larger vortices which are generated by higher shear stress at the interface. 
The higher velocity layer in the middle part of the slurry enhances the hydroplaning which in turn increase the fluidity 
of the slurry. Averaged density decrease includes two stages. Density decreases quickly in the first stage in which mass 
strongly diffuses. In contrast, density decreases slower in the second stage. The quick expansion of deposition 
happened in short period and stable expansion would last for a long time until the end of deposition. 
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Commonalities between debris flows and flow failures
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Abstract 

Debris flow and flow failure are terms used to describe large displacement slope failures. The initiation or triggering often differs 
due to the nature and state of the material, but once triggered these two failure mechanisms both tend to behave like a Bingham 
plastic exhibiting a yield strength and a strain-rate dependent strength.  In this paper the rheology of these failures is examined and 
compared to field data and lab data to find commonalities.  A future goal is to move towards a common definition of the physics 
and a joint empirical database for improved statistics and predictive models.  The authors own field investigations in Chile and lab 
investigations using shake table experiments will be reviewed along with studies by other researchers.   

Keywords: flow failure; debris flow; liquefaction; residual strength; steady state; critical state; mine tailings; colluvium 

1. Introduction

Debris flows and flow failures are both forms of particulate behavior that result in flows with large runout distances,
ranging from 10’s to 1000’s of meters (Hungr, 1995; Iverson, 1997; Yazdi & Moss, 2015). Debris flow typically 
describes failure of a naturally deposited heterogeneous coarse grained material (e.g., colluvium) that has been 
triggered by a high intensity rainfall event or other mechanism resulting in rapid flow-type behavior.  Flow failure 
typically describes failure of a man-made material (e.g., mine tailings) or uniform natural material (e.g., sand) that has 
been triggered statically or seismically resulting in rapid flow-type behavior.  In both failure mechanisms the bulk 
soil/rock mass fluidizes, resulting in low shear strength and little resistance to deformation.  Triggering of these failure 
mechanism can come about in many different ways, and the runout is a function of several specific mass and 
intergranular conditions, but the flow phase of these failures are physically the same.  In this paper the commonalities 
and differences of debris flows and flow failures are explored to arrive at some understanding of the physics.  Then 
some recent studies are discussed that evaluate the flow characteristics of fluidized particulate material.   

2. Flow Commonalities

Debris flows and flow failures can be triggered in a number of different ways, and can exhibit different amounts
of runout, but both failures have similar flow characteristics (Iverson et al., 1997; Sassa, 2000; Kramer, 1988; Hungr, 
1995).  Figure 1 shows a schematic separating the triggering, from the flow, and the runout. The following discussion 
will define these terms and their physics. 

The flow phase of both debris flows and flow failures can be characterized as steady state shearing with excess 
pore pressures (Figure 2a).  Steady state meaning that the critical void ratio (ecritical) has been reached where no further 
contraction or dilation is needed to continue shearing the soil (Schofield & Wroth, 1968) at a residual shear strength 
(𝜏residual).  With the addition of excess pore pressures the soil can exhibit flow-like behavior.   

This behavior is consistent for both uniform (e.g., beach sand) and non-uniform (e.g., colluvium) materials.  The 
shear strength (𝜏), or the shear stress at which the soil “fails”, is generally defined by the contributions of any cohesion 
(c) and stress dependent (𝜎#$ ) inter-particle friction (𝜙$) as shown in Equation 1 (Terzaghi, 1951).  In the case of 
granular material, the cohesion term is often negligible. 
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4. Lab and Field Measurements

Two recent studies, supervised by the author, on flow failure and steady state response are described here.  The
first is a full scale laboratory experiment that captured the residual strength of liquefied soil (Honnett, 2018).  In this 
test a large flexible bucket (1.5 m high by 2.3 m diameter) containing loose saturated Monterey sand was placed on a 
10 ton shake table and excited with a harmonic motion at its resonant frequency to induce seismic liquefaction.  During 
liquefaction, in addition to acceleration and pore pressure measurements, a T-bar was pulled through the liquefied soil 
to measure the steady state shear strength.  Prior research (Randolf and Houlsby, 1984; Tokpavi et al., 2008 and 2009) 
has shown that in a laminar state the flow can be characterized by a closed form solution using a cylinder which the 
T-bar mimics.  Other table top and centrifuge experiments have attempted similar residual strength measurements (de 
Alba and Ballestero, 2006; Dewoolkar et al., 2016). The shake table results show that for loose (e>ecrit) uniform sand 
at a low confining stress of 0.1 atm the steady state residual strength is roughly 1.4 kPa, with a cone penetration 
resistance of qc1≈0.2 MPa.  Full details on this study are currently under review for publication elsewhere, but the 
thesis work can be accessed online (Honnette, 2018). 

The second study is a field investigation on a seismic induced flow failure from the 2010 M8.8 Chile earthquake 
(GEER, 2010).  Strong ground shaking caused the liquefaction and subsequent flow failure of a tailings dam of mine 
waste at a defunct gold mine.  The 25m high embankment experienced liquefaction at its base resulting in a runout of 
up to 350 m on shallow slopes.  This failure was investigated thoroughly (Moss et al., 2018) and used to develop a 
detailed case history for future reference (Gebhart, 2017).  The failed slope was evaluated against engineering runout 
distance methods and was back-analyzed to determine an estimate of the steady state residual strength.  Here the 
confining stress conditions were roughly 2 atm and the estimated liquefied residual strength was 8.3 kPa.  The soils 
were measured as contractive (e<ecrit) based on low cone penetration resistance (qc1≈1.3 MPa) with respect to Yazdi 
and Moss (2015) as shown in Figure 4a.  Figure 4b shows the results from these investigations plotted against a revised 
plot of penetration resistance versus liquefied residual strength.  The red star is this particular case history with respect 
to the known database of flow failures (Weber et al., 2015).  It should be noted that the analytical “dam break” solution 
by Hungr (1995) provides an excellent estimate of the observed runout distance of 350 m for this particular failure. 

A different study on debris flows was carried out by McKenna et al. (2014).  This table top experiment focused on 
a range of materials that could fail in a debris flow and characterized their properties.  The authors used a test mold 
where the prepared samples could be saturated. The mold is then quickly removed to horizontally load and fail the 

Figure 4. (a) Histogram of cone penetration resistance (qc1) values of flow failure case histories from the Olson & Stark (2002) database (after 
Yazdi and Moss, 2016). (b) Plot (revised after Weber et al., 2015) correlating penetration resistance to the liquefied residual strength.  Red star 
shows the location of the Las Palmas tailings dam flow failure. 
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soil in a radial pattern for capturing the failure mode and subsequent deformations. The results generally agreed with 
large flume experiments (Iverson et al., 2000; Logan and Iverson, 2009).  Some of the test results that are pertinent to 
this discussion are that the density, and hence the void ratio, dictated whether the soil sample would fail as a flow 
(e>ecrit) or as a slide (e<ecrit). [Note: 𝜌6 = 𝜌7 1 + 𝑒 dry density is equal to the density of the solids divided by one 
plus the void ratio, and 𝜌79: = (𝜌7 + 𝜌;𝑒) 1 + 𝑒) saturated density is equal to the density of solids plus the density 
of water times the void ratio divided by one plus the void ratio].  Soils that were initially dilatant were capable of 
dilating past critical state rendering them susceptible to flow during subsequent loading.  Failure velocity increased 
with permeability, and loose soils (e>ecrit) exhibited higher failure velocities.  The analytical “dam break” solution of 
Hungr (1995) is used here to back-calculate the liquefied residual strength of the samples that were observed to have 
failed in flow. The equation for “dam break” when rearranged and solved for the liquefied residual strength is: 

(3) 

where 𝑠=,?is the liquefied residual strength (kPa),  𝛾 the unit weight (kN/m3), Ho the initial height of the “dam” material 
(m), xo the initial length of the “dam” material (m), and xf the runout distance of the flow failure (m). In this simplified 
solution the initial slope is treated as vertical and the runout shape is treated as a parabola. The liquefied residual 
strength values from these table top tests at essentially zero confining stress show an average of roughly 6.5 kPa, with 
a low of 1.7 kPa and a high of 11.9 kPa.  The samples are from slope failures sites that covered a range of source 
materials from gravels to sands (both with fines content) and are representative of the in situ field gradations.  The 
liquefied residual strength values from these debris flow materials are in agreement with those observed in tailings 
flow failure materials and in clean sand liquefaction tests discussed previously.  

5. Discussion

In cases of flow failure and debris flows the density or void ratio with respect to the critical density or critical void
ratio is a primary controlling variable of flow-like behavior. The in situ properties of soil are regularly estimated in 
engineering situations using cone penetration measurements that are statistically related to engineering properties.  
Contractive soils exhibit a positive state parameter: 

𝜓 = 𝑒 − 𝑒A?B:																																																																																									(4) 

For clean sands the state parameter can be estimated using and empirical relationship as found in (Robertson and 
Cabal, 2014): 

𝜓 = 0.56 − 0.33 log 𝑄:#,A7 																																																																						(5) 

where Qtn,cs is the stress corrected cone tip resistance of a clean sand, similar to the curves in in Figure 4b but in 
dimensionless form.  So for sandy soils, if they are sufficiently contractive and fully saturated, then flow is the likely 
failure mechanism which can be forecast using cone penetration measurements.  

Fluvially deposited gravels, cobbles, boulders, usually exhibit dilatant behavior due to the nature of the 
particles and the high energy depositional environment that formed the units.  Dilatant material can be pushed into a 
contractive state by changes in stress as seen in Figure 3 and also to steady state by constant shearing.  The propensity 
for these materials to fail in a debris flow is harder to predict because the flow behavior occurs after large strains and 
post-peak-strength failure. Here granular kinetics (i.e., granular temperature) is thought to increase the void ratio and 
the contractive-ness of the material as it tumbles downslope, thereby producing high excess pore pressures and flow 
condition. 

Dry colluvially deposited gravels, cobbles, boulders can exhibit contractive behavior because of the low 
energy depositional environment that formed these units and therefore can be susceptible to flow type failure when 
saturated during intense rainfall.  Here penetration measurements are not viable because of large particle sized 
material, but geophysical measurements may be.  In soil liquefaction a shear wave velocity of less than roughly 180 
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m/s (Kayen et al., 2013) is indicative of a contractive soil and subsequent field testing may be useful in refining this 
value for soils with large particle sizes (e.g., boulders, cobbles, gravels). 

As in all these cases the saturation level and contractive behavior are key in determining the likelihood of 
triggering, post-liquefaction residual strength, and propensity for flow failure. 

6. Summary

Presented here are some thoughts on the different phases of flow failures and debris flows, which defines different 
regions of physics of these failures.  Steady state flow with excess pore pressures has been observed to be in 
common between flow failures and debris flows.  The physics of this phase is examined using conceptualized lab 
results to understand the stress-strain response. Empirical studies of flow failures and debris flows were also 
examined and the liquefied residual strength were shown to be in rough agreement supporting the argument that this 
phase is common.  Some suggestions were offered as to how best to identify the hazard for different field conditions. 
The overall goal here is to foster further discussion of their commonalities and to help push hazard mitigation of 
debris flows and flow failures forward.     
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Abstract 

When landslides liquefy and sediment movement takes on characteristics of a debris flow, travel distance increases, expanding 

the range of potential damage. Clarifying the liquefaction mechanism for such phenomena and predicting travel distance are 

important for evaluating hard and soft measures for controlling landslide damage. The authors have compiled data on landslide 

travel distance in Japan, used the travel coefficient (Tr) to classify movement of landslide soil masses, and investigated the 

relationship between landslide movement and soil characteristics with the goal of clarifying the liquefaction mechanism. These 

results were used to analyze the soil characteristics of long-traveling landslides. The hybrid model developed by Satofuka (2004) 

was used as a liquefaction model and sensitivity analysis was conducted for the model parameters. Model validity was evaluated 

by comparing the simulated and actual sediment flow, deposition, and displacement velocity of a landslide that occurred in 

Niigata Prefecture in March 2004. 

Keywords: long-traveling landslide, soil properties of landslides, simulation, hybrid model 

1. Introduction

In previous analyses of major landslides that have occurred in Japan, as an index of travel distance, the authors 

used the travel coefficient (Tr = L2/L1), where L1 is the horizontal distance from the top of a landslide to the toe of 

the surface of rupture and L2 is the horizontal distance from the toe of the surface of rupture to the toe of the 

displaced soil mass. Along with defining long-traveling landslides as those with Tr ≥ 0.5, which have a cumulative 

frequency of approximately 20%  (Fig. 1(a)), landslides were classified into the following three cases based on the 

travel coefficient and condition of the displaced soil mass. The authors showed that the travel coefficient for a 

completely liquified landslide is on the order of Tr≥ 0.5 (Fig. 1(b)) (Usuki and Mizuyama, 2011). 

 

 

 

 

Fig. 1. (a) Histogram of the travel coefficient (Tr) of landslides; (b) Relationship between travel distance and original horizontal distance of 

landslides (Usuki and Mizuyama,2011) 
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(1) landslide soil masses and surfaces with little disturbance (Tr < 0.3) 

(2) landslide soil masses with lightly disturbed surfaces (partially liquefied 0.3 ≤ Tr < 0.9) 

(3) landslide soil masses violently disturbed with soil masses not retaining their original form (completely 

liquefied Tr ≥ 0.5) 

While factors including landslide volume, soil water content, and gradient of the terrain are believed to control the 

movement type of landslide soil masses, in terms of soil quality, soil masses of landslides with large travel 

coefficients were found to contain relatively large proportions of sand and gravel in addition to clay and silt. In terms 

of particle size distribution, the soils had mixed soil composition. We believe that the soil characteristics of these 

mixed soils will provide insight into understanding the liquefaction mechanism of landslides with long travel 

distances. In this paper, we report the results of our investigation of the soil characteristics of long traveling 

landslides and the validity of hybrid model simulations. 

2. Soil Characteristics of Long-traveling Landslides

Given that the physical properties of soil vary with various factors including particle size distribution and water 

content, mechanical testing is needed to evaluate soil characteristics. The ability to estimate mechanical properties of 

soils from factors such as particle size distribution is also important. One method for estimating the mechanical 

properties of soils is the engineering classification method based on the Unified Soil Classification System of Japan. 

Iwanaga (1983) developed particle size distribution–plasticity diagrams based on the soil quality data of soil masses 

for 130 landslide sites in Niigata Prefecture, a region of Japan where landslides frequently occur. The authors 

analyzed the relationship between travel coefficients and soil characteristics of the sliding soil masses for 16 cases 

where the particle size distribution-plasticity diagrams from Iwanaga also existed. 

2.1. Particle size distribution and fine particle content 

As can be seen in Fig. 2(a), most of Iwanaga’s data (1983) are distributed in the fine soil (F) region of the soil 

texture triangle with a large proportion clay and silt. In contrast, soils from landslides with large travel coefficients 

tend to be distributed near the boundary between the fine soil (F) region and the gravel and fine soil (GF) region, 

which contains large proportions of gravel and sand, to the sand and fine soil (SF) region. The particle size 

distribution of soils with R ≥ 1.0 tend to fall in the central region with sand, gravel, silt and clay content greater than 

20%. Travel coefficient increases as the gravel and sand content rises above 20% and decreases when the sand and 

gravel content rises above 50%. 

 

 

 

Fig. 2. (a) Particle size composition chart; (b) Plastic Figure (Usuki and Mizuyama,2011) 

Kitago (1973) conducted consolidated undrained triaxial compression tests for saturated soils with various 

proportions of sand and clay, with the goal of evaluating the effect of the sand and clay content (proportion) on 

consolidation characteristics, pore-water pressure at time of shearing, shearing deformation characteristics, and 
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strength constants: the results show that the boundary between the sand region and the intermediate region is 
associated with a fine particle content of 20 to 30%, while the boundary between the clay region and the 
intermediate region was associated with a fine particle content of 60 to 70%. Mixed soils in the intermediate region 
with fine particle content greater 40% were found to behave similarly to cohesive soils, and a transition state 
between sandy soils and cohesive soils was reported to exist near 30% fine particle content. The fine particle content 
(R) was defined as follows: 

    (1) 

Given that soil particle densities typically fall within a range of 2.6 to 2.8 g/cm3 (no moisture), content defined by 
mass and content defined by volume do not differ substantially. Accordingly, here we assess content defined by 
mass. In terms of fine particle content, soil masses of landslides with Tr ≥ 1.0 are distributed in or near the boundary 
of the mixed soil region. The soil texture is classified as mixed soil comprising intermediate particles falling into the 
sand and clay categories. 

Omine (1993) investigated the effect of particle size on the stress and deformation behavior of mixed soils 
containing sand and clay of greatly differing particle sizes: the results show that as the fine particle content 
decreases, the angle of internal friction increases and approaches the value for coarse particles only. Conversely, the 
angle of internal friction decreases for mixed soils with high fine particle content, meaning that disruption of soil 
masses may proceed readily in such soils. 

In previous work (Usuki and Ｍizuyama,2011), we tested the strength of 4 sample soils prepared to have different 
particle size distributions (fine particle contents of 90%, 75%, 45% (mixed soil), or 10%). For a single axis 
compression test, the deformation coefficient (E50) indicating ease of soil deformation was smallest for the mixed 
soil region sample. Testing after 48-h immersion showed that the cohesion of the mixed-soil sample declines by 
about 60% from an original value of 23.9 to 15.1 kN/m2. Furthermore, in triaxial compression tests, mixed-soil 
samples from a depth of 5 to 10 m from the surface near the sliding surface of the landslide were found to have the 
lowest shear strength among all the samples.In mixed soils, soil strength declines as the fine particle content 
increases. This point should be considered when evaluating the role of soil characteristics in liquefaction 
mechanisms of long-traveling landslides and setting simulation. 

2.2. Plasticity diagram 

In Fig. 2(b), much of Iwanaga and Nozaki’s data (1983) is distributed in the high-plasticity clay (CH) region of 
cohesive soils while data for low-plasticity clay (CL) and low-plasticity silt (ML) soil regions are rare. Line A shows 
the boundary for high-plasticity clay (CH) and high-plasticity silt (MH) regions and represents the water content 
range of the plastic state. Above the A line, the range of water content expands, indicating the prominence of clay 
properties. Also, the B line located at the liquid limit WL = 50 shows the magnitude of compressibility, with 
deformation occurring more readily in soils located right of the B line. Soils from landslides with large travel 
coefficients are distributed slightly above the A line and, as a whole, near the B line; thus, it is evident that the water 
content range in the plastic state is relatively large, that compressibility is high, and that the soils are readily 
deformed. Generally, as the clay content decreases, the liquid limit declines and the region near the B-line is 
approached; thus, in soils associated with landslides with large travel coefficients, although clay is present, silt, sand, 
and gravel content tends to be high. 

3. Liquefaction Mechanisms of Long-Traveling Landslides and Evaluation of the Simulation Model

3.1. Liquefaction mechanism 

Starting from the assumption that the surface of the landslide becomes highly disturbed in the transition from 
partially to completely liquified, disruption of the soil mass progresses from near the liquified layer inside the 
landslide. The landslide moves as the soil mass near the bottom of the main body is gradually incorporated into the 
liquified layer that has been formed. Eventually, the surface soil mass of the landslide is incorporated into the 
liquified layer and the surface of the landslide becomes highly disturbed. Based on consideration of soil properties 

Fine grain dry weight 
（Fine grain＋Coarse fraction）Dry weight 

Fine particle content(R) ＝ ×100 

Fine grain：Soil particles of 75μm or less 

63



Usuki / 7th International Conference on Debris-Flow Hazards Mitigation  (2019) 

and other factors, if the landslide soil mass is assumed to be adequately saturated, the following liquefaction 
mechanism can be inferred for long-traveling landslides (Fig. 3). 
(1) The landslide begins with displacement of the slide surface. 
(2) Disruption of the landslide soil mass progresses due to the loading and deformation caused by displacement. 
(3) A liquefied layer is created in the lower area of the soil mass where displacement begins. 
(4) The liquefied layer develops (expands) by incorporating the disrupted soil mass. In cases where the liquefied 
layer does not develop, the upper part of the soil mass remains disturbed, and the landslide stops without complete 
liquefaction.  
(5) When an adequate amount of water is supplied (including the interior of the landslide soil mass), the liquefied 
layer develops until the entire soil mass is incorporated into the liquefied layer and the landslide becomes 
completely liquefied. 
(6) The original structure of soil mass becomes completely disturbed through the disruption of the soil mass and 
incorporation into the liquefied layer. 

Fig. 3. liquefaction mechanism of Long-Traveling Landslide 

If the landslide soil mass is adequately saturated and there is no substantial change in the terrain conditions such 
as the gradient, disruption of the landslide soil mass progresses. Regarding the development of the liquefied layer, 
decreased soil strength due to particle size distribution of mixed soil is believed to be one factor that determines a 
larger travel coefficient.  

When the particle size distribution of the landslide soil mass is in the mixed soil region, from a soil mechanics 
standpoint, the soil mass is readily disrupted and easily incorporated into the liquefied layer. Given that this soil 
region is distributed along the A line of the plasticity diagram, the soil is more readily liquefied as the natural water 
content ratio increases, and the accompanying change in volume tends to be large. 

During prolonged snow melt or rainfall periods, the degree of water saturation of the landslide soil mass increases 
and is assumed to be near the liquid limit. If the soil is liquefied, the particle volume ratio changes and void ratio 
increases. If the soil mass begins to slide under these conditions, disruption of the soil mass further increases the 
void ratio. These voids become filled with not only liquefied clay and silt but, also, with gravel and sand, causing 
the liquefied layer to develop further to a state close to a debris flow, thereby increasing the travel coefficient. 

3.2. Hybrid model selection 

With regard to the soil mass liquefaction mechanism, the D-Claw model (George and Iverson, 2014) and other 
models have been proposed to describe the process from landslide onset to liquefaction based on rising pore water 
pressure and soil particle dilatancy. Here, from the travel coefficient-dependent classification of landslide movement 
type presented in this study, we identified the hybrid model for debris flow from slope collapse as a model that could 
express the liquefaction mechanism described above and evaluated its applicability to long-traveling landslides. 
Based on previous research on debris from a collapsing soil and sand slope, Satofuka (2004) divided the soil mass 
from a collapsing hillside into several blocks that flow downslope on top of the liquified layer (Fig. 4(a),(b)). 

The soil mass comprised an upper unsaturated soil part and the lower saturated soil part. The saturated soil erodes 
due to shear stress, and the mixture of eroded soil, sand, and water form a liquefied layer. To estimate the distance 
traveled by the debris from the collapsed slope, it is necessary to track the rigid motion of the unsaturated soil and to 
analyze the motion of the liquefied material as a continuous body. Accordingly, a flood model of debris flow based 
on the finite difference method was combined with a Lagrangian analysis method for the movement of the soil mass 
to construct a 2-dimensional hybrid debris flow model. The hybrid model for debris flow from a collapsing soil and 
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sand slope represents the soil mass as several cylinder blocks（For calculation, approximate to a hexagon）and 
assumes that the saturated layer flows after being incorporated into the liquefied layer. In our research, we assumed 
that the liquefaction mechanism for long-traveling landslides involves formation of a liquefied layer, with the low 
soil strength of mixed soil leading to progressive disruption of the soil mass after initial displacement. The disrupted 
soil mass is incorporated into the liquefied layer as flow continues. Complete liquefaction is defined as the state in 
which the liquified layer incorporates the entire soil mass including the surface layer. Partial liquefaction is defined 
as the state in which this process stops before the landslide surface is incorporated into the liquified layer. This 
process is essentially the same as the liquefaction mechanism assumed by the hybrid model.  

Fig. 4. (a) Hybrid model; (b) Cylinder model of the soil mass (Satofuka, 2004） 

4. Sensitivity Analysis of Hybrid Model Parameters

4.1. Parameter sensitivity analysis 

The slopes of many locations where long-traveling landslides have occurred are relatively gentle with gradients 
ranging from 10 to 30°. For parameter sensitivity analysis, we constructed a continuous slope with gradients of 0.5°, 
5°, and 10° (Fig. 5(a)). This flatter slope, rather than a deep valley terrain, was also chosen to enable confirmation of 
the spread of the soil mass block as well as the downslope travel distance. The calculation mesh consisted of 10 × 
10 m squares in both x and y directions. The time step for calculations was 0.1 s; the radius of the cylindrical block 
bases as well as the initial distance between cylindrical block centers D1, D2（Distance at which the attractive force 
of the cylinder block is maximum）and D3（The critical distance at which the attractive force of the cylinder block 
does not act） were the same values used in Satofuka (2004). These values were 4.85m, 9.24m, 9.70m and 10.16m, 
respectively. Also, the landslide soil mass or liquefied layer debris concentration was 0.54, deposition layer 
concentration was 0.6, the Manning roughness coefficient was 0.04, specific gravity of soil particles was 2.65, the 
dynamic friction coefficient between soil mass and river bed µm was 0.5.  

Fig. 5. (a) Slope model; (b) Calculation results with varying cohesion strength 

Parameter sensitivity analysis was conducted for 5 parameters: angle of internal friction, cohesion, particle 
diameter, erosion rate coefficient, and saturation. The base conditions for each parameter were as follows: internal 
friction angle, ø = 10°; cohesion, c = 5 kN/m2; particle diameter, d = 10 cm; erosion rate coefficient, ß = 0.13; and 
saturation sb = 1.0. Calculations were performed while varying each parameter (internal friction angle 5°, 10°, 15° 
and 30°; cohesion 1, 5, 10, and 20 kN/m2; particle diameter 1, 10, and 100 cm; erosion rate coefficient ß = 0.06, 0.13, 
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0.24, 1.20; degree of saturation of the unsaturated layer sb = 0.1, 0.5, 1.0). Results of the sensitivity analysis show 
that the parameters with a large influence on travel distance were cohesion, particle diameter and erosion rate 
coefficient. Travel distance increased with decreasing cohesion; and cohesion influenced the spread (degree of 
dispersion) of the cylindrical blocks (Fig. 5(b)). Particle diameter and erosion rate coefficient were found to affect 
the liquefied layer, with decreasing particle diameter and increasing erosion rate coefficient being associated with 
greater travel distance due to their contribution to development of the liquefied layer. 

4.2. Parameter review 

Cohesion varied widely depending on the condition of cohesive soil (from extremely soft to hard or consolidated) 
from several kN/m2 to greater than 200 kN/m2. That said, soil is assumed to approach a near fluid state with 
saturation near 1.0 during rains or snowmelt periods. Furthermore, the Road Earthwork Temporary Guidelines 
(March 1999, Japan Road Association) assumes a cohesion of less than 12 kN/m2 for extremely soft soil conditions 
approaching fluid state. Based on the above, when cohesion is less than 12 kN/m2, the internal friction angle, which 
was shown to have negligible impact by the parameter sensitivity analysis, is set to a general value of ø = 35˚; the 
erosion rate coefficient is set to ß = 012 as a guide, and saturation degree is set to sb = 1.0, taking into account the 
fact that rain and snowmelt periods are contributing factors to landslides. Particle diameter is set based on the local 
field conditions. 

5. Hybrid Model Simulation of a Long-traveling Landslide

5.1. Simulated landslide 

A long-traveling landslide occurred in Nagaoka, Niigata Prefecture on March 1, 2004 (Fig. 6). The landslide 
comprised an area of 110,000 m2 (length 450 m, width 250 m) and approximate volume of 1,650,000 m3. 
Geologically, the base comprised green tuff with alternating layers of sandstone and mudstone. The average gradient 
from the end of the landslide to the confluence of the Nishitani River was 8°, which is a gradual slope. Part of the 
landslide engulfed driftwood as it flowed down and deposited earth and sand ranging from 4 to 10 m thickness. In 
constrained areas, we observed sand and mud deposits up to 10 m in thickness. Also, in wider areas of the basin, 
there was evidence that the soil mass had spread laterally and deposited material. Very little evidence of piling up 
caused by debris flow-like braided flow was observed. The landslide soil mass was displaced approximately 550 m 
from the starting point, and the movement type was completely liquefied (travel coefficient Tr = 1.2). In terms of 
particle size distribution, the soil consisted of 70% fine particle material and was classified in the mixed soil region. 
In the plasticity diagram, the liquid limit was WL = 74.9, and the plasticity limit was IP = 44.4, corresponding to the 
region slightly above the A line and near the B line. The mixed soil would be expected to readily liquefy and to be 
readily deformable when the natural water content ratio increases. 

Fig. 6. (a)Long-Traveling Landslides occurred in Niigata Prefecture; (b) Movement range of landslide 

5.2. Parameter 

The calculation mesh consisted of squares measuring 10 m in both x and y directions. The time step for 
calculations was 0.1 s, and the radius of the cylindrical block bases, the initial distance between cylindrical block 
centers D1, D2 and D3 were the same values used in the Satofuka (2004) study. The calculation parameters are 
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shown in Table 1.As the daily average temperatures during the second half of February were high and snowmelt 
progressed continuously, the water content of the soil mass was assumed to be high, and the degree of saturation (sb) 
of the unsaturated zone was set to 1.0. Soil and sand cohesion (Cb) was set to 5 kN/m2, considering the
meteorological conditions and the extremely saturated state of the soil. Table 1 lists the set values of the simulation 
parameters. Also, as gravel ranging from about 1 to 5 cm to about 10 cm was found in the landslide soil mass, an 
average particle diameter of 10 cm was used. 

Table 1. Parameter settings 

Item Setting value 
Calculated mesh dx=dy=10m 
Radius of lumps 4.85m 
Sediment concentration of the fluidized bed 0.54 
Sedimentary soil concentration 0.6 
Average grain diameter 10cm 
Manning roughness coefficient 0.04 
Density of pore fluid 1,000kg/m3 
Density of soil grain 2,650kg/m3 
Dynamic friction coefficient 0.5 
Angle of internal friction 35° 
Cohesion 5kN/m2 
Saturation degree of unsaturated moiety 1.0 

5.3. Flow Range and Deposition 

Although some of the simulation results for flow width exceed the observed flow range, in general the results 
were a good fit (Fig. 7(a)). The dark areas in Fig. 7(a) indicate thick cylindrical blocks (soil masses). Cylindrical 
blocks are thicker in narrow terrain, whereas cylindrical block thickness varies and is generally thinner in wider 
terrain. The simulation accurately reproduced actual deposition trends, as shown in Fig. 7(b),(c). For points where an 
actual deposition depth of approximately 8 m was observed, the simulation indicated deposition depths between 5 to 
10 m. The simulation indicated erosion of 10 to 20 m at the top of the landslide, which is on the same order as the 
height of the main scarp. The simulation accurately reproduced the distance traveled, flow, and deposition by the 
landslide. 

 

 

Fig. 7. (a) Calculation result (fluctuation amount); (b) Calculation result (flow depth) ; (c) Calculation result (longitudinal section) 

5.4. Soil mass displacement velocity 

The simulation results are shown as a time series in Fig. 8. The time taken for the soil mass to move 550 m from 
initial displacement to the confluence of Nishitani River was about 200 s. The average simulated velocity was 2.75 
m/s. As there were no witnesses who observed the landslide flow conditions, the actual velocity is unknown. A 
fallen tree was found during the field investigation. Some of these trees were taken up by landslide clumps and were 
disturbed, but also those carried in the state of standing trees above the landslide were confirmed; thus, we believe 
the displacement velocity was relatively slow, on the order of several m/s, which is similar to simulation result. 
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Fig. 8. Range of landslide (time series) 

5.5. Applicability of the hybrid model for prediction of travel distance and other factors for long traveling-distance 
landslides 

The simulation, adjusted based on the results of the parameter sensitivity analysis, accurately reproduced the 
March 2004 landslide that occurred in Nagaoka, Niigata Prefecture in terms of soil mass flow, deposition trends, 
travel distance, and estimated displacement velocity. One advantage of the hybrid model over conventional methods 
for predicting landslide travel distance is the ability to simulate movement through complex terrain. Given the 
ability to estimate flow range, deposition conditions, travel distance, and displacement velocity, the hybrid model 
method is expected to prove useful in producing hazard maps and facility planning that takes into account soil 
movement. 

6. Future Issues

In addition to investigating movement-related aspects of long traveling landslides such as occurrence, flow, and
deposition, it will be necessary to collect soil samples, conduct mechanical and other soil tests, and perform 
statistical analyses of the relationship between motion type and soil quality. These studies will be especially 
important to deepen our understanding of the relationship between the characteristics of mixed soils and liquefaction 
mechanisms relevant to landslides and to incorporate these soil characteristics in hybrid models for predicting travel 
distance of soil masses in landslides. Such models will be useful in developing hazards maps and in designing 
emergency measures when advanced warnings of landslides are observed. 
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Abstract 

Solid materials distributed on the surface of watershed transform to debris flow under seepage flow effect is one of the most 
common disaster type in the mountainous area, especially in the Longmen Fault regions, China. The high frequency of debris-
flow event takes a big menace to local people’s safety of life and properties directly, as well as the reconstruction work. Currently, 
more theory and experiment researches are concentrated on solid materials instability mechanism, debris-flow initiation, 
movement process of slope-gully system, but fewer research are focused on the moveable critical condition of solid materials 
under hydrodynamic condition as seepage flow and surface flow. Thus, based on the mechanical balance, through define the 
theory of the movable solid materials firstly. Then, take a comparison with traditional terms as loosen solid materials, dynamic 
reserves and efficient solid materials, it found that solid materials move or not is a mechanical problem rather than traditional 
definition. Thirdly, on the condition of saturated seepage flow, according to setting up geological model and taking mechanical 
analysis, it gained dynamical formula and resistance formula respectively, then, give confined parameters, it found a liner 
distribution of dynamical value and resistance value versus depth when the geology model is homogeneous and the seepage flow 
saturated in whole layer. 

Key words: Debris-flow Area; Seepage Flow Effect; Solid Materials 

1.Introduction

Debris flow is a flow of a sediment–water mixture driven by gravity, which related to factors as geological 
tectonics, topographical conditions, hydrology and human engineering et al (Zhou et al., 1991; Xu, 2010). It has 
been reported that in over 70 countries in the world and often causes 5 severe economic losses and human casualties 
annually, which seriously retarding social and economic development (Degetto et al., 2015; McCoy et al., 2012; Hu 
et al., 2016; Cui et al., 2011; Dahal et al., 2009; Liu et al., 2010). According to Takahashi, The mechanical triggers 
of debris flows can be classified into three types, namely erosion by surface runoff, transformation from landslides, 
and collapse of debris dams (Takahashi, 2007). Through different water content before debris-flow initiation, Brand 
et al concluded that the thinner layer failure by rainfall infiltration which result in the weight increasing and the 
minor of the matrix suction (Brand, 1981). With the different water content between debris-flow initiation and 
failure, Johnson definite movable index MI (Johnson, 1984), based on the MI, Ellen put forward the index as AMI 
and set standard as AMI﹥1, the debris is easily flow along the gully, while the AMI<0.45, it could not form debris 
flow (Ellen et al., 1987). Similarly, Takahisa through carried out experiments, it got that when the ratio of l/h<4.0, 
the landslide materials could not move as debris flow, while the ratio of l/h>7.5, it easily to form debris flow 
(Takahisa, 1981). Generally, the gravity and hydrodynamic are the mainly driven forces to form debris flow 
(Howard, 1988; Hongey et al., 2006). With numerous experiments and field survey, it also found that the pore water 
pressures increased while the loose solid materials moved with surface water, which lead to liquefaction (Wang et al., 
2003; Iverson et al., 2004). Based on laboratory experiments and field observations, Wang based on fluid mechanics 
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theory, obtained a flow movement equation for the deposit surface and shear stress, but those equations ignored the 
influence of the pore water pressure on the shearing strength and parameters that could change with time (Wang et 
al., 1990). 

As is known to all, loosen solid materials is one of the essential condition of debris-flow formation, for the 
numerous solid materials in the watershed, how many solid materials would form the debris flow and how the debris 
flow moving is also the question. As to the volume calculation, currently most calculations mainly lie in statistics. 
Actually, plenty of debris-flow researchers carried out numerous studies on debris volume research, such as the 
volume and distribution of loosen solid materials, traditional concept of effective solid materials (Qiao et al., 2012; 
Tang et al., 2011; Zhou et al., 1991), those researches take a positive effect for debris-flow prevention and 
reconstruction post-earthquake. However, most of those methods are mainly based on the field survey and statistics, 
lack of physical and mechanical meaning. Thus, based on the analysis of debris-flow formation, it can conclude that 
loosen solid materials whether move or not under hydrodynamic condition in source district is decided by dynamic 
force and resistance which is a physical and mechanical problem, rather than broadly qualitative description, that is 
the movable solid materials problem (Yang et al., 2014).  

In this context, the study is on condition of mechanical equilibrium principle, definite the movable solid materials 
of debris-flow source area first, which articulate the movable characteristics of solid materials under hydrological 
condition in debris-flow source area. Secondly, take a contrast with available traditional definition as dynamic 
reserve, effective solid materials and movable solid material. Last, take saturated seepage flow as an example, 
through build geological model and mechanical analysis, to test and verify the formulas by experiment. The research 
provides a quantitative calculation method of the loose solid materials in the shallow landslide areas, which can 
favor for the design of the small watershed debris-flow prevention. 

2. Definition of the movable solid materials

2.1Definition 

Currently, most solid materials calculation in the small watershed are statistics and estimation, the direct question 
of those method could cause the error of statistics is between 70 to 150 percent. As to the debris-flow check dam 
design, the unreasonable loose solid materials volume can result in high cost or low prevent ability. Therefore, based 
on the Yang’s research (Yang et al., 2014), it proposed the concept of critical movable solid materials, which can be 
definite that when the composition force of hydrologic and the gravity components is larger than the resistant, the 
critical thickness is the cross point beneath the surface slope, as seen in Fig 1. 

Fig. 1. General map of the movable solid materials 

When Fd < R, the whole layer of loosen solid materials is in stable state. When Fd = R, the layer of loosen solid 
materials is in critical state. While Fd > R, the loosen solid materials within the critical depth would lose failure, 
seen formula (1) as follows. In summary, the movable solid materials is the solid materials within the critical depth 
when Fd = R. 

Critical fomula of movable solid materials = {
𝐹𝑑 < R   stable state
𝐹𝑑 = R  critical state
𝐹𝑑 > R  fail to move

(1) 
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2.2 Contrast among movable solid materials and traditional conception 

As to debris-flow prevention design, the volume of loose solid materials is one of the most important parameters. 
Many researcher focused on the solid materials condition of debris flow, numerous researches are mainly using 
loosen solid material, dynamical reserve and effective solid materials et al., but the research method lies in 
quantitative description, field survey and experiences calculation. The contrast between movable solid materials and 
traditional concept is seen in Table 1. 

Table 1. The contrast between movable solid materials and traditional conception 

The Movable Solid Materials Loosen Solid Material Dynamical Reserve The Effective Solid Materials 

Concept 

When the sum of the hydrological 
force and gravity component 
equal to the resistance, the solid 
within the critical depth 

Loosen solid materials 
distributed in the 
widely surface 

The potential solid 
materials to form 
debris flow in source 
area 

loosen solid materials of slope and gully 
bank fail to move by water saturation 
and scour, especially to join the next 
debris flow’s solid materials 

Volume 
calculation 
method 

Calculation by mechanical model 
Estimate the area and 
depth in debris-flow 
watershed 

Investigate the 
area and depth of the 
potential debris-flow 
watershed 

Estimate the area and depth 

Mechanical 
meaning Mechanical equilibrium none none none 

Solid material is a defined qualitative concept in traditional statement, but what kind of loosen content will form 
debris flow under hydrologic condition still not appeared in literatures so far. In practical application, mostly loosen 
solid materials volume calculation is by field survey estimation. As to debris-flow dynamical reserve, which is 
loosen solid materials volume calculated by measuring length, width and estimated potential thickness, the problem 
is the estimated thickness originated from investigating outside and there is none practical meaning, actually, the 
thickness should be controlled by mechanical properties of solid materials. The effective solid materials is just 
defined as solid materials which joined in the debris flow under water effect, this concept did not applied in actual 
example currently. 

Whether the loosen solid materials on the slope is move or not and how many solid materials could be arised by 
the rainfall is a mechanical problem, which should be decided by its propulsion and resistance. The dynamic 
propulsion is mainly including seepage flow and surface flow’s component, gravity component, as to rainfall debris-
flow pattern, the dynamic propulsion could be calculated by rainfall, runoff and convergence under a certain rainfall 
frequency. The resistance is constituted of cohesion, friction and shear resistance among particles. The concept of 
movable solid materials is just based on the mechanical balance, which possess clear physical meaning and 
distinguished from traditional definition essentially. 

3. The Movable Research under Saturated Seepage Flow 

3.1 Geology model 

It is known to all that the deposition mode and the amount of loosen solid materials in the debris-flow watershed 
affect the thickness of solid materials. The mechanical characteristics, the longitudinal slope and the difference of 
hydrodynamic effect also determined the thickness. As to the movable solid materials which is controlled by the 
relationship among the slope angle, hydrodynamic, gravity and resistance. When the resultant of hydrodynamic 
component and gravity component is larger than the resistance, the solid materials fail to move and even form debris 
flow finally. 

Water is the essential parts of debris flow, which are mainly come from rainfall and ground water. The movement 
forms lie in saturated seepage flow/ non-saturated flow and surface flow. As to saturated seepage flow condition, 
take the loose solid materials firstly, the geology model as Fig. 2 shown. 

Geology model conditions described as follows. 
• The particles are the heterogeneous anisotropy; the porosity of the detrital grain layer is n.
• The thickness is D, slope angle is θ.
• Surface water thickness is H, when none of surface water, H=0.
• The bottom plate is impermeable and the whole layer distributes saturated seepage.
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Fig. 2 The general view of geo-model under saturated seepage flow condition 

3.2 Mechanical analysis 

When the slope angle is less than the repose angle of deposition, the loosen solid materials stay in a stable state. 
But with a certain hydrodynamic of seepage and surface flow’s effect, the balance would be disturbed and the 
deposited loosen solid materials would fail to move in debris flow. The seepage force and the drag force by surface 
flow are the mainly hydrodynamic form, the formulas see as following. 

The seepage force is related to hydraulic gradient, the formula is seen (2). 

𝐹1 = 𝛾𝑤𝑗𝑉 (2) 

where γw is water density, j is hydraulic gradient,j = ∆h ∆L⁄ , ∆h is water head difference or head loss, ∆L is seepage
path, ∆h = ∆z + ∆p γw⁄ + (∆u)2 2g⁄ , ∆z  is the position head difference, ∆p γw⁄  is pressure head difference,
(∆u)2 2g⁄  is flow velocity head difference.

With saturated seepage flow, select a micro-element body 𝑑𝑥𝑑𝑦𝑑𝑧 along slope incline direction of any depth to 
take mechanical analysis. It found that the micro-element are mainly suffered gravity, seepage force and shear 
resistance of particles et. al, as Fig 2 shown. 

3.3 Gravity of soil and water dG 

At any depth z, the saturated slope layer dG can be expressed by formula (3). 

𝑑𝐺 = 𝛾𝑠𝑎𝑡
𝑧

𝑐𝑜𝑠𝜃
𝑑𝑥𝑑𝑦 (3) 

where γsat is the saturated density of slope layer, dxdy is the bottom area of micro-element body, θ is the slope angle
of geology model. 

Therefore, the component force of the saturated layer in x direction can be expressed as formula (4). 

𝑑𝐺𝑥 = 𝛾𝑠𝑎𝑡𝑧𝑡𝑎𝑛𝜃 𝑑𝑥𝑑𝑦 (4) 

Component force in z direction is seen formula (5) 

𝑑𝐺𝑧 = 𝛾𝑠𝑎𝑡𝑧 𝑑𝑥𝑑𝑦 (5) 

The gravity dGw of micro-element body
From the mechanical analysis, the gravity dGw of the micro-element body can be expressed as formula (6).

𝑑𝐺𝑤 = 𝛾𝑠𝑎𝑡𝑑𝑉 (6) 

where dV is the volume of micro-element body, dV = dxdydz, dz is the thickness of micro- element body. 
The gravity component in x direction of micro-element body is seen formula (7). 
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𝑑𝐺𝑤𝑥 = 𝛾𝑠𝑎𝑡𝑠𝑖𝑛𝜃𝑑𝑉 (7) 

The gravity component in z direction of micro-element body is seen formula (8). 

𝑑𝐺𝑤𝑧 = 𝛾𝑠𝑎𝑡𝑐𝑜𝑠𝜃𝑑𝑉 (8) 

Seepage flow dF1

The seepage flow dF1 in x direction of micro-element body is seen formula (9).

𝑑𝐹1 = 𝛾𝑤𝑗𝑑𝑉 (9) 

where γw is water density, j is hydraulic gradient,j = ∆h ∆L⁄ , ∆h is water head difference or head loss, ∆L is seepage
path, ∆h = ∆z + ∆p γw⁄ + (∆u)2 2g⁄ , ∆z  is the position head difference, ∆p γw⁄  is pressure head difference,
(∆u)2 2g⁄  is flow velocity head difference. On considering of low flow velocity in saturated layer, set the flow
velocity head difference minimum. Another point is micro-element body is parallel with slope debris layer, then 
presume the water pressure in upstream slide is equal to the downstream slide, thus neglect the water pressure head. 
dV is the volume of micro-element body. Therefore, the formula (9) can be set as formula (10). 

𝑑𝐹1 = 𝛾𝑤𝑠𝑖𝑛𝜃𝑑𝑥𝑑𝑦𝑑𝑧 (10) 

Shear resistant dτr among particles
During seepage process, the particle framework prevents the water flow across the porosity among the particles. It 

set the framework as high dense of debris, and then at random depth of z, the shear resistant among particles can be 
expressed as formula (11). 

𝑑𝜏𝑟 = (𝛾𝑠 − 𝛾𝑤)(1 − 𝑛) 𝑐𝑜𝑠 𝜃 𝑑𝑥𝑑𝑦𝑑𝑧 (11) 

where γs is soil particles density, n is porosity, θ is slope angle, dV is the volume of micro-element body,dV =
dxdydz,dz is the thickness of micro-element body. 

As formulas ahead, the dynamic force along slope direction is including seepage force and the gravity component, 
which can be expressed as the formula (12). 

𝑑𝐹𝑑 = 𝛾𝑤𝑠𝑖𝑛𝜃𝑑𝑥𝑑𝑦𝑑𝑧 + 𝛾𝑠𝑎𝑡𝑧𝑡𝑎𝑛𝜃 𝑑𝑥𝑑𝑦 + 𝛾𝑠𝑎𝑡𝑠𝑖𝑛𝜃𝑑𝑥𝑑𝑦𝑑𝑧 (12) 

The force in z direction is mainly composed of gravity component, which is expressed as formula (13). 

𝑑𝜎 = 𝛾𝑠𝑎𝑡𝑧 𝑑𝑥𝑑𝑦 + 𝛾𝑠𝑎𝑡𝑐𝑜𝑠𝜃𝑑𝑥𝑑𝑦𝑑𝑧 (13) 

The pore water pressure is seen formula (14) 

𝑑𝑝 = 𝛾𝑤𝑧 𝑑𝑥𝑑𝑦 (14) 

Combined with the Mohr-Coulomb criterion, the resistant formula in x direction of micro-element body can be 
expressed by formula (15). 

𝑑𝑅 = 𝑐 + (𝑑𝜎 − 𝑑𝑝) 𝑡𝑎𝑛 𝜑 + 𝑑𝜏𝑟  (15) 

Therefore, the formula (12) and (15) are the dynamic expression and resistance expression respectively, which 
locate at the depth of z and the saturated seepage flow in the whole layers. Among it, formula (12) is constitute of 
seepage force, the gravity component of soil in x direction and the micro-element gravity component. Formula (15) 
is mainly composed of cohesion, friction in deposit layer and the shear resistant among the particle. 

From those two formulas, it can get the stress distribution of the micro-element body under saturated seepage 
flow of the dynamic and resistance vertical in slope direction respectively. From the formula (12) and (15), the 
dynamic force and the resistance varied with slope angle, soil strength and porosity of layer et. cl. The depth z is the 
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variable, the micro-element body thickness is dz , it assumes the micro-element thickness is the characteristics 
particle size d50 of the deposit layer, it also grants the bottom area of micro-element is dA = dxdy = 1, therefore,
the dynamic formula and the resistance formula can be expressed as formula (16) and (17) as follows. 

𝐹𝑑 = (𝛾𝑤 + 𝛾𝑠𝑎𝑡)𝑠𝑖𝑛𝜃𝑑50 + 𝛾𝑠𝑎𝑡𝑧𝑡𝑎𝑛𝜃  (16) 

𝑅 = 𝑐 + [𝛾𝑠𝑎𝑡𝑐𝑜𝑠𝜃 𝑡𝑎𝑛 𝜑 + (𝛾𝑠 − 𝛾𝑤)(1 − 𝑛) 𝑐𝑜𝑠 𝜃]𝑑50 + (𝛾𝑠𝑎𝑡 − 𝛾𝑤) 𝑧𝑡𝑎𝑛 𝜑 (17) 

The porosity and the density are constant when the slope layer is constituted of homogeneous isotropic particles. 
Thus, the dynamic force and the resistant varied in linear with depth in z direction. While the slope material is 
composed of heterogeneous particles, the density and the porosity changed with depth, thus the dynamic force and 
the resistant shown nonlinearity with depth in z direction. Therefore, take the homogeneous isotropic particle layer 
as example, set the parameters as seen in Table 2. It can get the force distribution map of dynamic and resistant 
along z direction under fixed condition, seen Fig. 3. 

Table 2. The parameters of deposit under saturated seepage flow condition 

Layer Slop angle θ ° 12 

Deposition Particles 

Porosity n - 0.3 
Characteristic particle size d50 mm 3 
Cohesion c kPa 0 
Internal friction angle φ ° 30 
Particle density γs kN/m3 22.3 

Saturated Seepage 
Flow 

Water density γw kN/m3 10 
Saturated density γsat kN/m3 18.4 
Flow discharge Q ml/s 440 

Fig. 3 The stress distribution of movable solid materials under saturated seepage flow 

From Fig.3, the dynamic force and resistant of movable solid materials under saturated seepage flow show linear 
distribution, it also get that the critical thickness a of the homogenous layers is about 5 cm when the seepage flow 
discharge is 440 ml/s. Actually, with increasing of flow discharge, the critical movable thickness will exceed 5 cm, 
which will initiate more solid materials. 

4. Discussion and Conclusions

4.1 Discussion 

Actually, loosen solid materials initiated by rainfall and surface water has been researched widely (Takahashi, 
2007), which classified as landslide transforming type and water erosion type. On considering with hydraulic theory, 
it set up dynamic force and resistant formulas in saturated seepage condition which mainly composed of gravity 
component and pore water pressure. Actually, pore water pressure is a variable parameter in different position and is 
difficult to obtain, because of the spatial location easily changing in the loosen materials layer during the failure 
process. Thus, the model posed in the paper is also need to be improved in the future research. 

Saturated flow 
discharge: 440ml/s 
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4.2 Conclusion 

Water is one of the most essential compositions for debris-flow formation. The research posed a concept of the 
movable solid materials in mechanics firstly. Then take the contrast between the new concept and other traditional 
terms in definition, calculation method and mechanics meaning aspects, it easily got that the movable solid material 
whether move or not under hydrodynamic condition are a mechanical problem, rather than traditional definition and 
estimation. Thirdly, take saturated seepage flow as example, through built geology model and carried mechanical 
analysis, set up the dynamic force and resistant formulas in fixed condition, through set confined parameters, it got a 
liner distribution of the two formulas with depth increasing when the geology model is homogenous and the seepage 
flow saturated in whole deposit layer. The next step is to verify the formulas based on experiment and field 
observation. 
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Abstract 

Debris flows generate seismic signals that contain valuable information about events as they unfold. Though seismic waves have 
been used for along-channel debris-flow and lahar monitoring systems for decades, it has proven difficult to move beyond detection 
to more quantitative characterizations of flow parameters and event size. This is for two primary reasons: (1) our limited 
understanding of how the radiated wavefield relates to debris flow characteristics and dynamics, and (2) difficulties quantifying 
the effects of heterogeneous shallow earth structure on the observed wavefield. The latter issue, essentially our inability to 
sufficiently separate seismic path effects from source information, is a barrier to improving our understanding of the first issue. We 
review the progress that has been made toward establishing the theory, models and methods required to use seismic observations 
to make quantitative measurements of flows and summarize the practical, social, and scientific barriers to progress. We discuss 
some specific ongoing efforts to overcome some of these barriers, with a focus on how we are using large-scale seismic experiments 
at the U.S. Geological Survey debris-flow flume to develop methods for directly measuring path effects and to develop and validate 
theoretical debris flow seismicity models. 

Keywords: debris flows; lahars; seismology; monitoring 

1. Introduction

A debris-flow warning system must provide four pieces of information: (1) if an event is coming, (2) what areas
might be inundated, (3) when will it arrive, and (4) what to do.  The latter three require flow modeling and close 
collaboration between scientists and public officials, but the first of these is currently possible using just seismic 
methods. Seismic methods bring advantages to debris-flow monitoring and research. Seismic waves are generated by 
interactions between the flow and the substrate and contain information about flow dynamics. Unlike most non-
seismic instruments that provide point measurements (flow depth sensors, force plates) (e.g., Arattano et al., 2008), 
seismic signals are generated by the entire proximal flow. One of the biggest advantages is that seismic methods allow 
one to make precisely timed remote observations of debris-flow processes while they are occurring, day or night. 
Seeking to take advantage of these benefits, many debris-flow monitoring sites have incorporated seismic methods 
for research and monitoring (e.g., Galgaro et al., 2005; Suwa et al., 2011; Kean et al., 2015), and seismically based 
lahar (volcanic debris flow) detection systems have been used to protect lives at volcanoes worldwide for decades 
(e.g., Hadley and LaHusen, 1995; Marcial et al., 1996; Lavigne et al., 2000; Andrade et al., 2006; Leonard et al., 2008; 
Pulgarin et al., 2015).  

Existing operational seismic monitoring systems are relatively simple and qualitative and are used sparingly 
because they can be expensive to install and maintain.  The majority, whether primarily for research or warning, are 
along-channel, meaning one or more sensors are located within tens to hundreds of meters of the channel of interest. 
Amplitude-based along-channel systems detect seismicity generated by flows as they pass, sometimes to trigger alerts 
based on a threshold duration or other signal characteristics. Typically, multiple sensors are deployed at different 
distances along the channel to provide redundancy and for velocity estimates. Average velocities can be estimated by 
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cross-correlating the seismic envelopes to get the time offset and dividing the along-channel distance between sensors 
by that time (Marchi et al., 2002). Along-channel systems require instrumentation for each monitored drainage. 
Depending on circumstances, seismic and/or infrasound instrumentation may be augmented with additional methods 
such as rain gauges, cameras, tripwires or flow depth gauges. 

In an ideal world, we would be able to detect flows and use the seismic signal to obtain an estimate of the evolving 
basal stresses and relate those to flow characteristics such as flow depth, discharge rate, velocity, and particle 
concentration. In turn, we could use the flow characteristics to estimate the hazard a particular flow may pose to 
downstream populations. In the decades since its initial development, the utility of seismic monitoring methods for 
debris-flow detection has been limited due, in part, to barriers related to unknowns in seismic path effects and 
theoretical debris-flow seismicity models. 

In the following sections, we review the current state of debris-flow seismic monitoring, investigate the barriers to 
expanding seismic monitoring capabilities into a more quantitative realm, and discuss some work underway by the 
U.S. Geological Survey (USGS) and collaborators to try to overcome some of these barriers. 

2. Background

Debris flows exert forces on the channel bed and channel walls that vary in time and space, generating seismic 
waves (Moretti et al., 2012). These basal and lateral forces relate to the flow properties. Time-averaged mean normal 
force relates most closely to flow depth and flow density, whereas the fluctuating forces are more correlated with other 
flow properties such as grain diameter, average flow velocity, and average particle impact forces (Iverson, 1997; 
McCoy et al., 2013; Hsu et al., 2014). At high frequencies, the seismic signal is often modeled as the result of a series 
of individual random particle impacts (e.g., Kean et al., 2015; Lai et al., 2018). Much of the seismic energy radiated 
by surface sources such as debris flows propagates as surface waves (Sánchez-Sesma et al., 2011). At typical along-
channel recording sites high frequency (5-100s Hz) energy dominates (Allstadt et al., 2018). Higher frequency surface 
waves with their shorter wavelengths propagate in the shallowest and typically most attenuating layers—dissipating 
the energy over relatively short distances. This is why along-channel seismic monitoring is the dominant form of 
monitoring—more distant stations may record nothing above the ambient noise level for many flows, especially given 
that ambient noise may be elevated during flow events due to storm noise. 

Seismic signals carry information about the source process through frequency, amplitude, and polarization 
variations with time. To recover information about the source, we need to be able to correct for alterations to that 
signal caused by attenuation and scattering (path effects). Geophysical field methods can be used to estimate the 
relevant elastic parameters of the ground so that these path effects can be modeled and removed. However, this can 
be costly, uncertain, nonunique, and low resolution. Our inability to easily and accurately correct for path effects is 
one of the main barriers to progress in this field. We also do not know whether it is even possible to uniquely obtain 
parameter estimates even if the basal stresses are perfectly known, though previous studies have found relationships 
between fluctuating basal forces and some flow parameters (McCoy et al., 2013; Hsu et al., 2014). 

Though many studies have investigated relations between seismic signal characteristics and debris-flow 
characteristics, there is no concise, uniform, quantitative summary. This is because many different flow parameters 
can contribute to basal stresses, and because path effects are so difficult to separate from source effects. However, 
generally, when recorded at near-source along-channel sites, amplitudes are higher when (1) the flow passes closest 
to the station (Marcial et al., 1996; Arattano et al., 2008; Cole et al., 2009); (2) the flow height/discharge/wetted area 
is greater (Marcial et al., 1996; Marchi et al., 2002; Doyle et al., 2010; Kean et al., 2015); (3) the particle concentration 
is greater (Lavigne et al., 2000; Doyle et al., 2010); (4) particle size is greater (Arattano and Moia, 1999; Vázquez et 
al., 2016); and (5) the flows move over bedrock or compact sediment rather than loose sediment (Cole et al., 2009; 
Kean et al., 2015). 

3. Overcoming Barriers

As outlined above, we already have the capability to use debris-flow seismicity for practical and research purposes. 
However, many existing methods are qualitative and have significant limitations. In this section, we will discuss some 
of the barriers that are hindering the use of seismic monitoring for more quantitative purposes. We focus first on work 
the USGS and collaborators are doing to overcome two scientific barriers: our inability to account for path effects and 
our lack of theoretical debris-flow seismicity models. We address both issues using large-scale seismic experiments 
that we conducted in 2016 at the USGS debris-flow flume near Blue River, Oregon, USA. The flume is a 95-m long, 
2-m wide, 1.2-m deep concrete channel that has been used for decades to study debris-flow dynamics (Iverson et al., 
2010). In 2016, we conducted experiments in which saturated material was suddenly released from behind a 2-m high 
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gate. The flume has a constant slope of 31° until 74 m downslope from the gate, where it begins to curve and then 
finally flatten to about 2° where it reaches a large runout pad. Distances along the flume bed are gauged by their 
downslope distance in meters from the gate, with the gate at x=0 m.  

The experiment setup for 2016 is shown in Fig. 1a. Further details and data can be found in Iverson and Logan 
(2017)  and Allstadt (2016). For brevity, here we focus on just one experiment, a release of 10 m3 of water-saturated 
sand and gravel on 23 June 2016. We use data from a broadband seismometer, E03, located at x=~32 m ~4 m away 
from the flume, and basal normal and shear stress data recorded by force plates mounted flush with the bed of the 
flume about 5 m from E03. A screenshot of this experiment is shown in Fig. 1c; full videos of the experiment are 
available in Logan et al. (2018). 

3.1. Path effects 

We established earlier that path effects are one of the biggest barriers to quantitative use of seismic recordings of 
debris flows and that although geophysical imaging methods are helpful, they are not always feasible. In the flume 
experiments, we instead directly measure the path effects by recording the seismic response at a given station location 
to an impulse source that we control at a specific source location. The impulse response is known as a Green’s function. 
The earthquake community has used “empirical Green’s functions” (EGFs) for decades, but they typically consider 
source to station distances of up to hundreds of kilometers and thus usually use naturally generated sources like small 
earthquakes or ambient noise (Hartzell, 1978). For the shorter distances and higher frequencies we consider for debris 
flows, it is practical to generate our own forces using a sledgehammer that measures impact force (force hammer) at 
closely spaced source locations along the flow channel. While hammer sources are commonly used for seismic 
imaging, the distinction here is that we actually measure the time series of forces imparted on the ground and use the 
amplitude information of the source. While, to our knowledge, our approach is distinct for debris flows, similar 
approaches have been used on a larger scale for lahars (Walsh et al., 2016). 

Fig. 1 (a) Map of USGS debris-flow flume showing seismic station locations, distances along flume, camera, laser, and force plate locations. 
Elevations are in meters above sea level, contour interval is 2 m. Numbers along flume indicate distance from flume gate in meters. (b) Hammer 
blow locations shown along length of flume, labeled with H, relative to other nearby flume instrumentation. (c) Image of 23 JUN 2016 
experiment at t=9 s. Map coordinate system is NAD 1983, UTM Zone 10N. 

During the 2016 flume experiments, we used a 5.4 kg sledge force hammer (PCB Piezotronics Model 086D50) to 
hit specific hammer locations (Fig. 1b) and recorded the resulting force time series and seismic signals on nearby 
sensors on GPS-timed RT-130 digitizers to ensure time synchronization. We impacted each hammer location at least 
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five times normal to the bed, using a cement block that interlocks with the bump pattern on the bed of the flume to 
protect the fragile flume bed tiles. We compute EGFs for each hammer location-station pair by deconvolving the 
force-time series recorded by the hammer from the waveform of each individual blow to remove the hammer impulse. 
The hammer impulse has a non-negligible duration, so this is needed in order to best approximate a Dirac delta function 
(impulse of zero duration, infinite amplitude) of 1 Newton-sec. We then stacked this result for all five hammer blows 
at each location to augment the signal and reduce noise. Since flows also impart shear forces, shear EGFs are also 
needed to completely explain the observed wavefield (Aki and Richards, 2002). However, shear forces were difficult 
to generate on the steep flume. By comparing the shear and normal EGFs for hammer locations on flat ground where 
we could generate shear forces by hitting the side of the block weighted down by a person, we found that the normal 
EGFs were very similar in amplitude, phase, and frequency content to the shear EGFs for station E03 below 50 Hz; 
so we directly substitute normal EGFs for shear ones for this simple analysis. The validity of this simplification for 
other station-hammer location pairs requires further investigation in the future. 

To test how well our EGFs capture the path effects, we forward model the vertical component seismogram at E03 
using the shear and normal force plate data from x=32 m and the EGFs for E03 (Fig. 2a) and compare the result to the 
actual recorded signal. In the time domain, the recorded seismic signal is equal to the convolution of the source-time 
series and the Green’s function between that source location and the seismic station (Aki and Richards, 2002). 
Therefore, we need to convolve the force time series experienced at each section of the bed of the flume with the 
corresponding EGFs. Both the forcing and the EGFs are continuous functions in reality, but we have discrete hammer 
locations (~3 m apart) and we only have the actual source function for one point. Therefore, we need to manipulate 
the force plate data and distribute it in a realistic way to make it better represent the forcing of a continuous flow. We 
explain how this is done in Fig. 2g and the corresponding caption. Though we do the simulation at all frequencies up 
to the Nyquist frequency, we focus on trying to reproduce the observed signal in the band of 15-35 Hz in order to 
avoid the flume structural resonance that occurs at ~45 Hz and because, as noted earlier, normal EGFs only provide a 
good approximation of the shear EGFs at frequencies <50 Hz. 

We compare the result of this simulation to the actual recorded signal in Fig. 2b-2f. Comparing to the full synthesis 
(Fig. 2f) shows that the signal is similar in character and frequency content but slightly overestimated in amplitude. 
We note that the best overall fit is the signal that neglects the shear forces (Fig. 2e). This may occur because grain 
collisions with the upslope faces of the bumps on the force plates may result in some conversion of shear or normal 
energy into the orthogonal component. However, this hypothesis requires a more detailed investigation. We can obtain 
a fit almost as good if we only use the single EGF with the highest amplitudes (H28 in this case) (Fig. 2d). The 
downside is that this underestimates the signal as the flow approaches the station because the signal can only start 
once the flow front actually reaches H28. Our ability to fairly closely reproduce the characteristics of the observed 
seismic wavefield at E03 using just the EGFs and force plate data confirms that the EGFs do capture the path effects 
with relatively high fidelity and relate closely to the fluctuating basal forces. There are many possible uses for this 
approach, and we are only beginning to explore practically how these EGFs can be used inversely to estimate 
fluctuating boundary stresses from recorded seismic signals. 

3.2. Theoretical debris-flow seismicity models 

The next major barrier to obtaining quantitative information from seismic signals of debris flows is a lack of a 
theoretical framework for the generation of debris-flow seismicity. Models are needed to relate seismic amplitudes to 
specific source parameters and are also needed to understand the degree to which it is possible to actually constrain 
such parameters from the seismic wavefield. A few simple theoretical models have been proposed recently, though 
none have yet been independently validated. Kean et al. (2015) proposed a seismic model for debris flows occurring 
at Chalk Cliffs, Colorado, but since they did not know the ground parameters, they could only compute the relative 
change of seismic power between two debris flows at the same site. Lai et al. (2018) proposed a physical model for 
debris-flow seismic power in which they stochastically model the individual impacts of particles in the main flow 
front, but the model only considers that the main flow front generates seismic waves, and many orders of magnitude 
uncertainty are dependent on knowing the elastic parameters of the ground. 

Debris flows often consist of chains of surges of differing flow characteristics (e.g., Vázquez et al., 2016) and even 
a single surge can have spatially variable characteristics (Iverson, 1997) that are not modeled by either of the two 
aforementioned models. A new theoretical model that expands on the Lai et al. (2018) model will enable us to account 
for the entire typical structure of a debris-flow surge, each with differing impact rates and grain size distributions. The 
modeled flow is led by a saltating front, followed by a snout lip where rocks fall from the flow onto the bed, then a 
coarser-grained snout and the main flow front.  Several of these debris-flow surge sequences could be chained together 
to simulate the series of surges typical in reality. Though such a model is still a simplified version of reality, 
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preliminary comparison with data from debris-flow flume experiments, using the EGFs described above as the source 
of the impulses, suggests that the modeled power spectral density (PSD) matches the observed PSD when flow 
velocities are steady (Farin, written communication, 2018). While the model does not account for natural complexities 
and variations, it provides a starting point upon which to build more complex models. 

Fig. 2) Forward modeling of vertical seismic signal at E03 for the 23 JUN 2016 10 m3 flume experiment. (a) Record section of normal force EGFs 
for vertical component of E03, blue colors indicate hammer locations used in full synthesis, magenta color indicates dominant hammer location 
(H28). (b) Smoothed Fourier spectra of real and three different synthesized waveforms, colors labeled at right, dashed lines indicate bandpass filter 
limits applied to waveforms in c-f. (c) Actual recorded signal at E03 (gray) and smoothed envelope (black), (d) Synthesized waveform and envelope 
using just the H28 hammer location, (e) same for just the normal component of force for H16-H46, (f) same as E but including shear component. 
(g) Schematic of method for synthesizing the signal showing a section of the flume around the force plates at x=32 m, NFP is normal force plate, 
SFP is shear force plate. The flume bed is discretized into 25 cm squares (same size as force plates because this is the dimension over which basal 
forces is measured and scale of measurement controls the observed fluctuating forces (Iverson, 1997; Hsu et al., 2014)). Each bed square is 
represented by the EGF of the closest force plate location (blue or pink for H31 or H34, in schematic). The forcing time from the force plate is 
shifted for each row by dt, which equals the arrival time at the force plate minus the flow front arrival time at the row (derived from video). For 
each element of each row, an additional randomized time shift is added from a gaussian distribution (mean=0, stdev=0.5 s) to best reflect the poor 
spatial correlation and randomness of basal forces of real flows. We then convolve the shifted force-time series with the EGF for the corresponding 
hammer location and add the result up over all bed elements. 

3.3. Event size estimation and inundation modeling 

The main weakness of many warning systems is event size estimation. Size is a crucial factor in determining how 
far a debris flow will travel and whether or not it is likely to inundate populated areas downstream. Size also affects 
velocity (Iverson, 1997), and thus influences our ability to estimate when the flow will arrive. These are all critical 
pieces of information for warning systems. The crux of the issue is that there is so far no universal way to relate high-
frequency seismic amplitudes to flow depth, discharge, or volume based on seismic methods alone.  

For this reason, at present, seismic methods are almost always combined with other instrumentation that can help 
constrain event size such as flow depth gauges, cameras, tripwires, and pendulums (e.g., Arattano et al., 2008). Each 
of those instrumentation types comes with its own issues and limitations. In the future, a combination of the EGF 
approach and the theoretical models discussed earlier could be part of the solution, but none of the existing models 
have a direct relationship with flow depth, discharge, or volume, and many different factors contribute. This may be 
a fundamental limitation of seismic methods, though many of the contributing factors do relate to event size (e.g., 
wetted area relates to flow depth and channel geometry, larger events are often faster and have larger clasts); so the 
task may not be insurmountable.  

For drainages with repeated events, some researchers have used past events to calibrate detection algorithms by 
correlating seismic amplitudes with discharge rates empirically (e.g., Lavigne et al., 2000; Galgaro et al., 2005; 
Andrade et al., 2006). But these calibrations are typically specific to a single monitoring site, flow regime, and size 
range and they provide order of magnitude estimates, at best. Empirical methods are of little help when installing a 
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system on a new drainage in a new location with different path effects, channel morphology, bed conditions, and flow 
characteristics, all of which control the amplitude and frequency content of the signals that ultimately are recorded at 
a monitoring site. Even if we could perfectly associate a recorded seismic signal with a discharge rate, the discharge 
at a specific location and time is not necessarily proportional to the entire flow volume. Using seismic methods to 
measure velocity and other factors that control inundation limits downstream may be a better (or complementary) 
proxy for size than measuring discharge or flow height at a single point. 

If a debris flow is detected and its relevant characteristics determined, the next step is taking that information and 
estimating how far the flow will travel, what areas it will inundate, and when. This requires accurate flow modeling 
and inundation modeling abilities—a complex topic that is far beyond the scope of this paper. For brevity, we note 
that our ability to model debris flows and inundation accurately and rapidly is limited but improving (e.g., Iverson and 
George, 2014; Bessette-Kirton et al., this issue). The relevant point here is that seismic monitoring can provide crucial 
model input information and constraints at one or more locations along the flow’s path. 

3.4. Costs and distributed methods 

Cost often comes into play when deciding whether to monitor for debris flows and how. Installing an expensive, 
drainage-specific monitoring system when debris-flow hazard is commonly widely distributed over many drainages 
and varies with time and conditions (fire, antecedent precipitation, post-earthquake) is not often a priority outside of 
volcanic settings. Even in volcanic settings, the requirement of installing a monitoring system on each populated 
drainage can be cost prohibitive and may require that difficult choices be made. To reduce the number of systems 
required, monitoring is often installed far downstream after several drainages have coalesced. This reduces the total 
number of systems required but also reduces the warning times.  

More distributed methods that are not channel-specific could provide greater value. Several methods have been 
proposed and demonstrated, such as those that use amplitude source location methods applied to existing distributed 
seismic monitoring networks (Kumagai et al., 2009; Walter et al., 2017), and those that use array methods to track 
moving sources (Almendros et al., 2002), but due to the rapid attenuation of high frequency energy, they are most 
practical for larger, more energetic flows. 

3.5. Social factors and warning times 

Many critical social and cultural aspects of warning system development are commonly overlooked or considered 
to be separate from the geophysical issues. These include determining channels for appropriate delivery of messages, 
message development, warning times, relationships with local officials and emergency managers, as well as language 
and culture (Grasso and Singh, 2011). Composition of messaging to address protective actions is a challenge specific 
to recipient locations and available warning times and requires development as well as testing. Best practice in alerts 
and warnings in text messages ideally should contain the following: who is sending it, what the hazard is, and brief 
instructions as to what to do (Bean et al., 2015; Ripberger et al., 2015). After this brief message is sent, follow up 
messages should also be sent to provide more information to people about the situation (Liu et al., 2017).  Further 
complexities exist in terms of what to tell people when the outcome is still uncertain, particularly if good predictive 
models are not available and the limitations are not well communicated to decision makers. Media and social media 
are now often used quickly to distribute warning messaging and information about debris flows and lahars (Becker et 
al., 2017). Given our emerging technologies, more could be done to alert people and inform them of evolving 
situations, and the involvement of geoscientists who are familiar with the capabilities, limitations, and uncertainties 
of the information such systems can provide is necessary from the beginning.  

One issue that requires close collaboration between geoscientists and social scientists is determining what potential 
warning times may be and what the best actions are given that time window. In some situations, it may not be possible 
for a detection system to provide meaningful warning time to a population. This problem should be fully understood 
by civil authorities before planning such a system to avoid dangerously unrealistic expectations Because non-volcanic 
debris flows travel shorter distances in general, warning times can be on the order of a few minutes. The same can be 
true for areas close to the source for volcanic lahars. When warning times are short, the best approach may sometimes 
be to simply automatically close roads or hiking trails to keep people from entering harm’s way (Badoux et al., 2009) 
or to provide procedures and trainings that are specific to the setting (Leonard et al., 2008). The key is to provide 
enough specific actionable information that is possible in the time window available. Since most non-volcanic debris 
flows are triggered by storms, forecast-based methods which can cover wider areas and give warning times of up to 
several days (e.g., NOAA-USGS Debris Flow Task Force, 2005) are often preferred where feasible, though they come 
with a trade-off of the risk of false alarms. The same is true of lahars triggered by precipitation or volcanic activity: 
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evacuations can take place days in advance if the hazard and risk is well known (e.g., Pulgarin et al., 2015; Capra et 
al., 2018), and this is preferable over warnings issued after an event is already underway. Unheralded lahars, on the 
other hand, such as those initiated by landslides or outburst floods, are a primary target of event warning systems. 
Runout distances of lahars can exceed 100 km, and populations often are far from the source area. Therefore, warning 
times can be on the order of an hour, and rapid evacuations are often part of the plan. Even with longer warning times, 
public education, training, and drills are required to make this a feasible approach. For example, the town of Orting, 
Washington, USA, holds monthly siren tests and annual lahar evacuation drills (cityoforting.com) to prepare for 
potential unheralded lahars from Mt. Rainier. 

4. Conclusions

In conclusion, seismic debris-flow monitoring has already been used successfully for decades for both research and 
early warning systems. However, our existing capabilities are relatively qualitative, primarily because of difficulties 
accurately accounting for path effects at the high frequencies typically recorded and due to a lack of theoretical models. 
While just a start, undertaking studies focused on overcoming these barriers will enable seismic debris-flow 
monitoring to be used in a more quantitative manner. These methods must then be implemented, validated, and 
updated for natural monitoring sites. Furthermore, if these systems are to be used to issue warnings, they must be 
integrated with other important system components such as event size and inundation modeling, social factors, cost-
benefit analysis, and warning time analysis.  
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Abstract 

The Chalk Cliffs debris-flow site is a small headwater catchment incised into highly fractured and hydrothermally 
altered quartz monzonite in a semiarid climate. Over half of the extremely steep basin is exposed bedrock. Debris 
flows occur multiple times per year in response to rainstorm events, typically during the summer monsoon season. 
The frequency of debris flows, and the uniformity of the underlying rock, make Chalk Cliffs an ideal study catchment 
for translating mechanistic understanding of natural debris flows to other sites. A 2008 National Center for Airborne 
Laser Mapping (NCALM) airborne lidar survey provides baseline topography for the site; however, heretofore there 
has been no systematic effort to collect repeat topography of the entire site. Starting in May 2018, we made repeat 
surveys of the basin with an unmanned aircraft system (UAS). The UAS-based imagery was processed into (x, y, z) 
point clouds using Structure-from-Motion (SfM) photogrammetry. We georegistered the point clouds using 12 ground 
control points placed within and around the study basin. In this study we compare the lidar with one SfM point cloud 
to assess topographic change over a 10-year time period. The difference map provides observational data relevant to 
understanding sediment provenance and transport at the Chalk Cliffs. The difference image indicates erosion of 
colluvial surfaces, with limited deposition in the survey area.  Some colluvial hillslopes show spatially uniform erosion 
while others experienced concentrated erosion of up to 3 m depth over a 10-year period.  

Keywords: Structure-from-Motion, topographic difference map, Chalk Cliffs 

1. Introduction

Debris flows are water-laden slurries of soil and rock that move rapidly through channels in steep landscapes, and
present hazards to human life, infrastructure, and property. Debris flows are among the most dangerous and frequent 
natural hazards—once initiated, a debris flow can continue to travel over shallow terrain, extending the hazard from 
steep regions to areas adjacent to the mouths of canyons and near valley bottoms. Progressive entrainment of debris 
through surface water runoff and bulk failure of debris are the two main mechanisms for the initiation of debris flows 
(Coe et al., 2008; Kean et al., 2013). Here, we apply Structure-from-Motion (SfM) to create 3D point clouds using 
images taken using an unmanned aircraft system (UAS). The SfM point clouds are then compared with an aerial lidar 
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survey (ALS) dataset taken in 2008 in order to construct a topographic difference map at a debris-flow site in central 
Colorado, USA.  

SfM uses a set of overlapping photographs, taken from different locations, to generate 3D models without prior 
knowledge of image position, image look angle, or matching feature locations across image pairs (Snavely et al., 2006; 
2007; 2008; James and Robson, 2012; Fonstad et al., 2013). Differencing the resulting point cloud with existing ALS 
provides for a topographic difference map that can be used to identify dominant geomorphic processes operating in 
the basin. After describing the geologic setting and the methods of data collection and processing, we describe the 
results of the change detection in the context of debris-flow processes.  

2. Geologic Setting

The Chalk Cliffs site is a 0.37 km2-sized drainage basin incised into highly fractured and hydrothermally altered
quartz monzonite in a semiarid climate (Sharp, 1970; Coe et al., 2008). The basin is located on the southeastern corner 
of Mount Princeton in Colorado's Sawatch Range (Fig 1). Starting in 2004, the U.S. Geological Survey (USGS) 
established a monitoring site in the Chalk Cliffs basin (Coe et al., 2008). Over half of the basin is exposed bedrock, 
and gradients in the basin are steep—ranging from 5° to 60° in the channels, 25° to 40° on colluvial slopes, and 40° 
to vertical on bedrock slopes (McCoy et al., 2010). Debris flows occur one to four times per year in response to 
rainstorm events, usually during the summer monsoon season between May and September (Dillon and Grogger, 
1982; Mortimer, 1997). An airborne lidar survey flown on October 7th, 2008, provides baseline topography (National 
Center for Airborne Laser Mapping, 2008). This ALS point cloud covers 55 km2 with a total point density of 5.74 
pts/m2 and a ground point density of 3.6 pts/m2. Additionally, there have been occasional Terrestrial Laser Scanner 
surveys at the site (McCoy et al., 2010; Staley et al., 2011). 

Fig 1. Field site map showing the location of ground control targets (large dots) and image locations (small dots) over the 2008 lidar basemap. 
The image locations are the (x, y) positions of the UAS at the time each image was taken. Map coordinate system is WGS84 UTM zone 13N.
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3. Methods

3.1. Ground Control Point Placement 

In order to construct a georeferenced SfM point cloud of Chalk Cliffs, ground control points (GCPs) were required 
to be placed within the study basin (James and Robson, 2012). We constructed permanent GCPs (Fig 2a) and placed 
15 of them in and around the study basin on May 5, 2017 (Fig 1, Table 1). The location of the center of each GCP was 
determined using survey-grade GPS equipment. GPS observations were processed using GNSS Solutions software by 
Magellan into WGS84 (G1150) latitude, longitude and ellipsoid height and UTM zone 13N easting, northing, and 
NAVD88 orthometric height above mean sea level (using GEOID09). Errors reported by GNSS Solutions are ±1 cm 
in all three directions.   

3.2. Unmanned Aircraft Surveying 

We undertook repeat UAS surveys of the Chalk Cliffs basin in the summer of 2018. We visited the site 10 times 
over this period. In this work, we only focus on the visit from June 18th. This date was chosen because it was the first 
set of flights to be fully processed from images to a georeferenced point cloud.  

We used a DJI Phantom 4 Pro with the onboard stock camera and GPS. We programmed the mission flight paths 
using the MapsMadeEasy (MME) iPad software. The UAS was programmed to fly at a constant elevation above the 
ground surface (represented in MME by Shuttle Radar Topography Mission elevation data). The UAS was 
programmed to fly one multi-battery double-grid mission at 400 ft above ground level (AGL) over most of the Chalk 
Cliffs basin with the camera pointed at nadir and one multi-battery single-grid mission at 250 ft AGL over the interior 
of the eastern and southern portions basin with the camera pointed 15° off-nadir (photo locations shown in Fig 1). 
Flight speed and photo triggering were set to ensure 85% overlap, 80% sidelap, and motion blur of less than 0.1 pixel. 
The camera was set to engage autofocus only once at the beginning of each flight (above the take-off point and at 
cruising altitude), to take photos in RAW mode (DNG file format), and to use auto exposure settings. The number of 
flights necessary to accomplish the same mission depends on the wind speed during the flights. On June 18th, the basin 
survey required 10 flights and approximately 3 hours. The June 18th, 2018, UAS mission resulted in a total of 909 
images. 

We were not able to fly over the entirety of the upper western portion of the basin because it would require the 
UAS to fly in an area that is occluded from view from the take-off location. Even though we did not fly over the 
entirety of this part of the basin, tie point identification and error reduction still yielded a sufficient number of matched 
points to reconstruct the topography in this area. We posit that this occurred because of the high level of overlap and 
side lap used in the UAS survey plan.  

Fig 2. (a) View of ground control point (GCP) RD2 at the site. Each GCP is 16 inches square and is attached to rebar. (b) Field photo showing 
view of basin from UAS survey point. Photo credit for both images: Katherine Barnhart.
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3.3.  Structure-From-Motion Photogrammetry Processing 

All 909 photos were imported into Agisoft PhotoScan Pro (version 1.4.3). Images were imported in RAW format 
and no image preprocessing was done. Image quality was checked using Photoscan, and images with quality values 
of less than 0.7 were discarded. The remaining 899 photos were aligned with settings of 60,000 key points, 0 tie points 
(which means all are kept), highest accuracy, generic preselection, and reference preselection. Adaptive camera model 
fitting was turned off. This resulted in the creation of 3.4 million tie points. We then performed the first two of three 
steps of gradual selection on the tie points: reconstruction uncertainty and projection accuracy. In this process, we 
followed the recommendations of the USGS National Unmanned Aircraft Systems Project Office (National 
Unmanned Aircraft Systems Project Office, 2017) developed in collaboration with Tom Noble (Breithaupt et al., 2004; 
Thoeni et al., 2014; Matthews et al., 2016; Warrick et al., 2017; Sherwood et al., 2018, Noble, oral communication, 
2018). 

The first step, reconstruction uncertainty, removes tie points with poor geometry. We removed tie points with a 
reconstruction uncertainty value of 15 or above and then re-ran camera optimization. Note that none of the gradual 
selection metric values have units. In the second step, we removed tie points with bad projection accuracy (values 
above 3) associated with tie points with pixel matching errors. After the first two steps of gradual selection, the 
locations of the GCP targets were imported into PhotoScan. We used the WGS84 zone 13 N UTM easting and northing 
and the WGS84 ellipsoidal height as the reference frame. Each of the 13 used targets were hand-marked in each of 
the photographs. We estimated a marker placement uncertainty of 0.1 pixels. After the markers were placed, we 
performed the final step of gradual selection: reprojection error. In this step, tie points that have bad pixel residual 
errors are removed. We removed points down to a reprojection error level of 0.3. At the end of gradual selection, the 
original 3.4 million tie points were reduced to a set of 1.2 million. Even though we had not flown over the entirety of 
the western portion of the basin, we were able to get sufficient tie points with good characteristics to reconstruct the 
topography in much of this area.  

We explored how increasing the number of GCPs influenced the check point root mean squared error (RMSE) by 
undertaking the error reduction process for multiple sets of GCPs. We found that the check point RMSE (1s) of our 
results was 4 cm. This magnitude is similar to that identified in similar studies (Warrick et al., 2017).  

Finally, we built a dense cloud on the medium quality setting and exported it as a LAZ file. This created a point 
cloud with 47 million points each of which have an (x, y, z) as well as red, blue, and green (RGB) color attributes (Fig 
3b). The RGB color is based on the pixel values of the original images. The point cloud covers an area of ~0.75 km2 
and has a point density of ~70 pts/m2.  

Point 
Name 

UTM 
zone 13N 
Easting (m) 

UTM 
Zone 13N 
Northing (m) 

Orthometric 
(NAVD88) 
Height above 
mean sea 
level (m) 

WGS84 Longitude WGS84 Latitude Ellipsoid Height 
(m) 

Comments 

T3 396844.354 4287852.198 2777.991 106° 11' 12.57469” 38° 43' 59.95738” 2763.751 Used 
T4 396859.901 4287855.177 2773.339 106° 11' 11.93252” 38° 44' 00.06053” 2759.098 Used 
T9 396895.794 4287817.972 2759.541 106° 11' 10.42620” 38° 43' 58.86887” 2745.299 Moved 
DT1 397172.146 4287531.326 2685.091 106° 10' 58.82899” 38° 43' 49.68735” 2670.836 Used 
DT2 397108.508 4287537.005 2673.035 106° 11' 01.46722” 38° 43' 49.84486” 2658.782 Used 
DT3 397046.074 4287618.310 2697.428 106° 11' 04.09608” 38° 43' 52.45583” 2683.178 Used 
DT4 396964.370 4287728.544 2726.193 106° 11' 07.53850” 38° 43' 55.99704” 2711.947 Used 
DT5 396990.221 4287846.686 2807.117 106° 11' 06.53131” 38° 43' 59.83986” 2792.872 Used 
RD1 397089.690 4288006.511 3050.903 106° 11' 02.49786” 38° 44' 05.06562” 3036.657 Used 
RD2 396951.457 4288071.344 3052.344 106° 11' 08.25705” 38° 44' 07.11047” 3038.103 Used 
RD3 396783.498 4288189.678 3042.692 106° 11' 15.27604” 38° 44' 10.87807” 3028.458 Used 
RD4 396723.543 4288224.254 3026.432 106° 11' 17.77750” 38° 44' 11.97431” 3012.200 Used 
RD5 396609.904 4288042.318 3142.828 106° 11' 22.38566” 38° 44' 06.02529” 3128.597 Used 
RD6 396487.367 4288021.633 3165.115 106° 11' 27.44894” 38° 44' 05.30268” 3150.888 Too Far 
RD7 396467.437 4287868.513 3093.844 106° 11' 28.19178” 38° 44' 00.32779” 3079.616 Too Far 

Table 1. Location of ground control points at study site. 
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3.4. Lidar point cloud reprojection 

The ALS point cloud has a horizontal reference system of NAD83 UTM zone 13N and a vertical reference system 
of NAVD88 based on GEOD03. To perform change detection between the ALS and the SfM point cloud, we converted 
the ALS dataset to the SfM point cloud reference frame. We used NOAA’s VDATUM program to convert the lidar 
to WGS84 (G1150) UTM zone 13N horizontal reference frame and the WGS84 (G1150) ellipsoidal height vertical 
reference frame.  

3.5. SfM point cloud tree removal 

SfM point clouds are based on optical imagery, and thus they create (x, y, z) points that represent the surface of 
trees in the surveyed area. Unlike lidar, SfM does not see through trees and there are no “ground” points within the 
footprint of each tree. Thus, we needed a suitable approach for the separation of “ground” and “tree” point returns in 
the SfM point cloud. We determined RGB and whole-point cloud-based classification methods to be insufficient to 
differentiate between shady rock crevices and trees. As an alternative, we identified the following method, which was 
successful at removing trees from the SfM point cloud. Starting with the entire 2008 ALS dataset (all returns), we 
reset the “ground/other” classification and reclassified points into ground/vegetation/unclassified using LAStools 
(LAStools, 2018). We then examined all the vegetation points in the context of the SfM cloud and manually added 
additional points where the SfM point cloud shows that a tree is present, but the lidar has no vegetation points. The x 
and y coordinates of this “tree-only” point cloud were then buffered by 3.5 m and merged in order to create the tree 
mask shown in Fig 3a. We tried smaller buffer sizes but found that 3.5 m was the minimum distance required to 
remove the trees. Finally, we removed all points from the SfM cloud that had (x, y) coordinates within the tree mask. 
Areas covered by the tree mask were not considered in the change detection analysis.  

3.6. Difference Construction 

Next, we performed a change detection analysis between the tree-removed SfM cloud with the ground-only version 
of the 2008 lidar available through OpenTopography using the Multiscale Model to Model Cloud Comparison (M3C2) 
plugin in CloudCompare (Lague et al., 2013). This approach is suitable for comparing two point clouds, particularly 
when they have different point densities. As the lidar has a ground point density of 3.6 pts/m2 and the SfM cloud has 
a density of ~70 pts/m2, we used all of the lidar ground points as the core points for M3C2. We used a value of 3 m 
for the projection scales, a max depth of 30 m, and multi-scale calculation of the normal (min=1, step=0.5, max=5 m). 
We estimate our limit of detection (LoD) as the independent combination of normally distributed uncertainties in the 
SfM point cloud (1s=5 cm), the ALS (1s=10 cm), and the GCP locations (1s=1 cm). This yields a combined 1s LoD 
of 11 cm. Plan-view and perspective views of the M3C2 distance are presented in Fig 3.  

3.7. Calculation of basin-averaged erosion rate 

We estimated the basin-averaged erosion rate by exporting the M3C2 difference point cloud from CloudCompare 
to a GeoTIFF raster at a horizontal scale of 1 m. After clipping the M3C2 difference to area inside the basin, we 
calculate an average erosion depth of 0.02 m over the 10-year baseline. Given the basin area of 0.37 km3, this average 
erosion depth corresponds to an average volumetric sediment export of 750 m3 per year. 

4. Results and Discussion

The results of the October 2008–June 2018 lidar-SfM topographic difference highlight active geomorphic
processes. In many areas of the basin, the difference image indicates up to 3 m of erosion (Figs 3 and 4). Given the 
RMSE of ~10 cm, we cannot expect to resolve centimeter-scale changes in elevation; however, much of the basin has 
experienced topographic change in excess of our detection limit.  Therefore, we have focused on changes to the 
colluvial regions of the study area.  

There are three main types of colluvial surfaces within the surveyed area. First are surfaces that have not eroded or 
aggraded at levels beyond our limit of detection over the ten-year period. Many of these surfaces (such as the one 
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labeled “stable colluvial surface” in Fig 4) are tree covered—where the trees are present, we are not able to assess 
topographic change. However, away from trees, the estimated topographic difference on this surface is within ±11 cm 
(below our LoD).  Second are colluvial surfaces above the main cliff band, which have eroded slightly (0.2-0.3 m of 
erosion) and relatively uniformly. The stable colluvial surface labeled in Fig 4 has a slope of ~34° while the slope 
above the cliff band is slightly steeper (~36°). The final type of colluvial surface has spatially variable erosion likely 
due to erosion by concentrated surface runoff. Fig 4 shows two examples of this sort of surface: the margins of the 
stable colluvial surface, and the surface labeled “A.” The pattern of erosion in this second example of an eroding 
surface is shown as an example of “firehose impact” erosion described by Coe et al. (2008, their Fig 9).  

In both channels in the upper portion of the study basin, it appears that erosion of the channel has occurred. The 
condition of the beds of these channels during the lidar flight is unknown, making estimation of channel bedrock 
lowering difficult. Thus, we are unable to determine how much of the ~3 m of erosion in the upper west part of the 
channel is due to the evacuation of sediment, the erosion of bedrock, and the plucking of large blocks. The channel 

Fig 3. Results of SfM construction and M3C2 differencing. Shaded relief map derived from 2008 ALS. (a) shows the tree mask (green) and 
the areas dominated by bedrock (yellow). Areas with no color in (a) are neither tree covered nor dominated by bedrock. Areas covered by the 
tree mask were excluded from the change detection analysis. (b) and (d) show look down views of the basin in true-color (RGB) and as a 
shaded relief with M3C2 difference overlain, respectively. (c) shows a perspective view of the basin. The extent of Fig 4 shown in panel d.  
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thalweg has been observed in the field to alternate between periods when bedrock is exposed (commonly after debris 
flows), and periods when the channel is filled with sediment (between debris flows). Elsewhere in the basin, the 
channel shows patterns of erosion, no change, and deposition. Deposition may be associated with areas of temporary 
sediment storage in lower-gradient channel segments (Kean et al., 2013). Elsewhere in the basin there is extensive 
erosion of the terraces adjacent to the channels.  

5. Conclusions

Here, we have demonstrated that SfM and lidar can be used in combination to identify topographic change over a
10-year period at an active debris-flow site. Patterns of topographic change in the Chalk Cliffs basin are dominated 
by erosion of colluvial surfaces. The combined geomorphic processes yield a basin-averaged erosion rate of 0.002 m 
per year and a sediment export rate of 750 m3 per year. Along the channel thalweg, we are unable to attribute 
topographic change to specific geomorphic process. Comparing two SfM point clouds, each with extensive optical 
imagery, will be able to pinpoint the evolution of sediment coverage within the channel thalweg.  

Fig 4. Shaded relief map of the site colored by M3C2 difference and annotated with features in the difference map. 
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Abstract 

The glaciated Mount Rainier volcano in Southwestern Washington State (USA) has a rich history of outburst floods and debris 
flows that have adversely impacted infrastructure at Mount Rainier National Park in the 20th and 21st century. Retreating glaciers 
leave behind vast amounts of unconsolidated till that is easily mobilized during high precipitation intensity fall storms and during 
outburst floods during warm summer months. At least 60 debris flows and outburst floods have been documented between 1926 
and 2017 at Mount Rainier. Debris-flow activity has led to the closure of campgrounds and visitor destinations, which has limited 
visitor access to large swaths of the park. After a relative lull in activity between 2006 and 2014, the historically debris-flow-prone 
South Tahoma Glacier released two separate sequences of debris flows in 2015, possibly signaling a reawakening in activity. The 
August 13, 2015 debris flow was especially well documented by park visitors, seismographs and, most interestingly, a soundscape 
monitor which recorded an anomalous decrease in river noise prior to the arrival of the first debris flow. The seismograph near 
Tahoma Creek accurately recorded the passage of each debris-flow surge. Using the day of and historic antecedent weather 
conditions on past debris-flow days, we have developed a debris-flow hazard model to help predict those days with a higher relative 
hazard for debris-flow activity park-wide based on prevailing and forecasted weather conditions. Debris flows are detected in near-
real-time using the USGS Real-time Seismic Amplitude Measurement (RSAM) tool. If an event is detected, we can then provide 
alerts to employees and visitors working and recreating in the areas downstream to evacuate. Our goal is to accurately forecast the 
hazard of a debris flow up to seven days ahead of time and then use RSAM to detect debris flows within minutes of their genesis. 

Keywords: Debris flows; outburst floods; hazard mitigation and monitoring; hazard forecasting; Real-time Seismic Amplitude Measurement 

1. Introduction

Mount Rainier is a 4,392 m (14,410 ft) stratovolcano located in southwest Washington State, USA, approximately
70 km (43 mi) southeast of Tacoma and 90 km (56 mi) south-southeast of Seattle (Fig. 1). The volcano occupies most 
of the 956 sq. km (369 sq. mi) Mount Rainier National Park (MORA) and is visible from much of western Washington 
State. MORA has been episodically active in the last 500,000 years, including at least 10-12 eruptions in the last 2,600 
years (Sisson and Vallance, 2009). Eruptions have initiated large lahars that have inundated areas of the Puget lowland 
as far as 100 km (62 mi) from the volcano (Crandell, 1971). Because of its far-reaching lahar hazards MORA has a 
“very high” threat and ranks as the third most hazardous volcano in the nation (Ewert et al., 2008).  

Debris flows initiated during intra-eruptive periods at MORA are generally much smaller in magnitude and impact 
than the large lahars that have occurred during eruptive periods (Pierson and Scott, 1985; Vallance and Scott, 1997; 
Vallance, 2005). This species of debris flow is initiated when surges of water recruit additional sediment and transform 
into slurries of coarse sediment (Scott et al., 1995). These surges originate from within a glacier, referred to as glacial 
outburst floods, or during periods of intense and prolonged precipitation. Debris flows of this type attenuate rapidly 
and the deposits are often reworked by subsequent event runoff, leaving them nearly identical to overbank flood 
deposits. Sometimes, these debris flows often go unnoticed in remote reaches of the park. Understanding the initiation 
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characteristics and thus cataloging all events at MORA is one of the prime motivating factors in the development of 
the real-time detection efforts described in this paper. 

Fig. 1. Location map of the southwest side of Mount Rainier National Park in Washington State, USA. RER, LO2 and FMW refer to the Emerald 
Ridge, Longmire, and Mt. Fremont seismographs, respectively. Locations listed in text are shown on the detail map.  

The glaciers in MORA are one of the strongest controlling influences on the park landscape. MORA has 29 named 
glaciers which cover a total of 78.76 ±1.11 km2 (30.41 ±0.43 mi2), and encompass a total volume of 3.22 ±0.31 km3 
(0.77 ±0.07 mi3) as of 2015 (Beason, 2017; George and Beason, 2017). Studies show that the glacial ice on MORA 
has decreased in area by 39.1% from 1896 to 2015 (0.44 km2·yr-1 avg.), and in volume by 45% from 1896 to 2015 
(0.02 km3·yr-1) (Driedger and Kennard, 1986; George and Beason, 2017). Glacial recession contributes to increases in 
glacial melt runoff and, through mechanisms not yet understood, subglacial water storage, both of which have been 
observed to cause glacial outburst floods and many of the debris flows recorded in the park. As such, quantifying 
changes in these glaciers and the impacts of newly uncovered glacial sediment stockpiles must be considered if we are 
to understand the hazards discussed here. 

2. Brief history of debris flows at Mount Rainier

The first recorded debris flow in the park occurred in the Nisqually watershed on October 16, 1926. This event was
initiated by the first heavy rain at the end of the summer season (Richardson, 1968). Prior to the event it was noted 
that there was 33 cm (13 in) of snow at Paradise on October 13, all of which had melted by October 16. After this 
melt, a warm rain event brought in 9.9 cm (3.9 in) of rain on the day of the 16th. Between 1932 and 1976, at least six 
outburst floods or debris flows occurred in the Nisqually River, originating from the Nisqually Glacier. Most of these 
events were induced by precipitation, which varied from 6-25 cm (2.4-9.9 in). Four of the events occurred in October 
and two occurred in June and July. On October 14, 1932, visiting engineers from the Bureau of Public Lands witnessed 
a precipitation-induced debris flow, described as “a wall of water 25 ft high and 125 ft wide” and “similar to a huge 
mixture of concrete except darker in color” (Richardson, 1968). The force of this event moved the entire old Nisqually 
Glacier Bridge over 0.8 km (0.5 mi) downstream from its original location. Some of the debris-flow events were well 
witnessed, including the October 25, 1955 and July 3, 1976 events (Samora and Malver, 1996; Richardson, 1968). An 
event in 1955 had six pulses in 45 minutes, had an estimated velocity of 6.1 m·s-1 and a discharge of 2000 m3·s-1, and 
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was estimated to be 70% sediment by volume (Richardson, 1968). This event also lead to the construction of the 
current tall Nisqually Glacier Bridge that exists to this day. 

There are an additional five events cataloged on the Nisqually during the park’s history which behave similarly to 
the events listed, but were much smaller and had negligible impacts on park infrastructure. These five data points 
contain three glacial outbursts and two “other hydrologic events.” Two of the outburst floods are wet events that were 
preceded by notably intense rainfall in a short period beforehand, with the other being a dry event that took place in 
July. Of these, only the dry event was noted to have multiple surges. The “other hydrologic events” were noted for 
increases in stream stage, but not significant enough to cause any lasting damage to infrastructure or mobilize mass 
wasting events. The most recent event recorded in the Nisqually River was a precipitation initiated outburst flood on 
October 27, 2012 (Beason, 2012), which caused a 1 m (3 ft) increase in river stage at Longmire, approximately 7.9 
km (4.9 mi) downstream of the glacier. 

2.1. 1947 Kautz Mudflow 

The largest recorded debris-flow event in the history of MORA is the 1947 Kautz Mudflow, which had an estimated 
volume of 3.8x107 m3. In the 24 hours prior to the event, 15 cm (5.9 in) of heavy rain and high freezing levels were 
seen in the Kautz watershed (Driedger and Fountain, 1989). These conditions resulted in the collapse of the lower 1.6 
km (1 mi) of the Kautz Glacier and a rapid release of water stored within the glacier (Scott et al., 1995). The surge of 
water entrained glacial outwash material transforming into a clay-poor debris flow. Placement of the Kautz mudflow 
deposits occurred over several days and included multiple pulses of water. Debris flows were noted in other drainages 
during this event, including the Nisqually River. 

Fig. 2. Seasonal timing of debris flows in Tahoma Creek from 1967 to 2015. Dry weather flows refer to those not induced by heavy precipitation. 

2.2. South Tahoma Glacier activity 

Recent debris-flow activity began in the Tahoma Creek valley during the summer of 1967. The summer of 1967 
was noted as exceptionally warm and dry. On August 29, a short-lived outburst flood destroyed a footbridge 1.9 km 
(1.2 mi) below the South Tahoma Glacier. The stream rose about 0.5 m (1.5 ft) at the Tahoma Creek Campground, 
~5.6 km (3.5 mi) downstream of the glacier. Two days later an outburst flood roared down Tahoma Creek (Richardson, 
1968). Fortunately, the campground was already closed due to fire danger.  

Between 1967 and 2015, at least 31 distinct events have occurred (Fig. 2). Walder and Driedger (1994a) note that 
the record for debris flows in Tahoma Creek does have some gaps, specifically between 1967 and 1985. This is due 
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to poor record-keeping during this time. Crandell (1971) notes that “Floods not associated with rainfall also moved 
down the [Tahoma Creek] valley from time to time during the summer of 1968.” Walder and Driedger (1994a) note 
that debris flows from the years of 1971 to 1985 are described “only sketchily” in park records. Debris flows that 
occurred between 1986 and 1992 are well documented, largely owing to increased awareness among NPS staff 
(Walder and Driedger, 1994a).  

Fig. 3. Aerial photos from 1960, 2006, and 2015 showing the westward lateral migration of Tahoma Creek along the West Side Road due to 
debris-flow activity. Brown campfire sign in 1960 image indicates approximate position of former Tahoma Creek Campground. 

The cumulative impact of over 30 debris flows in less than half a century and a major flood event in 2006 (Bullock 
et al., 2007) has been remarkable to the built infrastructure in the Tahoma Creek valley. The 24 km (15 mi) West Side 
Road was closed to vehicular traffic at mile post 3 in 1988. The sudden increase in debris-flow deposition forced the 
westward lateral migration and avulsion of Tahoma Creek, completely decimating an old-growth forest in the process 
(Fig. 3). Portions of the West Side road in Fig. 3 have had to be repaired numerous times due to the combined effects 
of debris flows and seasonal floods. The reduction in vehicular traffic and thus foot traffic on the West Side Road lead 
to a rapid and dramatic decrease to the recreational use of the trails and campgrounds on this side of the park since the 
late 1980s. 

3. Debris flows in 2015 – Direct Observations and Monitoring Results

After a lull in debris-flow activity in the Tahoma Creek basin between 2006 and 2015, four separate debris-flow
sequences occurred between 09:49 AM - 12:44 PM PDT (16:49 - 19:44 UTC) on 13 August 2015 (dry season). Each 
individual sequence was identified in seismic records from the Emerald Ridge (RER) seismograph, located near 
Tahoma Creek (Fig. 4; location in Fig. 1). This event is the best documented debris flow in the park’s history. Seismic 
monitors, a soundscape monitor, and stream gages downstream all recorded data relevant to each debris-flow surge, 
while numerous park visitors, volunteers and employees all witnessed and photographed the event. Several visitors, 
including a geology professor at Pacific Lutheran University, recorded photos and videos of individual flows. A park 
volunteer in the upper Tahoma Creek basin accurately recorded and documented hyperconcentrated flow surges after 
the four debris flows (not recorded on the seismograph); recording a total of 12 individual hyperconcentrated flows. 

96



Beason / 7th International Conference on Debris-Flow Hazards Mitigation  (2019) 

The first debris flow issued by the South Tahoma Glacier was witnessed by visitor Croil Anderson. Anderson 
described the event as being “louder than a jet” at a distance of 2.5 km (1.5 mi) from the glacier (Anderson, personal 
communication, 2015). Anderson also stated that the first debris flow was an “incredibly large surge of black water, 
ice and rock” from the terminus. Claire Todd, a geology professor from Pacific Lutheran University, was on the 
Tahoma Creek suspension bridge as the DF 2a and 2b moved down the watershed (Fig. 4). When arriving at the bridge 
she noted “a very high water/mud mark on wall of channel” quickly followed by a “loud roar and terrific ground 
shaking” (Todd, personal communication, 2015). Continuing to observe the scene she noted “a ~1.5 m boulder is 
exposed in the channel” as the flow passes, and within another minute “roar and shaking resumes, a second flow 
passes, just as thick as the first -completely obscuring the large boulder again.” Professor Todd witnessed the wave 
pass “exposing all of the large boulder again.” Lastly she recorded “a thin flow of hyperconcentrated water is passing… 
and a view upstream shows another low wave of hyperconcentrated flow approaching,” noting that “these minor flows 
are not producing the roar or shaking that the first two offered.”  

Fig. 4. Comparison of waveforms from (a) Emerald Ridge seismograph (RER), (b) Real-time Seismic Amplitude Measurement of the Emerald 
Ridge Seismograph (RER RSAM), and (c) Tahoma Creek Soundscape Monitor during the 13 August 2015 debris flow sequence. RER and RER 
RSAM are computed at the same geographic location, whereas the soundscapes monitor was approximately 3.7 km (2.3 mi) downstream, which 
accounts for the lag in arrival times for that instrument. The green line in plot (c) is the 42-day background average of 42.04 dbA. 

The Emerald Ridge seismograph (RER, Fig. 1) is located approximately 1 km (0.6 mi) from Tahoma Creek and 
accurately recorded the passage of each debris-flow surge. Using the seismic data as an input, after the event, we 
calculated the USGS Real-time Seismic Amplitude Measurement (RSAM) signature (Fig. 4) (Endo and Murry, 1991). 
RSAM summarizes seismic activity for characterizing a volcano’s changing seismicity in real time. We use it to 
downsample the seismic signal to an average amplitude over a set time, in this case, 30 seconds. The combination of 
the seismic data and RSAM calculations (Fig. 4 (b)) show the passage of each debris-flow surge clearly. 

One of the most interesting findings from the August 13 debris-flow sequence is the analysis of the soundscapes 
data in Fig. 4 (c). The soundscapes monitor is a research effort by the National Park Service to understand the natural 
and unique soundscape of the park (NPS, 2018). Equipment emplaced along Tahoma Creek in 2015 fortuitously 
recorded the background noise on the months prior to and day of the debris flow. The monitor recorded an anomalous 
decrease in river noise from the background level approximately 1.5 hours before the arrival of the first debris-flow 
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surge. Each successive surge was recorded and the river was relatively louder after the last debris-flow surge. This 
coincides with visual observations that the river was flowing much more vigorously after the event than before. 

Park staff became aware of the debris-flow event at 12:02 PM when park volunteer Yonit Yogev called the MORA 
dispatch center on the radio reporting an outburst flood at Tahoma Creek trailhead. Yogev described the event as 
“telltale sounds of a rumbling train, a huge amount/sounds of trees, and a huge amount of water coming over the road 
out of the creek bed” (Yogev, personal communication, 2015; NPS Dispatch Records). A park visitor, Zachary Jones, 
videoed the passing debris-flow surge (DF 3 in Fig. 4) with his cellphone which provided visual evidence of the flow. 

Based on all observations and data observed from this event, we postulate that this event began as a physical 
blockage in the normal discharge of the glacier, perhaps as either a collapse of ice within the glacier or a small landslide 
just downstream of the glacier. This is evidenced by the anomalous and steady decrease in river noise from the 
soundscapes monitor just before 09:00 AM, showing that the total input to the river had dropped below the normal 
background level. 

4. Debris-flow hazard forecasting

The impetus for generating the debris-flow hazard forecast is to avoid having park staff and visitors in debris-flow-
prone areas when likely events could occur – like those conditions seen on 13 August 2015. The debris-flow hazard 
forecasting approach at MORA is based on two separate models combined, which have different variables for dry, 
warm weather debris flows and cool, wet weather debris flows. The full model is shown in Appendix A. 

4.1. Cool, wet weather debris flows 

In recent decades, warm rain storms occurring with low snowpack have been anecdotally associated with debris 
flows on MORA. These storm and debris-flow events typically occur in late fall, when “Atmospheric River” storms 
bring intense tropical moisture from mid-latitudes and drop voluminous rain high on the volcanic flanks (Neiman et 
al., 2008). Prior to this study there had been no systematic characterization of debris flow occurrence with respect to 
meteorological and antecedent hydrologic conditions. In practice, such a characterization could be paired with weather 
forecasts and in-situ monitoring to classify current debris-flow hazards. This specific phase of our study focused on 
characterization of past storms and their associated debris-flow potential.  

Past debris-flow events were compiled from multiple sources and included in our analysis if the debris flow’s timing 
was known within a day, was associated with measurable precipitation, and occurred within the monitoring record of 
the snow telemetry (SNOTEL) station at Paradise (NRCS Site 679, elevation 1,640 m) on the southern flank of MORA. 
Debris-flow sources include Walder and Driedger (1994a), Walder and Driedger (1994b), Walder and Driedger (1995), 
Driedger and Fountain (1989), and Copeland (2009). This SNOTEL station lies at the lower elevation range of mapped 
drainage networks and gullies identified as having high potential for debris-flow initiation using slope-drainage area 
thresholds (Legg et al., 2014). This station broadly characterizes precipitation, temperature, and antecedent snowpack 
in the elevation band of potential debris-flow generation on MORA’s flanks. For each debris-flow event, precipitation, 
temperature, and snowpack measurements were compiled for 1-, 3-, and 15-day periods on and prior to the day of the 
debris flow. These metrics were also compiled for all monthly maximum precipitation events for the full SNOTEL 
record to compare the known debris-flow producing storms to the broader population of storms. 

This data compilation effort resulted in a total of eleven debris-flow producing storms that occurred between 1979 
and 2014. All eleven storms had daily average temperatures above freezing, and all but two events had daily average 
temperatures above 40° Fahrenheit. Based on a typical vertical lapse rate of 5.5°C/1,000 m, a temperature of 40°F at 
the SNOWTEL station indicates temperatures above freezing for the full elevation band of high hazard gullies, 
suggesting rainfall and potential surficial runoff generation in the zone of likely debris flow initiation. All debris-flow 
producing storms also had limited antecedent snowpack, suggesting antecedent snowpack inhibits debris-flow 
generation by limiting runoff and/or stabilizing surficial colluvium. Additionally, there were negligible reductions in 
snowpack in the 3 days leading up to the eleven debris-flow events, suggesting snowmelt-derived runoff as an unlikely 
ingredient for debris-flow generation.  

Precipitation quantities were further compared to an intensity-duration threshold for the nearby Seattle, Washington 
area developed by Chleborad et al. (2006), which is based on 3-day and 15-day cumulative precipitation totals in 
inches. Initial comparisons to this landslide threshold found that eight of the eleven known debris flow producing 
storms exceeded the Seattle threshold; however, 247 of 376 monthly maximum storms (without known debris flows) 
from 1979-2014 also plotted above the threshold. These results suggest landslide threshold alone is a poor predictor 

98



Beason / 7th International Conference on Debris-Flow Hazards Mitigation  (2019) 

of debris flow potential on MORA. To explore potential refinements to the model, we then removed monthly maximum 
storms with greater than 5” SWE and/or 3-day average temperatures less than freezing. In the remaining group, 33 
monthly maximum (non-debris flow producing) storms exceeded the Seattle threshold, in addition to the 8 debris flow-
producing storms. These numbers indicate ~20% (8 of 41) of these storms (with above-freezing temperatures and low 
snowpacks, while exceeding Seattle threshold) generated debris flows. A similar calculation utilized a temperature 
threshold of 40°F instead of 32° and revealed that 5 of 14 storms (36%) storms exceeding the Seattle threshold 
produced debris flows. The increased proportion of debris flow producing storms indicate warm temperatures (i.e. 
high freezing levels) are indeed a requirement for debris flow generation. Overall, these results highlight the need for 
temperature and snowpack information to be coupled with landslide thresholds in order to increase predictive 
capability of our wet debris flow model. 

The above analysis informed development of a simple decision tree approach to hazard classification as a planning 
tool for MORA (Legg, 2015). The approach uses 3-day precipitation and temperature forecasts in concert with 
measurements of SWE and 15-day precipitation totals to classify and forecast debris flow hazards into low, medium 
and high hazard categories over a coming 3-day period. More broadly, this effort represents an example of hazard 
forecasting in an alpine setting where seasonal temperature and snow fluctuations are major drivers of debris-flow 
potential.  

4.2. Dry, warm weather debris flows 

The method for forecasting dry weather debris flows is an expansion of Legg’s (2015) model. A total of 35 debris-
flow events which occurred in a dry season (i.e., no rain and relatively warm temperatures [average high temperature 
of ~65°F]) were compiled from the various sources mentioned in Section 4.1. From that list, antecedent weather 
information for the day of event and the days leading up to the event itself were calculated from the Paradise SNOTEL 
station and other weather sources in the vicinity. A Monte Carlo analysis was completed on each weather variable to 
determine its relative importance to the overall detection of a debris flow. Once the relative weighting of each variable 
was completed, all days in the historic record were run to determine the debris flow hazard scores on those days (this 
includes the wet weather debris flows) (Table 1).  

Table 1. Performance of current debris-flow hazard model based on all available weather data for the period of 1917-2017 at the Paradise 
SNOTEL station. Event type categories are split out on known debris flow and outburst flood days from the historic record. The undefined 
category means that weather conditions were not available to adequately calculate the debris-flow hazard score for that day. 

Event Type Model Type Low Medium Medium High High Very High Undefined 

Debris Flow 
(N = 42) 

Wet: 0 0 1 12 - 0 
Dry: 3 4 6 11 5 0 

TOTAL: 3 4 7 23 5 0 

Outburst Flood 
(N = 8) 

Wet: 2 0 0 0 - 0 
Dry: 3 1 0 1 1 0 

TOTAL: 5 1 0 1 1 0 
Debris Flow +  

Outburst Flood 
(N = 50) 

Wet: 2 0 1 12 - 0 
Dry: 6 5 6 12 6 0 

TOTAL: 8 5 7 24 6 0 
No Debris Flow or  

Outburst Flood 
(N = 31,647) 

Wet: 12,633 980 539 1083 - 942 
Dry: 11,608 984 618 1001 540 719 

TOTAL: 24,241 1,964 1,157 2,084 540 1,661 

TOTAL: 
24,249 

76.50% 
1,969 

6.21% 
1,164 

3.67% 
2,108 

6.65% 
546 

1.72% 
1,661 

5.24% 

The specific variables of interest for the dry side of the model are: P18, or 18-day precipitation total at Paradise, 
which is necessary to determine whether to run the dry side or wet side of the model; Tmax, which is the maximum 
daily temperature observed at Paradise; Tmax Percentile, which is the maximum temperature expressed as a percentile 
based on the historic maximum temperatures (1917-2017); DS0SP, which is “days since zero snow pack”, a relative 
variable used to determine when debris source areas will be snow free – for the model, this variable is assumed as days 
since July 11th, which is the average “melt out” date at Paradise in the historic (1917-2017) record; DD3218, or the 18-
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day cumulative degree days above freezing; P3, or the 3-day precipitation total, a key dry-weather variable defined by 
Walder and Driedger (1994a); and SWE, or snow water equivalent. Each variable is given a numeric score between 1 
and 5 (see Appendix A) and the debris-flow hazard score is calculated by the model when it is run. 

At this time, the method is still being refined as more data is uncovered about the antecedent weather conditions 
and as more debris flows occur in the park. Additionally, an improved Monte Carlo approach is being undertaken to 
improve the model. The performance of the model for all available dates between 1917 and 2017 is shown in Table 1. 
In general, those days with a debris flow or outburst flood from the historic record should have a higher score, whereas 
those days with no event should have a lower score for the model to be considered truly calibrated successfully.  

4.3. Combination forecast and data sources 

The combination forecast (Appendix A) utilizes both the wet and dry sides into a simple decision tree based on 
calculated weather factors. Weather information is downloaded every hour from the DarkSky.net API. DarkSky 
provides a free ensemble forecast for individual locations throughout the park that is easily incorporated into the debris-
flow hazard model. Every four hours, these weather variables and antecedent weather observations are automatically 
compiled based on the wet or dry forecast and then run through the decision tree algorithm (Appendix A). A qualitative 
score (Low, Medium, Medium High, High, or Very High) is generated for the day of interest and next seven days. 
This is then reported on a website for monitoring and decision-based analysis by park staff. Hazard scores are tied to 
weather forecasts and will change as forecasts are updated. While this process is automated, park staff still must 
monitor the model every day to determine the future relative risk for debris flow activity. 

5. Real-time debris flow monitoring

The final piece in the debris-flow hazard system at MORA is the ability to detect debris flows as they occur. As
shown in Section 3, debris flows like those in 2015 have a seismic and RSAM signature that is distinctive. With 
assistance from the University of Washington’s Pacific Northwest Seismic Network (UW PNSN), seismic data is run 
through the USGS RSAM program and binned into 30 second values. At five-minute intervals, an automated computer 
script then downloads the RSAM values and runs through the data file looking for a “debris-flow-like signature.” A 
debris flow signature is defined as an increasing signal above a set point over a set amount of time. If these values are 
exceeded, an alert is sent out to park staff for analysis and hazard notification via cellphone text messages and emails. 

As an example, at the Emerald Ridge (RER) seismograph, the relevant variables are an RSAM value greater than 
500 counts for over 5 minutes with a RSAM value that is increasing (slope > 0.030), on average, over those 5 minutes. 
Using this definition, three of the four debris flows on 13 August 2015 (2a/2b, 3 and 4) and an additional debris flow 
that occurred in Tahoma Creek on 12 September 2015 (not discussed in this paper) would have been detected with this 
system. Additionally, this system would have detected the second debris flow on August 13th at roughly 10:20 am, 
almost a full two hours before park staff were alerted to the event on the radio. 

Real-time debris-flow monitoring via the RSAM system is currently being run on the Emerald Ridge (RER) 
seismograph (Puyallup, Tahoma and South Tahoma Glaciers), Mt. Fremont (FMW) seismograph (Emmons, Inter, and 
Winthrop Glaciers), and Longmire (LO2) seismograph (Kautz, Nisqually, Pyramid, Success, Van Trump, and Wilson 
Glaciers). Most of the major glacial streams at MORA now have some sort of seismic monitoring; those without, with 
the exception of the Carbon Glacier, do not have extensive infrastructure development in their watershed boundaries.  

The overall performance value of the RSAM system in detection of debris flows is not yet available since the park 
has yet to experience a confirmed debris flow since the system’s inception. There have been several false positive 
readings, almost exclusively due to wind noise (especially at RER). Local, regional, and teleseism earthquake events 
are such short period and punctuated that they are excluded in the analysis and rarely generate alerts. When false 
positives have been detected, staff is able to quickly analyze real-time seismic data to determine if the event is truly a 
debris flow or some other event. In this sense, the system is semi-automated and still requires human intervention in 
order to take the step from an alert generation to an alert being broadcast to the field. Lastly, we are not yet able to co-
locate exact drainages where a debris flow due to a paucity of seismic stations. However, a strong signal in one 
seismograph and relatively weak signals in others (as was the case in the August 2015 event) can help determine a 
narrower geographic location of the event. Future seismic implementation at MORA is being planned in the next five 
years which will help the co-location ability of this system. 
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6. Conclusions

Mount Rainier is an environment that is ideally suited for debris-flow genesis and has a rich history of these events. 
With our work, we have been successful in providing a forecast for debris-flow hazard based on past antecedent 
weather conditions on prior debris-flow days up to seven days in advance. We then can detect individual debris flows 
using in situ seismometers and the RSAM system. As glaciers continue to retreat, new sediment sources will be 
exposed to annual storms and occasional outburst floods – all of which will continue the threat of debris flows to 
downstream areas. The forecasting and detection systems we have in place now are in their infancy and will be further 
refined as more events occur. Additional seismic installations planned in the next decade at MORA will only improve 
these systems and will provide better warning to park staff and visitors working and recreating at the park. 
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Appendix A. Debris flow hazard forecast model at Mount Rainier 
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Abstract 

In mountainous catchments, the quantification of sediment yield is of paramount relevance for land-use planning and design of 
sediment control structures. However, deciphering the contribution of the different sediment transport processes (debris flows, 
debris floods and bedload transport) is often challenging as they are strongly controlled by basin morphometry, hydrological 
regime, and sediment supply. Therefore, long-term instrumental monitoring through catchment-scale sensor networks can provide 
precious information, especially if coupled with high-resolution topographical surveys. The Gadria catchment, located in the eastern 
Italian Alps, offers the possibility to perform a systematic monitoring of sediment transport processes. This catchment typically 
features several low-magnitude flood episodes and a few debris-flow events per year, from late spring to early fall. Starting from 
2011, various instruments mainly devoted to debris-flow detection (geophones, video cameras, flow stage sensors) have been 
installed along the main channel, just upstream of a retention basin. High-resolution topographical surveys of the retention basin 
are carried out each year, at the beginning and at the end of the summer season and after debris-flow events. Rainfall is measured 
in the intermediate part of the catchment and in the headwaters, while PIT-tracing of bedload was performed in the main channel. 
In this work, we present the reconstruction of the sediment dynamics at the catchment scale during the 2014 and 2015 monitoring 
seasons. Instrumental monitoring was used to estimate the contribution of the different flow processes, and data from topographical 
surveys to quantify the transported volumes. Results show that (i) coarse sediment yield is driven by sporadic debris flows while 
flood events allow the continuous fine-sediment migration along the channel network; (ii) volume estimations may be significantly 
different – up to 30% lower - if performed through a DEM of Difference (DoD) analysis of the retention basin or by analysing 
monitoring data; (iii) a multi-parametric monitoring is needed to decipher sediment dynamics at catchment scale. 

Keywords: bedload transport, debris flows, monitoring, rainfall, topographic survey 

1. Introduction

In Alpine valleys, the sediment supply to the channel network is typically episodic and it is controlled by the
interaction between geomorphic conditions and hydrological processes (Benda and Dunne, 1997). The upstream edge 
of the fans acts as bedload traps, creating longitudinal discontinuities in sediment transport and causing large-scale 
aggradation of sediment (Hoffman and Gabet, 2007). Massive, impulsive sediment inputs – typical of debris flows and 
floods occurring in steep channels – can alter water and sediment continuity along the channel network, by determining 
large-scale bed aggradation, confluence migration, and channel obstructions with the formation of temporary lakes 
and fan-delta systems (Brardinoni et al., 2018). Understanding the effect of debris flows and bedload on channel 
topography and the quantification of sediment yield is of paramount relevance for hazard assessment and design of 
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mitigation measures. However, the sediment cascade associated with debris flows and bedload events and their relative 
yields at the catchment scale has been rarely addressed.  

In recent years, the increase of topographic instrument automation and resolution significantly improved the cost-
effectiveness of multi-temporal analysis of Digital Elevation Models (DEMs). The geomorphic changes associated 
with erosion/deposition processes can be quantified through DEM of Difference (DoD) grids, where the elevation 
difference between old and new surfaces represents a measure of net sediment transport (Schürch et al., 2011; Theule 
et al., 2015; Cavalli et al., 2017). However, discriminating the contribution of the different sediment transport processes 
(namely debris flows vs bedload) and the effects of multiple flow events is often challenging. Thus, long-term 
instrumental monitoring of sediment fluxes through catchment-scale sensor networks can provide precious 
information, especially if coupled with high-resolution topographical surveys (McCoy et al., 2010; Comiti et al., 2014). 
To this aim, the Gadria catchment (eastern Italian Alps) offers the opportunity to understand the main processes driving 
the sediment supply at the catchment scale thanks to the intense, ongoing monitoring activities. In this paper, we focus 
on two years (2014-2015) for which frequent field surveys were available.  

2. Methods

2.1. The study site 

The Gadria catchment is located in the Venosta Valley, eastern Italian Alps, and belongs to the Adige river basin. 
At the retention basin, it has a drainage area of 6.3 km2 and ranges in elevation from 1,394 to 2,945 m a.s.l. The Gadria 
is underlain by paragneiss and ortogneiss lithologies, result of Permian and Cretaceous matamorphisms. Sediment 
produced by the weathering of these highly fractured rocks and thick Quaternary deposits fills the channel networks 
through a number of mechanisms including shallow debris slides, rockfalls, and dry raveling on the steep slopes 
(Figure 1a). These colluvial processes dominate the upper and intermediate sections of the basin, and the presence of 
steep channels sets the perfect conditions for chronic debris-flow activity. The Gadria catchment is characterized by 
dry inner-Alpine climate, with mean annual precipitation of 480 mm in the Venosta valley floor (station of Laas-Lasa, 
863 m a.s.l., period 1989–2012), due to the sheltering effect of the mountainous ranges to southerly and northerly 
winds. Mean annual precipitation increases with altitude, with 662 mm measured at a rain gauge located at 1,754 m 
a.s.l. (period 1993–2012). 

Fig. 1. The Gadria instrumented catchment, the adjacent Strimm catchment and the alluvial fan; the black frames highlight the location of the 
upper and lower monitoring sites at Gadria. (a) View of the main sediment source areas monitored with the upper station; (b) the retention basin 
located at the outlet of the catchments. 
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The catchment is characterized by a high degree of sediment connectivity and a sediment yield of about 5,200 m3 
km−2 y−1 was estimated for the period 2005-2011 (Cavalli et al., 2017). A retention basin was constructed in the 1970s 
to protect settlements located on the Gadria fan (Figure 1b). This basin is periodically emptied, but some residual risk 
still exists as extremely large debris flows could exceed its capacity. 

2.2. Instrumental monitoring 

At Gadria, the first downstream monitoring station (lower station) was equipped in 2011 close to the alluvial fan 
apex, at an elevation of about 1,400 m a.l.m. (Comiti et al., 2014). This installation was designed for the measurement 
of basic debris-flow variables, the characterization of flow dynamics, and the development of early warning systems. 
The station is composed of three video cameras framing channel and retention basin, four vertical geophones (10 Hz) 
placed along the left channel bank, two in the ground and two on the wing of the check-dam, and two stage sensors at 
the same cross sections where the geophones are installed (Figure 2). In 2013, the geophone array was extended in the 
upstream direction with three additional geophones (Coviello et al., 2015). This latter geophone network recorded the 
seismic data that are analyzed in the present work. One rain-gauge and an additional stage sensor are located about 
500 m upstream, at an elevation of 1500 m a.s.l.. The video footage has been used to assess the surface velocity of 
debris flows through the application of the large-scale particle image velocimetry technique (Theule et al., 2018). 

The upstream monitored area (upper station) is located in the upper basin, at an elevation of about 2,200 m a.l.m., 
with the objective of monitoring initiation conditions and triggering processes. A number of instruments have been 
installed during the last years: rain-gauges, rain-triggered video cameras, piezometers, and erosion probes. Recently, 
a new geophone network composed of three 4.5 Hz vertical sensor was installed on a ridge separating two steep 
channels of the upper basin to detect incipient sediment motion related to debris flow initiation. 

Fig. 2. The lower station of Gadria: (a) view of the channel in the upstream direction, two stage sensors, and one video camera are visible; (b) 
geophone recording unit and channel conditions right after a debris flow; (c) detail of one of the vertical 10-Hz geophones.  

2.3. Topographical surveying and PIT-tracing 

Repeated topographic surveys of the retention basin at the beginning of the debris-flow season and after each debris 
flow were carried out by terrestrial laser scanning (TLS) from 2011 to 2013. Afterwards, the Structure from Motion 
(SfM) photogrammetry (using Agisoft Photoscan Professional) was adopted because of its field efficiency and spatial 
coverage. From 2013 to 2015, an operator took photos from a 6-m extendable pole at 1 frame per second while walking 
along the channel banks (Figure 3a). Since 2015, photos are taken from helicopter covering the retention basin, 
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channel, and source areas and also from a drone for just the retention basin. Painted reference points were appropriately 
distributed around the sediment trap and channels and were surveyed with the total station and differential GPS 
(dGPS). For DoD analysis, CloudCompare freeware was used to further align both TLS and SfM point clouds by 
using the iterative closest point algorithm. This was applied to unchanged permanent features resulting in root mean 
square errors of 21 cm for older TLS comparisons (volume uncertainty for the retention basin of ±740 m3), 2 cm for 
extendable pole SfM (±100 m3) and 9 cm for helicopter SfM (±450 m3) for the general retention basin area. 10-cm 
DEMs were developed and their differences were used for measuring the volumes in the retention basin (Figure 3b). 

In the main channel, 280 passive integrated transponders (PITs) were installed in 2014 and their positions measured 
using dGPS, with the aim to contrast incipient motion and transport distances between debris flows and bedload events. 
Their grain-size ranges from small cobbles to boulders and their percent embeddedness were estimated in the field. 
They were distributed throughout the channel from entrainment reaches, transport reaches and the reach before the 
sediment trap. Field checks and antennae surveys took place after floods with bedload transport and after debris flows. 

Fig. 3. (a) Photogrammetric surveying of the main channel with the 6-m extendable pole; (b) DoD of the retention basin from two 
photogrammetric surveys carried out in April and August 2014. 

3. Results and discussion

3.1. Catalog of flow events 

Several flow processes occurred at Gadria in 2014 and 2015 (Table 1). Complete information on the debris flows 
that occurred in this period was already available (Theule et al., 2018). We constructed the event catalog of floods 
featuring bedload transport analyzing the seismic dataset gathered at the lower monitoring station. Compared to debris 
flows, seismic signals produced by floods present significantly longer durations and lower amplitude peaks (Coviello 
et al., 2015; Mao et al., 2009; Bel, 2017). Flood events were identified by analyzing 140 days of continuous seismic 
recordings from the geophone network installed at the lower station. In two years, nine flood events were detected 
using an intensity-duration threshold (amplitude above the long-time-average of the seismic signal for at least 10 
minutes). The event detection was validated through the manual inspection of the video frames, when available, and 
with the analysis of rainfall events recorded at the upper station. An image every 5 minutes was recorded by the video 
camera framing the channel in the upstream direction (from 4 June to 18 July 2014 and from 1 May to 23 October 
2015). In addition, four additional flood events with bedload transport were identified by inspecting the images 
recorded in the periods of time lacking seismic records. Finally, two snow-melt induced bedload events (20 and 21 
May 2015) were directly observed in the field (with bedload measured by portable traps). 
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Table 1. Debris flows and flood events with bedload transport detected at the lower station of Gadria in 2014 and 2015 and dates of topographic 
surveys of the sediment trap carried out during the monitoring seasons (in italics). Peak times correspond to the amplitude peaks of the seismic 
signal. Bedload events identified only with images and rainfall data are marked with *. 

Date (dd.mmm.yy) Typology Peak time (hh.mm UTC) Duration (min) 

9.May.14 PIT survey - - 

10.Apr.14 topographic survey - - 

05.Jun.14 bedload 05:00* > 120 

09.Jun.14 bedload 05:00* > 120 

29.Jun.14 bedload 18:00 360 

2.Jul.14 PIT survey - - 

08.Jul.14 bedload 14:55 360 

13.Jul.14 bedload 20:30* > 180 

15.Jul.14 debris flow 17:13 26 

19.Jul.14 PIT survey - - 

21.Jul.14 bedload 07:45 360 

24.Jul.14 bedload 13:32 120 

13.Aug.14 bedload 12:00 180 

18.Aug.14 topographic survey - - 

18.Apr.15 topographic survey - - 

20.May.15 bedload - > 600 

21.May.15 bedload - 600 

06.Jun.15 bedload 15:23 > 240 

08.Jun.15 debris flow 17:16 50 

10.Jun.15 topographic survey - - 

16.Jun.15 bedload 8:30* > 240 

29.Jul.15 bedload 15:00 180 

04.Aug.15 bedload 18:40 > 300 

07.Aug.15 bedload 21:20 > 180 

Fig. 4. Geophone signals of the debris flow that occurred on 15 July 2015 (a) and of the flood event that occurred on 8 July 2015 (b). Amplitude 
and duration of the debris flow are one order of magnitude greater than the ones of the flood event. 
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3.2. Particle motion 

In 2014, three surveys of PITs positions were carried out on 9 May, 2 July and 19 July. In the time interval 9 May 
- 2 July three flood events featuring bedload transport were observed, while in the following time interval (2 - 19 July) 
two floods and one debris-flow event occurred (Table 1). Therefore we can surely attribute the displacement lengths 
measured in the first time interval to bedload transport. The log-log plot of travel distance versus grain size diameter 
shows an inverse correlation for the particles transported during the first, bedload-only period (Figure 5). On the 
contrary, no clear relationship can be detected for the second period when a debris flow occurred, as it could be 
anticipated based on the transport en masse of sediment by debris flows (Theule et al., 2015). Thus, in second time 
interval, the longer displacement lengths are produced by the debris flow of 15 July 2014. Indeed, PIT-tags 
measurements in debris-flow channels are probably mainly useful to analyze the variability in clast entrainment (e.g., 
based on clast position along cross-sections and thus on the experienced shear stress) rather than transport distances. 
In addition, PIT-tracing installation is very resource-intense, as well as their manual surveying is time-consuming and 
the recovery rate can be very low. The 2014 debris flow had a 29 percent recovery rate due to the depth of the pit tag 
deposits, which we assume are mostly buried in the sediment trap. However, more significant results could be achieved 
if the travel distance of the tagged particles is measured in a debris-flow channel which is not ending in a sediment 
trap like the Gadria (see Bel, 2016). In fact, here the maximum travel distance (slightly smaller than 1400 m) is close 
to the distance between the most upstream transect equipped with PIT tags and the retention basin (Figure 5). 

Fig. 5. PIT-tracing at Gadria in 2014, from 9 May to 2 July (only bedload transport observed) and from 2 July to 19 July (one debris flow). The 
upper travel-distance limit (dashed-line) is the distance between the most upstream transect equipped with PIT tags and the retention basin. 

3.3. Sediment volumes 

The volume of sediment deposited in the retention basin by each debris flows was determined by two topographic 
surveys carried out at the beginning of the debris-flow season and after the debris flow (Table 2). Video recordings 
and post-event observations, show that the trapping efficiency of the basin (ratio of sediment volume retained to the 
total incoming sediment) is below 100% (Comiti et al., 2014). We estimate that from 10% to 20% of sediment flowed 
through the slit opening of the retention check dam. In addition, also bedload transport contributes to the sediment 
yield, as well as to the erosion of deposits, in both the retention basin and the channel network (Figure 6). In particular, 
eight flood events occurred in the Gadria catchment in the period between the two surveys in 2014, and three in 2015. 

We calculated the volume of debris flows using data from the monitoring station. The velocity of each debris-flow 
surge was estimated considering the mean propagation velocity of each front as the ratio of the distance between two 
equipped cross-sections (75 m) to the time interval between the arrival of the debris-flow surge at the two stations 
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(Arattano et al., 2015). The discharge of each debris flow wave is computed as the product of surge velocity by the 
flow’s cross-sectional area, estimated using the flow stage measurement. This is the main source of uncertainty of this 
method, as the cross-sectional area may change during a single debris flow due to erosion/deposition processes. The 
method is also very sensitive to the choice of the hydrometric zero adopted to perform the calculations. Finally, the 
bulked volume carried by each surge was calculated as: 

𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑚𝑚𝑒𝑒 = 𝑣𝑣 ∙ ∑ 𝐴𝐴(𝑡𝑡)𝑡𝑡𝑒𝑒
𝑡𝑡0  (1) 

where 𝐴𝐴(𝑡𝑡) is the cross-sectional area at the time t; v is flow velocity of the surge; 𝑡𝑡0 and 𝑡𝑡𝑒𝑒 represent the initial and 
final time of the surge, respectively. 

Table 2. Debris-flow events that occurred at Gadria from 2011 to 2015, volumes computed using stage sensor measurements integrated in time 
are compared with DoD of the retention basin. 

Date 
(dd.mmm.yy) 

Debris-flow peak 
discharge (m3/sec) 

Debris-flow 
volume (m3) 

Time interval DoD DoD (m3) Reference 

05.Aug.11 11 2 400 June - September 2011 2000 Comiti et al., 2014 

18.Jul.13 80 10 000 June 2011 (empty trap) - 
August 2013 

8100 Arattano et al., 2015 

15.Jul.14 26 11 600 April - August 2014 10400 This study 

08.Jun.15 27 12 600 April - June 2015 9850 This study 

Fig. 6. Channel and retention basin conditions on 1 July, 15 July (after three flood events) and 16 July 2014 (after a debris-flow event). Erosion of 
fine to medium-size material due to floods and coarse deposits produced by the debris flow in the main channel are highlighted. 

Volume estimations may significantly differ if performed through the DoD of the retention basin or with 
instrumental measurements carried out with the use of flow stage data (Table 2). Estimates deriving from topographic 
surveys resulted constantly lower, with differences that may reach 30% of their value. This is consistent with the 
observed outflow of the suspended sediment through the check dam during the tail of each debris-flow events. In the 
neighboring Strimm catchment, a bedload yield of 200 m3 yr−1 was observed during two years of PIT-tracing carried 
out from 2011 to 2013 (Dell’Agnese et al., 2015), which also contributes to the filling-up of the retention basin. 
Neglecting the contribution of the Strimm, a sediment yield of about 1,900 m3 km−2 y−1 was calculated based on DoD 
analysis in the period of time 2014-2015, which is largely dominated by debris-flow processes considering both 
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preliminary estimates for bedload virtual velocities and debris-flow volumes stemming from Eq. 1. The sediment yield 
value is significantly lower than the estimation made for the time period 2005-2011 (5,200 m3 km−2 y−1), during which 
much larger debris-flow events were observed (Cavalli et al., 2017). 

4. Conclusions

We constructed the event catalog of debris flow and flood events with bedload transport by analyzing the 
monitoring dataset (geophone data, video images) gathered at Gadria, eastern Italian Alps. Topographic surveys of 
debris-flow deposits provide volume estimations significantly lower - up to 30% - than those obtained through 
instrumental measurements carried out with the use of hydrograph data. Sediment yield of about 1,900 m3 km−2 y−1 is 
estimated for the investigated period (2014-2015), a value significantly lower than the one previously estimated in a 
wider time interval affected by larger events. Sediment yield is dominated by debris flows, whereas the contribution 
of flood events featuring bedload transport is apparently very minor and mostly relative to the gravel and small cobbles 
fractions only, based on preliminary data from travel distances of PIT-tagged clasts. Longer periods of observations 
are nonetheless needed to identify the factors (e.g., climate) that control sediment yield variability over time. 
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Abstract 

Debris flow is one of the most hazardous disasters in mountain regions of Korea. Rainfall-induced debris flows have occurred more 
frequently during past decades due to climate changes. Especially, its threat on many lives and properties in urban or suburban 
areas have increased. To control debris-flow disaster, check dams have been constructed in forest watersheds since 1985. Although 
check dams that recently constructed in Korea are expected to function as debris-flow barriers, impact force has not been considered 
during design procedure. For effective structure design regarding debris-flow disaster, estimation of debris-flow impact force is 
necessary. Meanwhile, it is well known that impact force is closely related to the flow characteristics of debris flow. In this study, 
small flume experiments were conducted to analyze the influence of flow characteristics to impact force of debris flow.  Flume 
slope, total volume, and viscosity of mixture were selected as experiment variables. As a result, faster flow velocity was observed 
on steeper channel slope and larger mixture volume condition. In terms of viscosity, sediment-water mixture flowed faster as the 
viscosity becomes lower. The effect of flume slope on flow velocity was different as the viscosity of mixtures. However, flowing 
depth was correlated only to total mixture volume. Impact force was positively correlated to flow velocity and flow depth. By 
comparing various impact force estimation model, the hydrodynamic model has been selected for the best method to appropriately 
calculate the design impact force for check dams in small forested watersheds. 

Keywords: Debris flow; Impact force; Flume experiment; Structure Design 

1. Introduction

Debris flow is one of the most hazardous disaster in a forested mountain area in the Republic of Korea. Most debris-
flow disasters that occurred in Korea were induced by severe rainfall (Woo et al., 2014). Due to climate change, debris-
flow events have been increased last decades. Especially, the debris-flow hazard in urban areas nearby mountainous 
regions has become increased (Yoon et al., 2017). To prevent huge damage to lives and properties in an urban area 
due to these disasters, many debris-flow control structures, such as check dam or erosion control dam, have been 
implemented.  

Structural mitigation is one of the most typical approaches to prevent damages from debris-flow disaster (Hübl et 
al., 2009). In Korea, more than 11,000 of check dams have been installed since 1985 (KFS, 2017). Recently, these 
structures are expected to function as debris-flow barriers or breakers that need to endure debris-flow impact force 
directly. Thus, it is necessary to consider the effect of debris-flow impact force on check dam during designing.  

To apply debris-flow impact force to check dam design, appropriate impact force estimation is important. Through 
several pioneer studies (Hungr et al., 1984; Armanini, 1997; Proske et al., 2011), it is well known that debris-flow 
impact force is closely related to debris-flow behavior. Based on this relationship, many researchers have conducted 
flume experiments to develop a model for impact force estimation (Moriguchi et al., 2009; Scheidl et al., 2013), and 
suggested several models for impact force estimation, such as hydraulic static or dynamic models (Hungr et al., 1984; 
Armanini, 1997).  
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In this study, we conducted small-scale flume experiment to analyze the relationship between flow behavior and 
corresponding impact force. Flume experiments were conducted with various sets of the sediment composition, slope, 
and water-sediment mixture volume. With measured flow characteristics and impact force, we derived impact force 
estimation model that is most appropriate to explain our data. 

2. Materials and Methods

2.1. Sediment mixtures 

As shown in Table 1, we used various combination of sediment mixture that consisted of gravel, sand, clay, and 
water. During the preparation of mixtures, we applied four different mixing ratios to analyze the effect of viscosity on 
flow behavior. Also, we tried to use three different total mixture volume because the volume condition is one of the 
most effective factors controlling flow depth. The average density of mixtures was 1669.39 kg m-3, and it was not 
significantly different between experimental conditions.  

Table 1. Overview of mean (± standard deviation) sediment mixture properties. “A, B, and C” mean different 
volume conditions (about 8,400, 11,200, and 14,000 cm3, respectively), and “A′, B′, C′, and D′” mean different clay 
contents (about 21%, 25%, 29%, and 32% of total weight, respectively). 

Category Total volume 
(cm3) 

Total weight 
(g) 

Density 
(kg m-3) 

Composition of each material 

Water (cm3) Clay (g) Sand (g) Gravel (g) 

A-A′ 
5026.27 
± 91.97 

8399.66 
± 1.15 

1671.71 
± 30.24 3000 1799.61 

± 0.90 
1799.88 

± 0.56 
1800.17 

± 0.57 

A-B′ 
5042.95 
± 56.89 

8400.15 
± 2.97 

1665.93 
± 18.55 3000 2099.82 

± 2.85 
2100.23 

± 0.18 
1200.09 

± 0.22 

A-C′ 
5016.54 

± 119.68 
8400.37 

± 0.78 
1675.50 
± 40.46 3000 2400.22 

± 0.74 
2400.07 

± 0.15 
600.07 
± 0.11 

A-D′ 
5075.64 
± 78.87 

8400.55 
± 0.67 

1655.47 
± 25.39 3000 2700.45 

± 0.68 
2700.10 

± 0.34 0 

B-A′ 
6734.43 
± 63.74 

11200.45 
± 0.39 

1663.31 
± 15.68 4000 2400.27 

± 0.30 
2400.11 

± 0.15 
2400.08 

± 0.11 

B-B′ 
6601.20 

± 170.48 
11200.37 

± 0.54 
1697.87 
± 44.57 4000 2800.22 

± 0.51 
2800.09 

± 0.13 
1600.07 

± 0.16 

B-C′ 
6598.00 

± 114.05 
11199.95 

± 1.74 
1697.98 
± 29.12 4000 3200.16 

± 0.79 
3200.05 

± 0.89 
799.74 
± 0.34 

B-D′ 
6625.76 

± 122.30 
11200.69 

± 0.87 
1691.05 
± 31.27 4000 3600.37 

± 0.43 
3600.32 

± 0.70 0 

C-A′ 
8334.82 

± 116.74 
14002.96 

± 3.26 
1680.39 
± 23.61 5000 3000.06 

± 1.31 
3001.60 

± 1.94 
3001.30 

± 1.55 

C-B′ 
8373.84 
± 61.93 

14000.39 
± 3.63 

1672.01 
± 12.34 5000 3499.75 

± 3.16 
3500.59 

± 0.69 
2000.05 

± 1.16 

C-C′ 
8384.82 

± 148.30 
13999.29 

± 3.58 
1670.12 
± 29.59 5000 3997.64 

± 3.40 
4001.12 

± 1.72 
1000.52 

± 1.12 

C-D′ 
8557.15 

± 246.76 
13996.97 

± 21.82 
1637.04 
± 49.59 5000 4499.57 

± 9.77 
4497.40 
± 19.69 0 
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2.2. Small-scale flume experiment 

The flume apparatus used in this study (Fig.1) was 2.4 m in length including 0.4 m of sediment storage. The cross 
section was 0.2 m in width and 0.3 m in height. Although the slope of this flume can be changed from 20˚ to 40˚ 
manually, we applied four slope conditions: 25˚, 30˚, 35˚, and 40˚. Between slope conditions, 35˚ and 40˚ of channel 
slope seem to be steep than general slope observed at channelized debris flow. However, initial part of debris flow in 
Korea is generally steeper than 30˚ and reach 40˚ in some case. Thus, we included those gradients of channel in 
experiments. In terms of measuring devices, we used two video cameras; one was installed in front of the flume to 
measure flow velocity, and the other was implemented beside the flume to measure flow depth. To measure the impact 
force of simulated debris flow, the load cell (MNC-100L, CAS), which is connected to data logger (CI-201A, CAS), 
was installed 0.1 m backside from the outlet.  

Fig. 1. (a) Experimental flume and setting up of measuring instrument, and examples of actual experiments: (b) an image from the frontal camera 
for flow velocity, (c) an image from the side camera for flow depth, and (d) an image of the data logger. 

2.3. Experimental procedure 

In each experiment, the sediment-water mixture is preliminary mixed using a mixer drill, total volume and weight 
of which are measured in that time. Then, the mixture was pulled in the storage, and kept being mixed just before 
opening the gate to minimize deposition of sediments. After the mixture prepared, the gate is opened immediately, 
and flow behavior (average velocity and flow depth) and impact force are measured. While conducting total sets of 
experiments, we carried out five replications in every combination of sediment mixture and the slope condition. After 
finishing experiments, flow velocity and depth were accurately calculated by analyzing the video images. By 
comparing each experimental condition with corresponding flow behavior, the effect of mixing ratio, total volume, 
and slope on flow characteristics were examined. To analyze the relationship between impact force and flow behavior, 
we synchronized the change of impact force and flow behavior. Then, we statistically analyzed maximum impact 
force, which is the maximum logged value in the data logger, and flow behavior at the time.  

3. Results and Discussion

3.1. Flow behavior 

As a result, flow velocity increased when the inclination of the flume increased, or the clay contents decreased (Fig. 
2a). Especially, flow velocity of sediment mixture that has lower clay contents increased more drastically. Also, the 
effect of volume on velocity was significant; the larger mixture volume showed faster flow velocity (Fig.2b).  

Higher clay contents induced stronger shear stress in the flow body, so the flow velocity tends to decrease in same 
slope condition. On the other hands, in steep slope condition, the difference of velocity between sediments mixture is 
much smaller. Assuming that simulated debris flow in this study as Bingham fluid or Herschel-Bulkley fluid 
(Takahashi, 2014), it seems that the acceleration of flow body is large enough to ignore yield strength of viscous debris 

a b c 

d 
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flow. In terms of volume, the larger volume means greater acceleration, so debris flow can move to downward much 
faster.  

Fig. 2. The change of flow velocity according to (a) clay contents, and (b) mixture volume, as slope condition change 

Flow depth was significantly correlated with mixture volume while there was no change of flow depth along slope 
condition (Fig. 3a). It can be interpreted that the initial volume of mixture affects flow depth dominantly than other 
factors. Although clay contents seemed to affect flow depth, it was not significantly different between mixture volumes 
(Fig. 3b).  

Fig. 3. The change of flow depth according to (a) flume slope, and (b) clay content, as total mixture volume change 

3.2. Impact force estimation 

Fig. 4 shows the analysis result of the relationship between impact force and flow velocity. Flow velocity is 
positively correlated to impact force, and the relationship between flow depth and impact force was also significant. 
With flow velocity and flow depth from flume experiments, the impact force of debris flow is well explained by 
hydrodynamic model (Scheidl et al., 2013). The general form of hydrodynamic model is as the following equation,  

𝑝𝑝𝑒𝑎𝑘 = 𝑎𝜌𝑣2ℎ𝑤 (1) 

where ppeak is the maximum impact force (kN); ρ is the density of sediment-water mixture (kg m-3); v is the flow 
velocity (m s-1); h is the flow depth (m); w is the width of the channel (m); a is dynamic coefficient (dimensionless). 
Although several properties, such as the density of mixtures, are change in time and space, we used those values 
measured during the mixture preparation due to difficulty of installation of measuring instruments that can 
simultaneously measure the change of mixture property, such as density. 

In terms of coefficient “a”, several researchers have suggested the value of a. According to Proske et al. (2011), 
previous studies generally have reported this value between 1.0 and 2.5. When calculating coefficient “a” using the 

a b 

a b 
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results of flume experiment and equation (1), coefficient of this research was 2.07 ± 1.38. Especially, About 68% of 
calculated “a” were 1-3 in Froude number that ranged from 2 to 6, which is similar to Proske et al. (2011).  

Fig. 4. The relationship between the impact force and the flow behavior; (a) flow velocity; (b) flow depth. 

4. Conclusion

In this study, we conducted small-scale flume experiments to understand flow characteristics and impact force of 
debris flow. The flow characteristics was closely related to slope condition, sediment mixture composition, and total 
mixture volume. The flow velocity increased as flume slope increased, and sediment viscosity decreased caused by 
low clay contents. The flow depth becomes deeper in larger volume of mixtures. The impact force of debris flow was 
positively correlated to both the flow velocity and the flow depth, and it can be well explained by the hydrodynamic 
model. Using the hydrodynamic model, coefficient “a” was calculated about 2 with Froude number ranging from 2 to 
6.  
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Abstract 

Debris flows have become a common disaster in Taiwan in recent years since the impacts of extreme weathers has been aggravated. 
To protect people from the debris-flow disasters, a monitoring and warning system was developed by Soil and Water Conservation 
Bureau (SWCB) in Taiwan. The rainfall-based criteria are used in Taiwan for debris flow warning. Different to rainfall 
measurement, the ground surface vibrational signal from a debris flow has been studied more widely in recent years. Sensors of 
geophone (short period seismograph) and broadband seismograph are commonly used for debris flow monitoring. In this paper, 
the signal analysis of debris flows was performed by calculating the vibrational energy. The comparison of the analysis results 
indicated that when the energy ratios of at least two of the axes are greater than 1.12, a debris flow is highly likely to occur. The 
starting point in the increasing trend of vibrational energy implied the possible warning time point for debris flow. Vibration 
examples of debris flow and earthquakes were also compared in this paper. 

Keywords: debris flow; vibrational energy; signal analysis; geophone 

1. Introduction

According to World Bank reports (Dilley et al., 2005), Taiwan is classified as a high-risk area of many types of
natural hazards. Among the natural hazards, the slope-related hazards, landslides and debris flows, are the two most 
serious disasters to people in Taiwan (Huang et al., 2016). With the increasing impacts of climate change and extreme 
weathers, Taiwan has suffered more from seasonal heavy rainfalls and typhoons than usual. To protect people from 
the impacts of debris flows, Taiwan government, Soil and Water Conservation Bureau (SWCB), started to build debris-
flow monitoring stations and a warning system since 2002. Currently there are 19 debris-flow monitoring stations in 
Taiwan. Most of the stations are located in central Taiwan. 

The warning system developed by SWCB for debris-flow disasters was primarily based on the estimation and 
prediction of rainfalls. The warning model was derived from researches in which the rainfall was widely used as the 
major triggering factor for debris flows (Jan et al., 2003; Jan and Lee, 2004; Lee 2006). The measurement of rainfall, 
however, is an indirect measurement of debris flows (Huang et al., 2013). The rainfall warning is useful for disaster 
response but usually results in "false alarms”. Another measurement used to identify the occurrence of debris flows 
was to apply geophone (short period seismograph) and broadband seismograph (Chu et al., 2014; Huang et al., 2012), 
which are direct measurements of debris flows (Huang et all, 2013). Geophones and broadband seismographs detect 
the ground surface vibrations generated by the movement of a mixture of rocks, gravels, and soil within a debris flow. 
The vibration signals of debris flows cases in Shenmu, Taiwan, were used and analyzed in this paper to discuss the 
characteristics of debris flows. The energy of debris-flow vibrational signals was the focus of discussion in this paper. 
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2. Study Area and Case Histories

The Shenmu Debris-Flow Monitoring Station is located at the Shenmu Village in central Taiwan, where debris
flows frequently occur (Lee et al., 2014). The local village is adjacent to the confluence of three high-potential debris-
flow torrents: Aiyuzi Stream (DF226), Huosa Stream (DF227) and Chushuei Stream (DF199). Table 1 summarizes 
the environment of the Shenmu area and Fig. 1 shows the terrain of the three aforementioned streams. The length of 
streams and catchment areas are summarized in Table 2, as well as the landslide areas at Shenmu area after 2009. In 
Shenmu, the debris flows commonly occurr at the Aiyuzi Stream due to its shorter length and large landslide area 
located in its upstream (Huang et al., 2013). Some of the debris flows that happened in the Aiyuzi Stream, along with 
other debris flows that transpired in the Shenmu area, were considered for this paper. Table 3 contains a list of debris-
flow occurrences in the Shenmu area. 

Table 1. Environment of Shenmu Monitoring Station (Huang, et al., 2013) 

Location Shenmu Village, Nantou County Debris Flow No. DF199, DF227, DF226 
Catchment Zhuoshui River Streams Chusuei, Huosa, Aiyuzi 
Debris Flow Warning Threshold 250 mm Hazard Type Channelized debris flow 
Monitored Length 5.518 km Catchment Area 7,216.45 ha (Shenmu) 
Geology Neogene sedimentary rock Slope at Source 30~50° 

Landslide area Large, 1%≦ landslide ratio ≦5％ Sediment Average debris material size: 3”-12” 
Vegetation Natural woods, medium sparse Damaged by debris, overflow 
Engineering Practice None Priority of Mitigation High 
Station Elevation 1,187 m Coordinate (TWD97) X: 235367    Y: 2602749 

Protected Targets Residents Facility Transportation 
> 5 households school roads, bridges 

(a)  (b) 

Figure 1. The terrain (a) and landslide areas (b) of Shenmu area. (Lei et al., 2014) 

Table 2. The landslide area in Shenmu after 2009 (Huang, et al., 2013) 

Debris Flow No. Stream Length (km) Catchment Area (ha) Landslide Area (ha) 

DF199 Chusuei Stream 7.16 861.56 33.29 

DF227 Huosa Stream 17.66 2,620 149.32 

DF226 Aiyuzi Stream 3.30 400.64 99.85 
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Table 3.  Debris flow hazard history of Shenmu (after Huang, et al., 2013) 

Date Event Location (stream) Occurrence Hazard Type 
2004/6/11 - Aiyuzi 16:42 debris flow 
2004/7/2 Typhoon Mindulle Aiyuzi 16:41 debris flow 

2005/7/19 Typhoon Haitang Chusuei, Aiyuzi - flood 
2005/8/4 Typhoon Matsa Chusuei, Aiyuzi - flood 
2005/9/1 Typhoon Talim Chusuei, Aiyuzi - flood 
2006/6/9 0609 Rainfall Chusuei, Aiyuzi about 08:00 debris flow 

2007/8/13 0809 Rainfall Chusuei - flood 
2007/8/18 Typhoon Sepat Chusuei - flood 
2007/10/6 Typhoon Krosa Chusuei - flood 
2008/7/17 Typhoon Kalmaegi Chusuei - flood 
2008/7/18 Typhoon Kalmaegi Aiyuzi - flood 

2009/8/8 Typhoon Morakot Chusuei,Aiyuzi, 
Huosa 

08:00 (landslide) 
16:57 (debris flow) landslide, debris flow 

2010/9/19 Typhoon Fanapi Huosa - flood 
2011/7/13 - Aiyuzi 14:33 debris flow 
2011/7/19 0719 Rainfall Aiyuzi 03:19 debris flow 

2011/11/10 1110 Rainfall Aiyuzi 13:17 debris flow 

2012/5/4 0504 Rianfall Aiyuzi 15:56 
16:09 debris flow 

2012/5/20 - Aiyuzi 8:15 flood 

2012/6/10 0610 Rainfall Aiyuzi 10:34 
15:14 debris flow 

2012/6/11 0610 Rainfall Chusuei 17:08 flood 
2013 0517 Rainfall Aiyuzi 07:02 (May 19) debris flow 
2013 Typhoon Saulik Aiyuzi 06:54 (July 13) debris flow 
2013 Typhoon Trami Aiyuzi 22:41 (Aug. 21) flood 
2014 0520 Rainfall Aiyuzi 12:53 (May 20) debris flow 

2017/6/01 0601 Rainfall Aiyuzi 11:40 (June 02) debris flow 

3. Shenmu Debris-Flow Monitoring Station

The Shemu monitoring station includes sensors and instruments including a rain gauge, water level meter, wire
sensor, soil water moisture sensor and CCD camera. The station has a data center to receive and transmit debris-flow 
information from the site to the emergency operation center (EOC). Fig. 2 shows the monitoring layout at Aiyuzi 
Stream and the other two streams. Among these sensors, the rain gauges measure the rainfall, a major cause of debris 
flow, in real-time manner and are usually used for warning criteria. The wire sensors, geophones and broadband 
seismographs function as indicators when a debris flow actually occurs. Unlike the other sensors, the CCD camera is 
used for identifying, in real-time, if a triggered warning is a "false alarm" or a real debris flow. The camera is also 
used to capture images of the debris flow. 

Figure 2.  Shenmu Debris-Flow Monitoring Station, Shenmu, Nantou, Taiwan. 
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4. Characteristics of Vibration Signals

The events in Table 4 were used for signal analysis and discussion in this paper. Two earthquake events were
included in order to compare the signal characteristics with those of debris flows. The signal was studied and analyzed 
by means of time-series data (original velocity records), Fast Fourier Transform (FFT), and Gabor Transform (Huang 
et al., 2016). Typical vibrational signal in the time-domain is illustrated in Fig. 3. The vibrational signal of Hualien 
Earthquake event is shown in Fig. 4. It is noted that the signal patterns of debris flow and earthquake are different. 
Earthquake signals had more apparent and intensive responses than a debris flow in the low frequency range (i.e., less 
than 5 Hz). This is because an earthquake usually generates stronger energy and the vibration propagates a longer 
distance than a debris flow. 

Table 4.  Events selected for analysis. 

Year Event Max. hourly 
rainfall (mm) 

Flow speed 
(m/s) 

Warning 
announced* 

Debris flow 
arrived** 

Debris 
Flow? 

Debris Flow 
Scale 

Used for analysis 
(G or BS)**** 

2011 1110 Rainfall 17 1.77 13:18 13:29 Y medium G 
2012 0504 Rainfall 11.5 NA NA 16:09 Y small G 
2013 0517 Rainfall 45.5 NA NA 07:02 Y medium G 
2013 0530 Heavy Rainfall 15 ~1.0 NA ~15:24 Y small BS 
2013 Typhoon Saulik 51.5 8.52 6:47 6:54 Y large G & BS 

2014 0520 Heavy Rainfall 39.5 4.87 NA*** 12:53 Y medium to 
large G & BS 

2017 
2/11 

0211 Tainan 
Earthquakea (01:12) NA NA NA NA N NA G 

2018 
2/06 

0206 Hualien 
Earthquakeb (23:50) NA NA NA NA N NA G&BS 

*, **: the time recorded based on the geophone at the upper stream of Aiyuzi River.  ***: communication unstable, no records. 
****: G for geophone (GS-20 DX) and BS for broadband seismograph (Yardbird DF-2) 
a: epicenter at (22.87N, 120.14E), M=5.7 (Richter scale), distance to Shenmu station is about 103,394 m. 
b: epicenter at (24.10N, 121.73E), M=6.2 (Richter scale), distance to Shenmu station is about 109,231 m. 

(a) 

(b) 

Fig. 3. Comparison of original signals of geophone. (a) Nov. 10, 2011 (b) 0520 Rainfall (after Huang et al., 2017). 
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(a) (b) 

Fig. 4. Vibration signals of 0206 Hualien Earthquake at Aiyuzi stream, Shenmu (a) geophone (b) broadband seismograph 

The vibrational signal of ground surface is used for debris flow monitoring more widely than before in recent years. 
The major goal is to understand the characteristics of debris-flow signals and to be used for debris flow warning if 
possible. For this attempt, Huang et al. (2017) studied the in-situ data and pointed out that the intensity of frequency 
of 0~10 Hz reflects longer periods of signals observed usually a few minutes earlier than debris flows reached the 
location of geophones in some cases. However, the capability of capturing the low frequencies requires expensive 
high-resolution sensors, and this may not applicable in most cases. Therefore, another approach of estimating the 
energy of signals was tried and proposed to help debris flow early warning. Fig. 5 shows the energy per second 
estimated from the vibrational signals and energy per minute for signals of 0~31.25 Hz. It is obvious form the figure 
that peaks are at time close to the arrival of debris flow (jumps in the figure), in both time series of signal and energy. 
Also, the energy increases before reaches the peak. This finding provides a hint to determine if a debris flow is coming 
by calculating the change of vibrational energy with time. The energy change, i.e., the energy ratio in this study, was 
estimated by simply comparing the current vibrational energy with the background average value. The background 
average energy was defined as the average energy of all available data before the time point after which the vibrational 
energy started to rise clearly. For the purpose of early warning, different time steps of 10, 20, and 30 second were used 
to calculate the energy ratio.  

Table 5 shows the accumulated signal energy ratios from signals of 0~31.25 Hz and original signals. The higher 
ratios in the table indicated larger debris-flow scale, which was compliance with observations. The ratio of 
accumulated energy also implies that when the energy ratios of X, Y, Z axes are all or two of them greater than 1.12, 
a debris flow is highly likely to occur. Fig. 6 shows examples of vibrational energy of different time steps. It is noted 
that there is an increasing path of energy in all time-step estimates. The increasing path is useful to determine the 
tuning time point on which the early warning is based. Compared to the debris flow events, there were peaks of the 
vibrational signal energy of earthquakes (Fig. 6), but these are “lonely” peaks, indicating an abrupt jump without an 
increasing trend in time. The case of 0517 Rainfall in 2013, however, is an exception that has energy ratios of about 
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1.0, different to others in Table 5. This can be explained by the signal data in which there is no obvious peak in the 
energy time series (Fig. 7). 

(a)  (b) 

Fig. 5. Energy of vibrational signals (a) 0504 Rainfall in 2012 (b) 0520 Rainfall in 2014. 

Table 5. Accumulated Signal Energy Ratio (geophone at Aiyuzi upstream, Shenmu) 

Year Event (date) 
0~31.25 Hz Energy 

Ratio*, per min. 
0~250 Hz Energy Ratio*, per time step 

axis 10 sec 20 sec 30 sec 

2011 1110 Rainfall (11/10) 
X** 2.70 X 9.49 5.95 4.08 
Y** 3.52 Y 19.92 11.42 7.80 
Z** 2.40 Z 4.94 3.43 2.38 

2012 0504 Rainfall (5/04) 
X 1.91 X 1.67 1.65 1.60 
Y 1.21 Y 1.15 1.13 1.12 
Z 1.03 Z 1.03 1.03 1.03 

2013 0517 Rainfall (5/17) 
X 1.01 X 1.01 1.01 1.01 
Y 1.07 Y 1.07 1.04 1.01 
Z 1.03 Z 1.11 1.05 1.02 

2013 Typhoon Saulik (07/13) 
X 284.91 X 176.06 163.72 143.78 
Y 255.05 Y 142.53 122.82 123.89 
Z 105.10 Z 60.80 56.53 63.48 

2014 
0520 Heavy Rainfall 
(05/20) 

X 3.83 X 3.83 3.83 3.70 
Y 2.45 Y 2.46 2.43 2.35 
Z 6.01 Z 6.02 5.96 5.91 

2017 
Tainan Earthquake 
(02/11) 

X 1.54 X 2.16 1.67 1.48 
Y 1.24 Y 1.38 1.21 1.19 
Z 1.47 Z 1.79 1.49 1.33 

2018 
Hualien Earthquake 
(02/06) 

X 3.16 X 3.25 2.48 2.30 
Y 1.69 Y 1.78 1.53 1.55 
Z 2.51 Z 2.45 2.04 2.05 

*Energy Ratio = max. value / background value  **X and Y axes are plane directions perpendicular and parallel to the flow 
directions, respectively, and Z axis is the vertical direction perpendicular to X-Y plane. 
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(a)   (b) 

(c)                                                                                        (d) 

Fig. 6. Signal energy of study cases. (a) 0504 Rainfall, 2012 (b) 0520 Rainfall, 2014 (c) 0211 Tainan Earthquake, 2017 (d) 0206 Hualien 
Earthquake, 2018  

5. Conclusion

This study evaluated the vibration signals of debris flows and earthquakes observed in Shenmu area. The
characteristic frequency of debris flow is in the range of 0~31.25 Hz. In contrast with the debris flow, the characteristic 
frequency of earthquake is in the lower range of 0~10 Hz. The cumulative signal energy intensity was studied and 
found to be useful in determine the status of debris flow. A debris flow was highly likely to occur when the energy 
ratio of axes (X, Y, Z) are or two of them greater than 1.12, based on the cases in this paper. It is also noted that the 
increasing path of accumulated energy based on different time steps was useful to determine the turning time point. 
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The findings of energy ratio, in association with frequency characteristics, was practically promising for debris flow 
monitoring.  

Fig. 7. Signal energy of 0517 Rainfall, 2013  
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Abstract 

Debris-flow events are often comprised by a sequence of surges, sometimes termed roll waves.  The reason for this surging behavior 
is still a matter of debate. Explanations include the growth of hydraulic instabilities, periodic sediment deposition and release, or 
grain size sorting. Also, the shape and the velocity of single surges and the implications for hazard mitigation are hard to predict. 
Here we present results of several years of monitoring debris-flow events at the Lattenbach creek (AUT). The monitoring system 
includes radar sensors for measuring flow depth at different locations along the channel, as well as a 2-D rotational laser sensor 
installed over a fixed cross-section that yields a 3-D surface model of the passing debris-flow event. We find that the debris flows 
at Lattenbach creek exhibited surges for each observed event. The celerity of the surges were up to twice as high as the front 
velocity. Often, the first surges had highest flow depth and discharge, and showed an irregular geometry. Video recordings reveal 
that this might be connected to the presence of large boulders and woody debris. On the contrary, the shape of the surges in the 
second half of the flow, which carried smaller grain sizes and less woody debris, were rather regular and showed a striking 
geometric similarity, but still high velocities. We tested a recently derived wave equation based on hydraulic theory and found that 
the shape of these regular roll waves can be reasonably reproduced by that model. The results of our monitoring efforts aim to 
improve our understanding of the surging behavior of debris flows and provide data for model testing for the scientific community. 

Keywords: debris-flow surges, roll waves, 2-D laser, wave equation 

1. Introduction

Debris flows are commonly described as one or more surges of unsorted sediment and water, sometimes having
steep, granular front followed by an more dilute body (e.g. Stiny, 1910; Pierson 1986; Marchi et al., 2002; McArdell 
et al., 2007; McCoy et al., 2013; Okano et al., 2012; Comiti et al., 2014).  A hydraulic approach to explain the 
development of several surges is based on the observation that in steady uniform flows small perturbations can amplify 
without external forcing to create roll waves when a certain flow intensity threshold is exceeded (Dressler, 1949). 
Concepts based on hydraulic theory were applied to Newtonian (Dressler, 1949), non-Newtonian (e.g. Ng and Mei, 
1994; Zanuttigh and Lamberti, 2007; Longo, 2011; Arai et al., 2013), and granular flows (e.g. Forterre and Pouliquen, 
2003; Di Cristo et al., 2009).   

Another explanation for the development of surges in flowing debris is connected to the two-phase nature of debris 
flows. By dynamic grain size segregation (Johnson et al., 2012), patches of coarse sediment might develop. These 
regions of higher flow resistance progressively grow to form wave fronts, which ultimately might de-couple from the 
flow ahead. Iverson et al. (2010) described this mechanism for roll waves developing during large-scale debris-flow 
experiments.   

In natural channels, surge development might also be connected to discrete sediment input from landslides or bank 
failure, and/or channel bed erosion. In a study combining high-resolution hydrologic and geomorphic monitoring data 
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in a recently burned watershed, McGuire et al. (2017) conclude that the mechanism for debris-flow surge initiation is 
likely connected to en-mass failure of sediment stores that were periodically deposited in the channel during a storm 
event (cf. the sediment capacitor model of Kean et al., 2013).   

Independent of the initiation mechanism surges traveling downstream typically show non-equal velocities 
(“celerities”) and are often faster than the mean velocity of the debris flow, which is close to the front velocity. 
Therefore fast surges may cannibalize slow ones and eventually may overtake the front of the flow. This leads to a 
continuous change of the stage hydrograph.  Field data on surge development, surge celerities and shapes are rare (cf. 
review by Zanuttigh and Lamberti, 2007), and there are also only few approaches to model the downstream 
deformation of single waves (Arai et al., 2014). In this contribution we present and analyze monitoring data of observed 
debris flows from 2015 to 2017 at Lattenbach creek, Austria.    

2. Study area

The Lattenbach creek is a tributary to the Sanna river in the western part of Austria (Tyrol province). The Lattenbach
drains an area of about 5.3 km², flows through the village of Grins and confluences with the Sanna river at the 
community Pians (Fig 1a). The watershed is located at the transition between the so-called crystalline Alps and 
limestone formation of the northern Alpine chain. This tectonically heavily stressed and rugged terrain has deep seated 
landslides, constantly feeding the channel with fresh sediment. This geomorphological activity is expected to be 
connected to the frequent occurrence of debris flows in the watershed. 

Fig. 1. (a) Overview and location of the study site Lattenbach; (b) photo of the monitoring site Grins. 

3. Methods

A meteorological station is located around 300 m west of the Lattenbach catchment at an altitude of 1820 m a.s.l.
The measured parameters at site Dawinalpe include temperature, humidity, radiation, snow height, and rainfall. 
Rainfall data was recorded at an interval of 10 min. A channel monitoring system was installed at two locations at the 
lower reach of the channel. Over the years several modifications were made to improve the system. Here we describe 
the most recent configuration. Site Grins (Fig 1b) is located about 1.3 km upstream of the confluence with the Sanna 
river at the end of a reach of check dams and consists of two radar distance sensors (S1 and S2) for measuring flow 
height (type Vegapuls WL 61, accuracy +/- 2 mm), a rotational laser scanner (type Sick LMS511-20190, accuracy +/- 
3 %), and a digital video camera (type Mobotix M16). The measurement frequency of the radar sensors is 2 Hz and 

a 

b 
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that of the rotational laser scanner 36 kHz, with a rotation rate of 25 per second. The laser scanner data was binned at 
0.25° intervals and averaged over five consecutive rotations, yielding five data points per bin per second. After 
transformation into Cartesian coordinates, mean values over one second were computed for better visualization. The 
distance between S1 and S2 is 47 m. Since all sensors are located at the overflow section of a check-dam, channel 
erosion is limited to the height of temporary minor deposits from fluvial bedload transport. The laser sensor is installed 
at the same location as the upstream sensor S1. At the channel banks additionally seismic sensors (types Sercel SG-5, 
Lennartz electronics LE-IDV; sampling rate 100 Hz) were installed. 

To record the wave deformation over an extended distance, site Pians was installed 1.14 km downstream of station 
Grins, at a location 0.15 km upstream of the confluence with the Sanna river. Only one flow depth sensor S3 (type 
Sommer UPM-10, accuracy +/- 10 mm) with a measurement frequency of 2 Hz and a digital video camera (type 
Mobotix M16) was installed.  The monitoring system is triggered when one of three conditions are met: a voltage 
signal from a ripcord upstream of the station Grins, a seismic threshold at Grins, or a flow depth threshold 0.5 m at 
S1. The front velocity and the celerity of single surges was estimated by manually determining the travel time of the 
front and the peaks of the surges between sensors S1 and S2. Additionally, surface velocity was measured with a high-
frequency Doppler radar system (HF radar, IBTP Koschuch), which was tested and described in Huebl et al. (2018). 
Based on the fixed cross-section shape, measured hydrograph and estimated front and surge velocities, the discharge 
and the total volume have been estimated.  

4. Results

4.1. Debris flows 2015-2017 

Between 2015 and 2017 six debris-flow events were registered, with two events occurring on the same day (August 
9th, 2015). All of the events were triggered by convective rainfall events, with (measured) precipitation durations at 
site Dawinalpe between 30 and 120 minutes and precipitation sums between 4 and 24 mm (Fig 2). All of the events 
displayed several surges, with a maximum of more than 50 surges for the event on September 10th, 2016. For three out 
of six events the maximum peak discharge was associated with the first surge and were estimated with 47, 60, and 65 
m³/s. The maximum observed peak discharge was registered for the event in 2016, with 143 m³/s, exceeding the 
engineering design discharge of the 150 year flood event (~30 m³/s) more than four times. We do not find a correlation 
between rainfall volume and total event volume.  

4.2. Debris-flow event on September 10th, 2016 

For the debris-flow event in 2016 we counted more than 50 surges. The combined information of cross-sectional 
flow depth variations (3-D hydrograph, Fig 3) and surface velocity with time shows that a sequence of very irregular 
surges with a wide variety of surface velocities (t ~ 3250 – 3900 sec) is followed by a period of relative regular surges 
with velocities around 8 m/s and inter-surge velocities < 1 m/s (t ~ 3900 – 4330). The time refers to the start of data 
recording at around 6:00 pm. The debris-flow event lasted another 30 minutes with some minor surges and generally 
a more uniform flow depth and surface velocity as shown in Fig 3. 
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Fig. 2. Overview of debris-flow stage hydrographs, recorded rainfall sums and calculated cumulative debris-flow volumes at the Lattenbach creek 
for the period 2015-2017. The value of HQ150 = 30 m³/s is based on an engineering hydrological assessment by public authorities.   

Fig. 3. 3-D hydrograph and surface velocity of surges of the debris-flow event at Lattenbach on September 10th, 2016.  
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In Fig 4 we compare the hydrographs measured at site Grins (S1) with the hydrograph measured at site Pians (S3), 
which is 1.14 km downstream of Grins. The mean travel time of the front was about 4 min and 16 sec, yielding a mean 
front velocity of 4.5 m/s. The manually derived celerity of the surges at site Grins varied between 4 and 12 m/s (Fig 
4a). It is interesting to see that the fast moving surges eventually merged with preceding slower ones, leading to one 
big first surge that seemed to be slightly detached from the rest of the flow (Fig 4a-b). The tail of the flow again 
displays rather regular surges, but with a reduced number. The generally high flow height at site Pians can be explained 
by the bedrock reach at Pians, which is much more narrow compared to the cross section at site Grins. To test the self-
similarity of the shapes of surges we overlaid the regular, non-coalescing surges in the back of the flows at both sites. 
We find that surges after a longer travel distance are more similar than the ones at the upper station (Fig4 c-d). We 
speculate that this might be connected to internal flow dynamics of the very fine grained flows rather than external 
forcing, e.g. from lateral or basal sediment input.  

Fig. 4. Stage hydrographs of the debris-flow event at Lattenbach on September 10th, 2016, at the site Grins (a) and the site Pians (b); blue boxes 
mark the surges used to calculate average normalized surges at site Grins (c) and site Pians (d).  

5. Discussion

We tested whether the shape of the visually undisturbed (non-coalescing) surges in the back of the flow can be
modelled by hydraulic theory. For this, we compared the non-dimensional shape of the surges with a recently 
developed wave equation for roll wave deformation. The derivation of the equation goes beyond this contribution. A 
summary of the model can be found in Arai et al. (2014) as well as in the proceeding of this conference. For the 
simplified case of a linear velocity profile the wave equation reads 

𝜕𝜕𝜕𝜕′
𝜕𝜕𝜕𝜕′

+ 3
2
𝜂𝜂′ 𝜕𝜕𝜕𝜕′

𝜕𝜕𝜕𝜕′
= 𝜇𝜇 𝜕𝜕2𝜕𝜕′

𝜕𝜕𝜕𝜕′2
 (1) 

where η′ is the dimensionless variance of the mean flow height (i.e. η′ = 0 equals mean flow height), ξ′ is a 
dimensionless coordinate traveling with the mean wave celerity (i.e. ξ′ = 0 is the center of the surge, ξ′ > 0 is towards 
the front, and ξ′ < 0 is towards the tail), τ′ is the dimensionless time, and µ is a measure for the mean flow velocity. 
In this equation, all information on flow resistance in packed into the information of mean flow height and mean flow 
velocity, and therefore does not require a pre-defined rheologic flow model. Fig 5 shows a comparison of the model 
predictions with the observed surges displayed in Fig 4c. We see a reasonable agreement the between the model and 
the observation; however, we must note that the variations of the observed surges at Grins are high compared to a later 
state of the event as observed at site Pians (data from site Pians could not be used for comparison with the model, 
because the no velocity measurements are available).  
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Fig. 5. Comparison of the normalized waves recorded at Lattenbach on September 10th, 2016, at the site Grins with model predictions using 
Equation 1.  Parameters 𝜂𝜂′ and 𝜉𝜉′ are as explained in the text; the flow is from left to right.  

6. Conclusions

In this contribution we presented monitoring data of debris flows occurring from 2015 to 2017 at the Lattenbach
creek, AUT. In total six events were recorded with event volume of ~ 45,000 m². Though there was a significant 
variation of event volumes, velocities, and water content (visually assessed from videos), the events showed some 
common features. All events were triggered by short, intensive rainfalls, all events occurred as a sequence of several 
surges, and 5 out of 6 events exceeded the engineering design water discharge with a return period of 150 years. A 
rotational laser scanner together with a high-frequency Doppler radar were successfully tested and the data will be 
further analyzed. The events with a large event volume showed irregular surges at the front of the flow, which were 
associated with large boulders and woody debris. At a later stage the surges appeared more regular and were used for 
comparison with predictions from a new wave equation from hydraulic theory. All surges had higher velocities 
(celerities) than the front. For the largest event (2016) we observed a significant transformation of the hydrograph 
over a distance of more than 1 km resulting in a very large frontal surge and a reduced number of smaller surges.  
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Abstract 

The instrumental monitoring of torrential catchments is a fundamental research task and provides necessary 
information to improve our understanding on the mechanisms of debris flows. While most monitoring sites include 
meteorological sensors and analyze the critical rainfall conditions, only very few contain soil moisture measurements. 
In our monitoring site, the Rebaixader catchment, 11 debris flows and 24 debris floods were detected during the last 
nine years. Herein, the initiation mechanisms of these torrential flows were analyzed focusing on the critical rainfall 
conditions and the soil water dynamics. Comparing the temporal distribution of both rainfall episodes and torrential 
flows, the Kernel density plots showed maximum values for rainfalls at the beginning of June, while the peak for 
torrential flows is at July 20th. This means that highest probability of debris flows and debris floods triggering is about 
1.5 months later than the one of rainstorms in the catchment. Thus, the antecedent rainfall and especially the soil 
moisture conditions may influence the triggering of torrential flows. In a second step, a new updated rainfall threshold 
was proposed including total rainfall duration and mean intensity. The analysis of soil moisture data was more 
complicated and no clear trends were observed in the dataset. Therefore, additional data has to be recorded in order to 
quantitatively analyze the role of soil moisture on the triggering of flows and for the definition of thresholds. Some 
preliminary results show that the soil moisture at the beginning of a rainfall event affects the maximum increase of 
soil moisture, while a slight trend was visible comparing the initial soil moisture with the necessary rainfall amount 
to trigger a torrential flow. 

Keywords: monitoring; rainfall infiltration; soil moisture; threshold; Pyrenees 

1. Introduction

Detailed data recorded at catchments with monitoring systems are necessary to improve our knowledge about the
triggering mechanisms of debris flows and other torrential processes. Herein, we present data recorded at the 
Rebaixader torrent, where torrential activity is high and a comprehensive time series on the initiation of debris flows 
and debris floods is available. In this study, we distinguish between the torrential flows using the classification of 
Hungr et al. (2001, 2014). 

There are three principal approaches to monitor and analyze debris-flows triggering. The most common approach 
focuses on rainfall measurements and generally defines thresholds for debris-flow triggering (e.g. Abancó et al., 2016; 
Bel et al., 2017; Coe et al., 2008; Deganutti et al., 2000). The second approach analyses the soil water dynamics by 
recording  moisture and/or pore water pressure in natural slopes of the catchment (e.g. Comiti et al., 2014) or in the 
channel bed (McCoy et al., 2012). The third approach investigates the channel discharge (e.g. Gregoretti et al., 2016). 

The present investigation focusses on the rainfall and the soil moisture measured at the Rebaixader catchment. The 
rainfall time-series covers the last 10 debris flow seasons (2009 to 2018), while the soil moisture records started in 
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2013. The main objective of the study is to improve our understanding on the initiation mechanisms of debris flows 
and debris floods. A secondary goal includes the definition of critical values or thresholds that are necessary 
information for the launch of early warning or alarm systems. 

2. The Rebaixader monitoring site

2.1. Settings 

The Rebaixader monitoring site is located in a small first order basin at the Southern Central Pyrenees, which shows 
a typical morphology of a torrential system (Fig. 1) developed in an old glacial valley. The catchment drains an area 
of 0.53 km2; the altitude ranges from 1350 m asl at the fan apex up to 2475 m asl at the highest peak. The debris flows 
and debris floods initiate in a steep bare scarp with a badland-like morphology and progresses to the channel zone. 
This latter is 150 m long and has a mean slope of 21º. At the bottom of the slope, the fan has area of 8.4 Ha and an 
average slope of 18º. 

The bedrock consists of Palaeozoic slates and phyllites formed during Hercyanian orogeny (Muñoz, 1992), while 
the soils include colluvium and glacial deposits. The main scarp is located in a thick lateral till, which consists of 
sandy gravels, and provides almost unlimited sediment availability.  

The climate conditions are affected by three principal factors: i) the west winds from the North-Atlantic, ii) the 
vicinity of the Mediterranean Sea; and, iii) the orographic effects of the Pyrenean mountain range. In the Pyrenees, 
the most common triggering rainfalls are on one side short duration and high intensity convective summer storms, and 
on the other side long-lasting rainfalls with moderate intensity during autumn (Hürlimann et al., 2003). 

a) b) 

Fig. 1. The Rebaixader monitoring site. (a) General view of the catchment with the open scarp, where the debris flows and debris floods initiate. 
(b) Situation of the monitoring stations used in this study (green dot indicates the rain gauge, light blue squares represent the infiltration stations 
and the red rectangle specifies the area where the sensors of the flow detection station are installed). 
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2.2. Monitoring description 

The monitoring in the Rebaixader torrent started in summer 2009 and includes at the moment five different stations. 
In this study, we used records of the two meteorological stations METEO-CHA and METEO-TOP, two infiltration 
stations (INF-SCARP1 and INF-SCARP2) and the FLOW-WR station, which detects and identifies the different 
torrential flows (Fig. 1). 

The principal rain gauge is METEO-CHA, which is installed in the lower part of the catchment. It is a standard 
tipping bucket rain gauge with a resolution of 0.2 mm (until 2015, the resolution was 0.1 mm). The rain gauge 
METEO-TOP was temporarily installed just above the main scarp and not used in this study. The infiltration stations 
are built in a steep (30-40º) bare slope at the highest part of the open scarp, which is actually stable but very close to 
the most active portion of the initiation zone. They consist of eight soil moisture sensors (Decagon 10HS) and two 
water potential sensors (Decagon MPS-2). This set-up is totally different to other sites in the literature, where soil 
moisture and pore water pressure are measured in the channel bed (McCoy et al., 2012). All of the monitoring stations 
have a sampling rate of 5 minutes.  

The most important part of the monitoring system forms the FLOW-WR station, which detects and allows 
classifying the flows. Sensors in this station include five geophones, one ultrasonic device, one radar sensor and one 
video camera. All these devices are located in the channel reach or at the highest part of the fan (Fig.1) and register 
the data at 1 Hz. Detailed information on the monitoring system is available in Hürlimann et al. (2014). 

3. Analysis of the rainfall data

Between July 2009 and September 2018 a total of 11 debris flows and 24 debris floods were observed. Rainfall 
data from METEO-CHA are available for all events except one debris flows, which was measured by METEO-TOP. 
Moreover, 446 rainfall episodes that did not trigger any important torrential flow were selected. Rainfall parameters 
like duration (D), total rainfall (Ptot), mean intensity (I) and maximum intensity for different durations (e.g. Imax_5min 
for 5 minute), were evaluated. An important and critical task during the rainfall analysis is the definition of the total 
rainfall duration. Herein, this parameter was determined by the condition that no rainfall was observed one hour before 
and after the episode. 

In the first step, the rainfall events were analyzed searching for seasonal or cyclic patterns using Kernel density 
plots. The Kernel density is a method to estimate the density of a sample smoothly by removing the dependence of the 
end points of histogram bins centering the blocks at each data point (Duong, 2001). The temporal distribution of all 
the 481 rainfall episodes (both triggering torrential flows or not) is plotted in Figure 2a. The results show that the 
highest density for the rainfall episodes is at 14:00 UTC and between April and July, with a maximum at June 5. If 
this density plot is compared with the one of debris flows and debris floods occurrence (Fig. 2b), some interesting 
facts can be observed. First of all, the maximum Kernel density for the triggering of torrential flows is shifted 45 days 
to July 20 and the range of high density values is between June and August. In contrast, the maximum density of a 
trigger is approximately at the same hour as for the rainfall episodes (13:00 UTC). The difference of the temporal 
occurrence between rainfall and triggering of torrential flows (about 1.5 months) may be associated with the effects of 
antecedent rainfall and the soil moisture evolution during late spring and early summer. The importance of antecedent 
rainfall and the corresponding increase of soil moisture has been reported many times in debris-flow and landslide 
research (Gregoretti and Dalla Fontana, 2007; Wieczorek and Glade, 2005), but until now no clear relation between 
antecedent rainfall and debris-flow triggering was observed at Rebaixader (Abancó et al., 2016). Nevertheless, a 
possible effect of snowmelt cannot be neglected for debris flows that occur in late spring or early summer (Hürlimann 
et al., 2010; Abancó et al., 2016). It must be stated that additional information of rainfall (intensity, duration or total 
rainfall) was not incorporated in the density plot. However, the measurements gathered at Rebaixader confirm the 
hypothesis that debris flows are generally triggered in summer by convective rainstorms of short duration and high 
intensity, while long-lasting rainfalls during spring normally not provoke events (Hürlimann et al., 2014).  
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a) 

b) 

Fig. 2. Temporal distribution of rainfall and torrential activity. Kernel density plots of 481 rainfall episodes (a) and 35 debris-flow or debris-flood 
events (b). 

In the second step, the rainfall threshold for the triggering of torrential flows was assessed. Abancó et al. (2016) 
already proposed two thresholds for the data registered during 2009 and 2014. The present dataset includes additional 
records of the last four years. Therefore, the threshold for the relation between total duration and the mean intensity 
was reconsidered and updated. The new threshold line was defined applying the following procedure: first, a power-
law trend line was fitted using the data of the 11 debris-flow triggering rainfalls. Then, the scale parameter defined in 
the previous step was reduced, keeping constant the exponent, until all the debris flows were located above the 
threshold line. The new updated threshold can be expressed by  

I = 11 D-0.74 (1) 

, where I is the mean intensity (in mm/hours) and D is the duration (in hours) of the rainfall events. Although the 
rainfall events, which triggered debris floods, were not used to define the threshold, it is noteworthy that most of them 
are located above the threshold. Indeed, only four debris floods (usually of small volume) did not fulfill the threshold 
condition. 
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Fig. 3. Relation between total rainfall duration and mean intensity for debris flows/debris floods triggering and non-triggering (no-trig) events. 
The resulting threshold is illustrated by the red line and expressed in Eq. (1). 

4. Analysis of the soil moisture data

The analysis of the soil moisture due to rainfall infiltration focuses on the station with the longest record (INF-
SCARP1). Figure 4 shows two examples of the soil moisture response during rainfalls that produced torrential flows. 
The soil moisture is given by the volumetric water content (VWC) and is measured at three different depths (-15, -30 
and -50 cm). The first case shows the fast response and sharp increase of the VWC at the three depths due to a short 
and intense rainstorm (Ptot = 15.8 mm in 3.3 h) that triggered a large debris flow of about 10000 m3. The second 
example illustrates the soil moisture response during a rainfall with a longer duration and smaller intensity (Ptot = 54.5 
mm in 7h), which triggered two debris floods with a total volume of about 2000 m3. In this case, the VWC slowly 
increased during about 2 – 3 h and maximum values were generally lower than in the first example, although the total 
rainfall is more than three times higher. A significant time lag occurred between the start of the rainfall and the increase 
of VWC. 

Unfortunately, soil moisture measurements are not available for all the debris flows and debris floods occurred in 
the site. Technical problems have been occurring many times, since maintenance is complicated in such a remote high-
mountain environment and because processes like soil thawing and freezing, rock falls and other slope instabilities are 
very common. Nevertheless, a complete record of rainfall and soil moisture is available for seven of the torrential 
events (three debris flows and four debris floods). Figure 5 shows the soil moisture values measured at -30 cm at INF-
SCARP1. The seven events are compared with soil moisture data from non-triggering rainfalls, which were selected 
for Imax_5min-values larger than 35 mm/h.  

The relation between the initial VWC before the rainfall and the increment of VWC due to the rainfall is presented 
in Figure 5a. A tentative trend is observed for the rainfalls that triggered torrential flows: a larger increase of soil 
moisture was measured when the soil was dryer at the beginning of the rainfall. In addition, maximum rainfall intensity 
recorded in 5 min were compared with the initial VWC (Figure 5b). A slight trend might be identified, which show 
that smaller rainfall is needed to trigger debris flows when the initial VWC is higher. Such a pattern was already 
observed during a rainfall analysis in Italy (Gregoretti and Dalla Fontana, 2007). 
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Fig. 4. Relation between rainfall and volumetric water content of the soil (VWC) during the triggering of torrential flows. Examples of 2013 July 
17th debris flow (a) and 2013 June 5th debris floods (b). VWC is measured at the three different depths of station INF-SCARP1. Vertical dashed 
lines indicate the moment of peak discharge observed at the FLOW-WR monitoring station.  

 a) b) 

Fig. 5. Comparison between rainfall and soil moisture corresponding to debris flows/debris floods triggering and non-triggering (no-trig). (a) 
Relation between initial volumetric water content (VWC initial) and the increment in volumetric water content (ΔVWC). (b) Relation between 
initial VWC and maximum rainfall intensity for 5 min duration (Imax_5min). 

5. Conclusions

Monitoring data on debris-flow triggering has been recorded in the Rebaixader catchment since 2009. A total of 11
debris flows and 24 debris floods were detected during this period. In this work, we focused on the initiation 
mechanisms of these torrential flows by analyzing the critical rainfall conditions and the soil moisture related to water 
infiltration into the soil. 
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The results show that most of the torrential flows in the test site occurred in summer (between June and August) 
and at around 13:00 UTC. In contrast, the highest probability of rainstorms is about 1.5 months earlier (between April 
and July), which supports the hypothesis that antecedent rainfall, snowmelt and/or soil moisture conditions are 
important for debris-flow triggering. The intensity and duration of rainfall is not included in this analysis, but previous 
studies at Rebaixader showed that most debris flows are provoked by short and intense rainstorms in summer, while 
spring rainfalls of lower intensity and longer duration normally do not trigger debris flows. In addition, a new updated 
threshold was defined including total duration and mean intensity of the rainfalls. 

Regarding the soil water dynamics, the VWC changes during rainstorms were analyzed. Preliminary results show 
that a higher soil moisture increment is produced when the soil is dryer at the beginning of a rainstorm. Comparing 
rainfall and soil moisture measurements, the data indicate that the maximum 5 minutes rainfall intensities required for 
the triggering of torrential flows are generally larger than the non-triggering rainfalls, as it could be expected. 
Moreover, it seems that the initial soil moisture content affects the values of the triggering rainfalls and smaller rainfall 
amounts are necessary to trigger a torrential flow when soil moisture content is higher at the beginning of the rainstorm. 
However, a complete data set is available only for a small number of events. Therefore, additional data are necessary 
to confirm the former hypothesis and to define threshold values of soil moisture causing torrential flows. 
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Abstract 

Numerous debris flows have recently taken place frequently in Sakura-jima Island located at southwest in Japan due to rainfall 
events after ash deposition due to volcanic activities since 2010. Debris-flow measurement system with loadcell and pressure sensor 
(DFLP) had been applied for debris-flow monitoring (Osaka et al., 2014). In present study, a modified monitoring DELP system 
using load cells and a stainless-steel plate is employed. Mass density and sediment concentration are calculated using data obtained 
by the DFLP system and data measured by ultrasonic level meter and surface velocity by of image analyses of CCTV camera. 
(Results) Temporal changes of specific weight, sediment concentration and sediment volume of debris-flow in Nojiri and Arimura 
Rivers in 2014 were well measured using DFLP system. Sediment concentration and specific weight were calculated in both rivers,
and there are at least 10 data in Arimura River and 8 data in Nojiri River for calculations of temporal changes of mass density and 
sediment concentration since 2012 and 2014, respectively. Averaged sediment concentration near peak discharge are calculated as
0.441 in Arimura River and 0.279 in Nojiri River, respectively. However, values of calculated concentration do not always take 
correlation with rainfall depth before debris-flow occurrences. Data analyses continuously need by more data collections of debris-
flow events. 

Keywords: Debris flow; DFLP; Sakura-jima, Loadcell, Sediment Concentration, Specific Weight  

1. Introduction

Numerous debris flows have recently taken place frequently in Sakurajima Island, which is located at southern-
west in Japan, due to rainfall events after deposition of volcanic ash by volcanic activities since 2010, and the number 
of debris-flow occurrences has been gradually increasing though volcanic activities were active in 1980s there and the 
number of debris-flows occurrences decreased in 1990s to 2000s due to decrease of volcanic activities. The numbers 
of debris-flow occurrences are counted by the numbers of disconnected wire sensors. Many kinds of measurements 
have been carried out to evaluate flow characteristics of debris flows. In those monitoring, temporal changes of flow 
depth, discharge and bed profiles tried to be collected using ultrasonic sensors and video camera, and profiles of bed 
elevations were also monitored along the channel for longitudinal deposition and near river mouth in the sea using a 
sounding machine, that was for measuring bed elevation due to debris-flow deposition under the sea, to evaluate 
sediment runoff volume from river mouth. Sediment in debris-flow bodies was measured using a sampler box produced 
by an iron bucket. However, it was quite difficult to obtain continuous data for sediment discharge and the runoff 
volume due to debris flows.  

A modified debris-flow measurement system with loadcell and pressure sensor (DFLP) system, which is firstly 
installed in Switzerland (McArdell et al., 2007), using load cells and an iron plate was installed to evaluate flow 
characteristics of debris flows at the Arimura River No. 3 sabo dam in June in 2012 (Osaka et al., 2014). After the 
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installation in Arimura River, a system with small size of loadcell and iron plate without accuracy change of 
measurements was discussed for easier maintenance, and the newly modified three systems with an iron plate (1 m in 
width and 1 m in length) were installed transversely at the No. 1 sabo dam in Nojiri River in March in 2013. 

In present study, temporal changes of specific weight, sediment concentration and sediment volume of debris flow 
using DFLP systems in Nojiri and Arimura Rivers in 2014 were shown because of well measured data using DFLP 
system. Sediment concentration and specific weight were calculated in both rivers, and there are at least 10 data in 
Arimura river and 8 data in Nojiri river for calculations of temporal changes of mass density and sediment 
concentration since 2012 and 2014, respectively. Averaged sediment concentration near peak discharge are calculated 
as 0.441 in Arimura River and 0.279 in Nojiri River, respectively.  

2. Installation and modification of the DFLP

Figures 1 to 4 show plan view and longitudinal bed profiles of Noji river and Arimura River, respectively. Nojiri 
River is southern-west area in Sakurajima, and is with a watershed area 2.99 km2, bed slope 4.5 % measured from top 
of river to the river mouth and flow width 13.2 m at the Nojiri  sabo dam (see Figs. 1 and 2). Arimura River is
in southern-east area in Sakurajima with a watershed area 1.35 km2, bed slope 19% and flow width 20.5 m at the 
Arimura No. 3 sabo dam (see Figs. 3 and 4), though the information is shown in previous research (Osaka et al., 2014). 

Herein, in Arimura and Nojiri Rivers where debris flows take place frequently, the number of debris-flow 
occurrences in Arimura River exceeds 6 per year: e.g., 6 times in 2010, 6 times in 2011 and 9 times in 2012, and in 
Nojiri River exceeds 10 per year, e.g., 18 times in 2010, 10 times in 2011, 21 times in 2012 and 18 times in 2013 in 
Nojiri River. In Arimura river, debris-flow measurement system with loadcell and pressure sensor (DFLP) system was 
installed in June in 2012, and ultrasonic velocity meter was also set up in 2013 (Osaka et al., 2014). Measurements 
using a DFLP system on the bed can obtain temporal changes of data without disturbing debris-flow body. Flow 
discharge and depth are measured by image analyses of CCTV or ultra-sonic wave meter. Data sampling and 
collections system are introduced in the literature (Osaka et al., 2014).  

In Nojiri River, after the installation in Arimura River in 2012, a system with small size of loadcell and iron plate 
without accuracy change of measurements was discussed for easier maintenance against mechanical troubles and the 
newly modified three systems with an iron plate (1 m in width and 1 m in length) was developed and installed 
transversely at the No. 1 sabo dam in March in 2013, as shown in a picture in Figure 1.  

Fig. 1. Plan view of Nojiri River basin and installed various sensors for debris-flow monitoring (Osaka et al., 2014)  
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Fig. 2. Longitudinal bed profile of Nojiri River  

Fig. 3. Plan view of Arimura River basin and installed sensors for debris-flow monitoring (Osaka et al., 2014)  

Fig. 4. Longitudinal bed profile of Arimura River  

3. Typical debris flows monitored by the DFLP

3.1. Temporal changes of flow discharge, weight and pressure 

Many sensors have been installed (see Figures 1 and 3) to measure occurrence and runoff of debris flow, and those 
are as follows: Rain gauge on the bed, X-band MP Radar, ultrasonic water level meter, wire sensor, falling ash gauge, 
acceleration vibrograph (in only Arimura River) and CCTV camera in Arimura and Nojiri River. In Sakurajima Island, 
the number of debris-flow occurrences are counted by the numbers of disconnected wires of wire sensor and wires are 
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installed at the position of 60 cm, 120 cm and 180 cm on the bed surface to define debris-flow magnitude. In Arimura 
River, debris flow took place 13 times in 2014, and debris flows with middle magnitude were observed on June 27th, 
July 30th, August 29th and November 1st, among these events debris flows on June 27th were observed by the DFLP 
systems. While, in Nojiri River, debris flow took place 17 times in 2014, and debris flows with middle magnitude 
were observed on May 14th, June 21st, June 27th, July 9th, August 1st and November 1st. Debris flows on June 21st 
and 27th were measured by three DFLP systems in Nojiri River. In Arimura River, debris flows are observed by the 
DFLP system as shown in Figure 3, and sediment concentration of both coarse sediment and suspended & liquid phase 
can be estimated by data measured by the DFLP system and calculations (Osaka et al., 2014) as shown in Figure 5. 

Fig. 5. Flow chart for calculations of mass density and sediment concentration using data obtained by the DFLP system (Osaka et al., 2014) 

 Fig. 6. Temporal changes of rainfall depth, flow discharge, surface velocity and flow depth, and weight and pressure head on the bed, observed at 
Arimura River (Debris-flow events on 27th June in 2014)  
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Fig. 7. Temporal changes of rainfall depth, surface velocity and flow depth measured by ultra-sonic meters, pressure head and weight on the bed 
by the DFLP system in Nojiri River (Debris-flow events on 27th June in 2014) 

In present paper, monitored data and the related knowledge are introduced for debris-flow events measured well 
by the DFLP system in 2012 to 2015. In debris-flow events on 27th June in 2014, two debris-flow surges were 
observed with magnitude of 64.4 m3/s in peak discharge, 1.1 m in a depth and 13.8 m/s in surface velocity at Arimura 
River, because the flow width was not full in spill way of the sabo dam (around 4 m). Debris flows with one surge 
took place with magnitude of 1.0 m in peak flow depth at Nojiri River in the day. The velocity and flow depth are 
analyzed by image analyses of CCTV video camera in Arimura River, and by data of CCTV video camera and 
ultrasonic meter in Nojiri River.  

Figure 6 shows temporal changes of rainfall depth, surface velocity and flow discharge, as well as pressure head 
and weight on the bed, which are observed at Arimura River. Figure 7 shows temporal changes of rainfall depth, 
surface velocity and flow depth measured by ultra-sonic meters, pressure head and weight by the DFLP system at 
Nojiri River. In addition, two pressure gauges on the iron plate are set longitudinally with 50 cm in a distance, and the 
pressure differences are measured though the value of zero for each pressure meter is moving before events. Those 
debris surges can be observed well, and temporal changes of those data are compared with time of disconnected wires. 
Wire sensors are at downstream of the monitoring section in Arimura River and, whereas, wire sensors are at upstream 
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of the monitoring section in Nojiri River. Differences between arrival time of peak values and disconnected time of 
wire appear clearly, and travel time of debris flow is also measured with several sensors.  

3.2. Specific weight and sediment concentration   

Temporal changes of specific weight, sediment concentration and sediment volume of debris flow using data 
obtained by DFLP systems are calculated as flow chart shown in Figures 5, in Nojiri and Arimura Rivers in 2014, 
because of well measured data using DFLP system. Detail explanation for calculations of specific weight and sediment 
concentration are introduced in Osaka et al. (2014). Specific weight is the ratio of mass density of debris flow to clear 
water without a dimension and sediment concentration is volumetric concentration.  

The bed slope at the Nojiri No. 7 sabo dam test site is 1/7.6 (7.50 degrees) and the supposed equilibrium sediment 
concentration for the bed slope is 0.147 for a specific weight of 2.65 and an interparticle friction angle of the sediment 
particles of 34 degrees. The bed slope at the Arimura No. 3 sabo dam is 1/5.3 (10.7 degrees) and recently 1/14 (4.1 
degrees). The supposed equilibrium sediment concentration for the bed slope is 0.235 and 0.0721, respectively, for 
same values of physical parameters of sediment particles in Nojiri River.  

Figures 8 (a) to (b) are calculation data for sediment concentration, specific weight of debris flow, and sediment 
discharge rate for events on June 27th, 2014 in Arimura River. Figures 9 (a) to (c) also show calculation data in Nojiri 
River.  

In Arimura River, sediment concentration and specific weight are calculated as 0.463 and 1.76, respectively, on 
June 27th, 2014, and sediment discharge is totally calculated as 46,073 m3 in total surges and 22,656 m3 in second 
surge as shown in Figures 8. Temporal changes of specific weight and sediment concentration can be calculated during 
debris flow events using DFLP system. In addition, data for sediment concentration of debris flow is obtained by eight 
debris-flow events, and the averaged sediment concentration, which is averaged near peak of debris-flow surge, is 
0.441 during June in 2012 to September 2016 in Arimura River (see Table 1).  

Fig. 8. Calculated sediment concentration, specific weight of debris flow, and sediment discharge rate for events on June 27th, 2014 in Arimura 
River 

Fig. 9. Calculated sediment concentration and specific weight of debris-flow measured at left, center and right side, respectively (Debris-flow 
events on June 27th, 2014 in Nojiri River) 
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In Nojiri River, sediment concentration and specific weight (Fig. 9) were calculated such as 0.552 (left side), 0.667 
(center), 0.816 (right side) and 1.94 (left side), 2.13 (center), 2.38 (right side), respectively, in Nojiri River (on 27th 
in June, 2014). Effects of channel shifting on mass density and sediment concentration are clearly shown in 
measurements in Nojiri River, though the characteristics could depend on flow magnitude of debris flow. Sediment 
volume for solid and liquid phase is calculated using data in Figure 9. Total runoff sediment volume is 1,920 m3, and 
sediment volume of solid and liquid phase are estimated 1,781 m3 and 139 m3, respectively. Moreover, averaged near 
peak of debris-flow surge, is 0.279 during June in 2014 to June 2016 in Nojiri River (see Table 1).  

Table 1 lists calculated sediment concentration near peak stage by the DFLP system at Arimura River. Disconnected 
wire, accumulated rainfall depth and rainfall depth during 10 minutes before debris-flow occurrences are also listed 
in the table. Table 2 lists calculated sediment concentration and so on at Noriji No. 1 sabo dam like Table 1. Sediment 
concentration seems to be independent on rainfall intensity in Arimura and Nojiri River.  

Table 1. Sediment concentration of debris flow calculated by DFLP at Arimura No. 3 sabo dam

Time (y/m/d) Disconnected wire 
(1st, 2nd, 3rd) 

Sediment concentration 
near peak stage  

Rainfall depth 
(mm) (*) 

Rainfall depth during 
10 min. (mm) (**) 

2012/6/15 2 0.290 39.0 14.0 

2012/6/21 1 0.371 122 10.0 

2014/6/27 3 0.288 34.0 11.0 

2014/8/1 2 0.295 21.0 15.0 

2014/8/29 2 0.515 13.0 6.00 

2015/6/3 2 0.491 52.0 7.00 

2015/6/11 2 0.554 10.0 9.00 

2015/6/14 2 0.551 23.0 7.00 

2016/6/27 1 0.654 86.0 12.0 

2016/9/20 2 0.402 74.0 16.0 

Average  - 0.441 39.3 9.88 

(*) Accumulated rainfall before debris-flow occurrences 
(**) Maximum rainfall depth during 10 minutes before debris-flow occurrences (mm) 

Table 2. Sediment concentration calculated by DFLP at Nojiri No. 1 sabo dam

Time (y/m/d) Disconnected wire 
(1st, 2nd, 3rd) 

Sediment concentration 
near peak stage  

Rainfall depth 
(mm) (*) 

Rainfall depth during 
10 min. (mm) (**) 

2014/6/21 2 0.156 12.0 5.0 

2014/6/27 1 0.191 55.0 10.0 

2015/3/19 3 0.435 16.0 6.0 

2015/4/6 1 0.371 8.00 7.0 

2015/6/6 2 0.187 24.0 7.0 

2016/4/21 2 0.182 15.0 8.0 

2016/6/19 2 0.270 42.0 19.0 

2016/6/27 2 0.443 82.0 12.0 

Average  - 0.279 23.0 7.00 

(*) Accumulated rainfall before debris-flow occurrences 
(**) Maximum rainfall depth during 10 minutes before debris-flow occurrences (mm) 
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Estimated sediment concentration counts solid and liquid (mud) phase, and the value does not seem to be equal to 
the equilibrium sediment concentration of solid phase, that is coarse component of sediment. The bed slope at the 
Nojiri No. 7 sabo dam is 1/7.6 (7.50 degrees) and the supposed equilibrium concentration for coarse component of 
sediment is 0.147 for the bed slope, and the values of 0.235 and 0.0721 are also supposed respectively for the bed 
slope at the Arimura No. 3 sabo dam is 1/5.3 (10.7 degrees) and recently 1/14 (4.1 degrees). Meanwhile, averaged 
value of calculated sediment concentration is 0.279 and 0.441, respectively, using the DFLP system. Those values are 
almost twice than those of estimation by the equilibrium concentration for coarse components, and we need evaluate 
whether those differences are caused by liquid phase (mud), other factors and so on.  

4. Conclusions

Debris-flow measurement system with loadcell and pressure sensor (DFLP system) are developed by modification
of the DFLP proposed firstly in Switzerland, to almost directly measure temporal changes of debris flows. In Nojiri 
and Arimura Rivers in Sakurajima Island, DFLP systems were installed in March of 2013 and June of 2012, 
respectively. Temporal changes of debris-flow quantities need to be evaluated through stable measurement method 
such as direct measurements using the DFLP system, because of evaluation for internal flow structures of debris-flow 
surges. Several typical debris flows were measured by present methods. Results obtained using the DFLP in present 
study are summarized as follows.  
(1) Mass density and sediment concentration are calculated using data obtained by the DFLP system and data 

measured by ultrasonic level meter and surface velocity by of image analyses of CCTV camera. There are at least 
10 data in Arimura River and 8 data in Nojiri River for calculations of temporal changes of mass density and 
sediment concentration since 2012 and 2014, respectively. Especially, coarse components (solid phase) and liquid 
phase of debris flows can be estimated by calculations using the DFLP system, and those mass density and 
sediment concentration are calculated.  

(2) Estimations for sediment concentration for each event are compared to rainfall values such as the accumulated 
rainfall before debris-flow occurrences and maximum rainfall depth during 10 minutes before debris-flow 
occurrences. Averaged value of calculated sediment concentration is 0.279 and 0.441 based on measured data 
obtained from DFLP systems in Nojiri No. 1 sabo dam and Arimura No. 3 sabo dam, respectively.  

(3) However, values of calculated concentration do not always take correlation with rainfall depth before debris-flow 
occurrences. Data analyses continuously need by more data collections of debris-flow events.  
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Abstract 

The Rieu Benoît is a debris-flow-prone catchment located in Valloire (Savoie, France). In 2011, a lateral landslide was detected 
about 600 m upstream of the fan apex where houses are present. This landslide has evolved slowly since 2011 but is likely, in 
case of rapid collapse, to provide up to 150,000 to 200,000 m3 of material to the channel and generate intense debris flows thus 
threatening human settlements on the fan and in the Valloire ski resort. This paper presents a contribution to the definition of a 
protection strategy based on the principle that a catastrophic evolution of the landslide can be detected sufficiently in advance to 
set up an effective alert procedure. Such early warning system can be designed provided (i) the landslide is instrumented to 
properly detect its evolution and characterize the volumes likely to mobilize into debris flows, this is carried out using 
photogrammetric, seismic, and electrical techniques; (ii) the interaction between the landslide and the channel is observed and 
sufficiently understood, this is carried out using a time-lapse camera taking a picture every two hours and at higher frequency 
once a flow is detected by a geophone; (iii) subsequent debris flows are observed and characterized in terms of flow thickness 
and velocity, this is carried out at a monitoring station located at the fan apex and equipped with a radar flow stage sensor and 
three geophones; (iv) consequences on urbanized areas are evaluated a priori on the basis of scenarios, this is carried out by 
simulating the spreading of debris flows for different volumes and material properties. The final step consists in building alert 
and evacuation procedures in collaboration with local authorities. 

Keywords: debris flow, landslide, monitoring, hazard assessment, risk protection 

1. Introduction

The Rieu Benoît is a 6.3 km2 debris flow-prone catchment located in Valloire (Savoie, France). Elevations range
between 1,540 and 3,037 m a.s.l. The Rieu Benoît is a tributary of the Valloirette mountain river which flows across 
the city and has the capacity to propagate debris flows triggered in its tributaries. Significant events were recorded in 
1682, 1934, 1935, 1982, 2006, 2008, 2009 and 2011. In 2011 a lateral landslide (Fig 1.a) was detected about 600 m 
upstream of the fan apex where houses, buildings and roads are present (Fig 1.b). This landslide has evolved slowly 
since 2011 but is likely, in case of rapid collapse, to provide up to 150,000 to 200,000 m3 of material to the channel 
and generate intense debris flows thus threatening human settlements on the stream fan and in the Valloire ski resort. 
A scientific study was initiated in the aim of defining a protection strategy based on the concept of integrated 
management of natural risks. This strategy is based on the principle that a catastrophic evolution of the landslide 
could be detected sufficiently in advance to set up an effective alert procedure. Before setting such a procedure, we 
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need to better understand and quantify all factors potentially contributing to the debris-flow triggering. In particular, 
in the case of a landslide triggering, it is critical to unravel the various cascading effects that can lead to increased 
risk to the population. This paper focuses on the methodology and monitoring techniques used to address these 
questions about the physical processes at work in the considered catchment. 

Fig. 1. (a) picture of the stream channel and approximate delineation of the landslide (red dashed line); (b) local topographic map with the 
downstream part of the Rieu Benoît stream including the alluvial fan and position of human settlements. The position of the lateral landslide is 
given by the red dotted line. Pictures for the photogrammetry study were taken from the positions marked by the blue dots (see section 3.1.). The 
yellow dot gives the position of the permanent observation station (see section 4.1.). The pink dot gives the position of the monitoring station (see 
section 5.). 

2. Objectives and methodology

Our main goal is to analyze the possible cascading effects leading to an increase of the debris-flow risk. This can
be achieved by considering the following points: 
 Debris flows can be initiated in the upper part of the catchment, we must thus consider them independently of the

landslide. This study will be mainly based on a Lidar survey covering the whole catchment, which will be used to
characterize all the areas of active erosion and to analyze the connectivity of these areas with the hydrographic
network. We supplement this analysis with information on past events from historical archives.

 We need to characterize the landslide and, in particular, its volume and conditions of collapse in order to create
scenarios of future evolution (see section 3.)

 We need to analyze precisely the processes at the contact between the landslide and the stream channel. This area
has already been recognized as a key-point of debris-flow triggering for the reasons developed in section 4.

 Because of the complexity of cascading processes, one can hardly deduce the flow characteristics (depth,
velocity, discharge…) immediately upstream of the areas at stake only from consideration of the triggering
conditions. Thus, we considered monitoring the flows at the apex of the stream fan. This point will be presented
in section 5.

 It is only when we understand the exact impact on urbanized areas that we can set up efficient alert systems and
procedures. Our strategy consists in establishing a series of hazard maps based on forecast scenarios of evolution
of the landslide. This point will be presented in section 6.

a) b) 
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3. Landslide monitoring

Before setting a permanent station to monitor the landslide evolution (Larose et al., 2015; Bottelin et al., 2013;
Colombero et al., 2017), we performed preliminary photogrammetric and geophysical studies in order to estimate the 
landslide activity and the potential unstable volume, respectively.  

3.1. Photogrammetric study 

We performed two photogrammetric surveys in 2015 and 2018 to estimate the activity of the landslide. Pictures 
were taken from three sites located in the opposite side of the thalweg and represented by blue dots in Fig 1.b. Each 
pixel of the photos represents a 3 cm x 3 cm surface of the terrain and the elevation, measured with a RTK GPS, is 
known with a precision of 4 to 6 cm. On Fig 1.a, we can clearly see the headscarp and the lower gully. The 
difference between 2015 and 2018 surveys (Fig 2.) reveals maximum motions of 1.5 m, with erosion zones mainly 
located at the top of the gullied area and, to a lesser extent, at the headscarp. No massive motion is observed and the 
material moved over three years is estimated at 230 m3.   

Fig. 2. Difference between the November 2015 and July 2018 photogrammetric surveys. Red: accumulation. Blue: erosion. The maximum 
motion is 1.5 m and the displaced volume is estimated at 230 m3. The red dashed line gives an approximate delineation of the landslide. The 
black line marks the position of the seismic tomography profile (see section 3.2.) 

3.2. Geophysical investigation 

A geophysical campaign including seismic and electrical tomography profiles was carried out in July 2018 with 
the aim of determining the geological structure of the slope and the prone-to-move volume. Fig 3. shows the seismic 
image (P-wave velocity) obtained along the slope (black line in Fig 2.). The analysis of both electrical and seismic 
results has led to the detection of three layers: (1) a thin, low-velocity (300-600 m/s) layer of grass cover and 
colluvium, (2) a 20-m-thick till layer with a velocity ranging from 800 m/s to 1,000 m/s, (3) a high-velocity (from 
2,000 m/s to 2,800 m/s) layer, probably corresponding to the weathered bedrock. The permeable till layer is drained 
and the water table is low, probably located close to the interface with the bedrock. 
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Fig. 3. Seismic tomography profile (P-wave velocity) performed along the slope (black line in Fig 2.) in the upper part of the landslide (over the 
gullied area). 

The landslide develops in the till layer with a rupture surface (bottom of the layer) located at about 20 m below 
the surface (Fig 3.). From this observation, we estimate that the maximum volume of the prone-to-move material is 
between 150,000 and 200,000 m3. By creating different landslide scenarios, we will be able to estimate the soil 
volume that could reach the thalweg and generate debris flows. 

4. Monitoring the landslide – stream channel interaction

The contact zone between the landslide and the stream channel is of particular interest for several reasons. The
slope gradient of the stream channel is higher in this area compared to values observed upstream and downstream. 
The destabilization of this section by erosion could lead to the release of substantial quantities of solid material, 
independently of the landslide activity. Additionally, it could destabilize the bottom of the landslide and trigger its 
collapse. In the absence of significant erosive processes of the streambed, the collapse of the landslide would provide 
large quantities of solid material in this area, which are likely to be remobilized by water or debris flows coming 
from the upstream part of the catchment. For these reasons, it was decided to specifically monitor this area by 
combining two techniques: permanent observation using a camera and quantitative evaluation by comparison of 
DEMs obtained by Lidar surveys before and after some substantial activity is detected by the camera. 

4.1. Permanent observation station 

The permanent station was installed on the North bank of the stream, about 50 m above the channel. Its position is 
given by the yellow dot in Fig 1.b. It is mainly composed of a camera (Canon Rebel T6®) aimed upstream toward the 
base of the landslide, and a time-lapse controller (DigiSnap Pro®) taking a picture every two hours in normal 
conditions. The camera is installed on a mast, protected by a waterproof box and electric power is supplied by a solar 
panel (Fig 4.a). The pictures (Fig 4.b) are locally stored in full resolution and some of them are compressed and 
transferred using the GPRS network. The pictures are regularly visually checked to detect signs of morphological 
(erosion/deposition) evolution in this area. Additionally, to enhance the temporal resolution during an event, the 
camera is triggered by an external input based on a geophone sensor. This geophone, installed near the stream on a 
lateral bank, measures the vertical ground displacement speed. The geophone signal is digitalized and processed by 
an Arduino Nano® and triggers the camera every 4 seconds if it overcomes a calibrated threshold. More technical 
information is available in Piton et al. (2018). 
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Fig. 4. (a) The permanent observation station installed about 50 m above the stream channel on the left bank and pointing upstream. Its position is 
given by the yellow dot in Fig. 1.b; (b) Example of a picture shot by the camera, the gullied part of the landslide can be seen on the top right side 
of the picture 

4.2. Lidar survey of the landslide – stream channel interaction area 

The direct observation of the landslide – stream channel area helps detecting processes but is not sufficient to 
quantify them. In that aim, we acquire a series of high-resolution DEMs of the area of interest: one initial DEM 
acquired in July 2018 used as a reference and one DEM each time movements are detected. Comparison of the 
DEMs will provide a basis for quantification. Such strategy requires acquisition techniques that can be quickly 
deployed. For this reason, we have chosen to carry out surveys with the help of a drone (Escadrone SIX 3®, Fig 5.a) 
equipped with a Lidar (YellowScan Surveyor Ultra®). A 3D representation of the initial DEM, which has a 
resolution of one point every 0.1 m, is given in Fig 5.b. 

Fig. 5. (a) operating the drone; (b) 3D representation of the initial DEM acquired in July 2018 by the Lidar installed under the drone  

5. Monitoring floods and debris flows at the fan apex

The main threat on human settlements comes out of the flows that are likely to reach the Rieu Benoît alluvial fan
and the Valloirette downstream. Characteristics of the floods and debris flows in this area can hardly be deduced 
from the consideration of triggering processes only. That is why we decided to install a monitoring station at the fan 
apex with the objective to directly measure flow depths and velocities and to discriminate between floods with 
bedload transport and debris flows (Fontaine et al., 2017). The monitoring station (Fig 6.) is set up at the outlet of the 
gorge overhanging the fan (pink dot in Fig 1.b). It is equipped with a tipping bucket rain gauge, a radar flow stage 
sensor and a set of three vertical geophones, about 100 m away. Data are recorded by an environmental datalogger 
(Campbell Scientific CR1000X®) powered by a solar panel, and are stored in a SD card (Bel et al., 2017). Thanks to 

a)
)

a)
)

b)
)

b)
)
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the geophones located along the channel at a known distance, we can assess the velocity of the debris-flow front on 
the basis of the phase shift between the peak intensities of vibrations detected by each instrument (Arattano & 
Marchi, 2005). Flow stage and conditioned seismic signal are sampled at a 20-Hz frequency. Rainfall is totalized 
over a 5-min period. 

Fig. 6. Flow monitoring station located at the fan apex (pink dot in Fig 1.b) with: rain gauge, solar panel and flow stage sensor on cables; all 
devices are connected to a datalogger. 

6. Debris-flow event scenarios and associated hazard maps

As the volume of material mobilized during a single event cannot be known long before the debris flow triggers,
the adopted strategy consists in building a series of scenarios and analyzing the respective possible consequences on 
urbanized areas. In practice, the consequences of each scenario, and, in particular, the affected area, are assessed 
with the help of the 2D numerical model Lave2D (Rickenmann et al., 2003) dedicated to the computation of debris-
flow spreading. This model is based on shallow-water equations and on the assumption that the mechanical 
properties of the flowing material are properly represented by a Herschel-Bulkley rheological model, which is 
reasonable on this site. Each scenario will be defined as a set of input parameters: the total debris-flow volume, the 
peak discharge at the fan apex and the rheological parameters – yield stress, density and consistency. Simulations 
will be carried out on a high-resolution 1 m x 1 m DEM based on an airborne Lidar survey. 

Fig 7. gives a preliminary example of such computation (with no practical pertinence), using a rough DEM and 
for a debris-flow volume of 50,000 m3. The recent acquisition of a precise DEM based on a Lidar survey will 
improve the assessment of the affected areas related to debris-flow scenarios. Once all hazard maps are available, we 
can quickly and easily estimate the downstream consequences of any collapse or triggering process observed 
upstream and we can define protection measures accordingly. 

151



Laigle / 7th International Conference on Debris-Flow Hazards Mitigation  (2019) 

Fig. 7. Tentative example of computation of the area affected by debris flows for a single scenario, this example of a 50,000 m3 debris-flow 
spreading computed using a rough DEM is given for illustrative purpose only. 

7. Conclusions

We have presented the principles of a protection strategy based on the concept of integrated management of
natural risks and its application on the Rieu Benoît catchment, Valloire municipality, Savoie, France. The main 
threat on this site results from the recent activation of a lateral landslide which is likely to drastically increase the 
intensity of phenomena in this debris-flow-prone catchment. We have mainly presented the monitoring activity 
developed to improve understanding of the cascading effects, which, from a landslide collapse, may lead to debris-
flow spreading in the urbanized areas of the Valloire ski resort. This study will help defining event scenarios and 
assessing the corresponding hazards more accurately. The next steps will consist in: 1) defining the features of a 
permanent alert system to be installed and transferred to the local municipality, and 2) collaborating with the local 
municipality to define a crisis management plan (information, warning, evacuation of the population…). 
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Abstract 

The destructive nature of debris flows makes it difficult to quantify flow dynamics with direct instrumentation. For this reason, 
seismic sensors placed safely away from the flow path are often used to identify the timing and speed of debris flows. While seismic 
sensors have proven to be a valuable tool for event detection and early warning, their potential for identifying other aspects of 
debris flows (such as sediment concentration) is less studied. Here, we use two monitoring sites to investigate the extent to which 
debris-flow dynamics can be decoded from ground vibrations. One site is a bedrock channel in a steep semiarid basin in central 
Colorado (Chalk Cliffs), and the other is in a debris-flow channel incised in alluvium in a recently burned area in southern California 
(Van Tassel).  At both sites, seismic data are measured with geophones (4.5 Hz) mounted next to the channels and sampled at high 
frequencies (500-1000 Hz). Independent constraints on flow dynamics are provided by laser distance meters to record flow stage 
(at 10 Hz) and high-definition video cameras to record flow velocity and qualitative estimates of sediment concentration. The 
observed debris flows at Chalk Cliffs typically consist of a series of short-duration (~30 second) surges with total durations of <40 
minutes and have coarse-grained fronts and fluid-rich tails. In contrast, the events at Van Tassel are longer duration flows (>40 
minutes) that begin as debris flows and transform into more steady debris floods. The arrangement of sensors at both sites allows 
us to identify correlations between vertical ground velocity, frequency, flow stage, and qualitative estimates of sediment 
concentration.  

Keywords: debris flow; flood; seismic; ground vibrations; post-wildfire; channel; frequency; spectrum; Colorado; California 

1. Introduction

Debris flows and landslides generate seismic signals as they move downslope, which can be used to detect the event
and provide early warning for communities downstream (e.g., Arattano, 1999; Hürlimann et al., 2003; LaHusen, 2005; 
Allstadt, 2013). A debris flow is a fast-moving flow, which carries a large amount of fine to coarse sediment 
downstream in steep mountainous areas.  Debris flows may mobilize from the failure of a discrete landslide (e.g., 
Iverson, 1997), or they can be triggered by runoff and associated sediment entrainment (e.g., Coe et al., 2008). Runoff-
generated debris flows, which are the focus here, typically occur in semiarid areas with abundant loose sediment 
situated downslope of low-permeability surfaces, such as bedrock in alpine areas or water-repellent soil in recent burn 
areas (Kean et al., 2013). Regardless of the style of initiation, the fast-moving and destructive nature of debris flows 
makes them difficult to monitor. Geophones, which can measure the ground vibrations produced by debris flows, are 
a robust monitoring tool because they can be placed a safe distance away from the flow path. Using seismic signals to 
understand debris-flow and sediment transport processes requires an understanding of how the seismic waves are 
generated. Quantitative models have developed specifically for bedload in rivers (e.g., Govi et al., 1993; Burtin et al., 
2008, Tsai et al., 2011; Gimbert et al., 2014; Roth et al., 2016), but the equivalent for debris-flow processes is in its 
infancy (Huang et al., 2007; Kean et al., 2015; Lai et al., 2018; Allstadt et al., 2019). Here, we use ground vibrations 
created by debris flows at two sites with different flow and geologic characteristics to help extract information on flow 
dynamics that is not available from other instrumentation (e.g., stage sensors and videos) and to better understand the 
relation between a flow and the seismic signal it generates.  
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2. Study Sites

The two study sites (Fig. 1 and Table 1) have semiarid climates and debris flows that are primarily triggered by 
runoff and associated sediment transport. One site is a narrow bedrock channel at the outlet of a 0.06 km2 alpine basin 
in central Colorado (Chalk Cliffs), and the other site is a wider sediment-covered channel at the outlet of a recently 
burned 4 km2 basin in southern California (Van Tassel). Although the two locations have similar debris-flow initiation 
processes, the two sites have substantially different drainage areas, channel dimensions, and geologic materials, and 
thus, have different flow characteristics and seismic signals. Both Van Tassel and Chalk Cliffs have similar 
instrumentation (described below) with high-frequency data recorded during rainstorms.  

2.1. Van Tassel, California 

The Van Tassel site is in the Angeles National Forest within the granitic San Gabriel Mountains in southern 
California. Most of the drainage area above the station was burned at moderate and high severity by the Fish fire, 
which began on June 20, 2016. Wildfires temporarily alter the hydrologic response of a watershed by decreasing the 
infiltration capacity of the soil and making soils easier to erode (Moody et al., 2013). These changes greatly increase 
the susceptibility of steep basins to debris flows for several years after the fire (Cannon et al., 2010). Between the fire 
and the first winter rainstorm in December 2016, the channels above the Van Tassel basin were loaded with dry ravel 
from the steep (>35o) burned hillslopes. The dry ravel further increased the sediment cover at the station (Fig. 1b). We 
analyze the first two flow events after the fire. The first event on December 16, 2016, was a debris flow (sediment 
concentration >40%), and the second event on January 20, 2017, was a debris flood (sediment concentration between 
10% and 40%) (Fig. 2).  

2.2. Chalk Cliffs, Colorado 

Chalk Cliffs is in the Sawatch Range of the Rocky Mountains in central Colorado.  The cliffs are a band of 
hydrothermally altered quartz monzonite that is highly fractured. Additionally, the area has very sparse vegetation 
cover and 60% of the drainage is exposed bedrock (Coe et al., 2008). The slopes in the basin are very steep, with 
colluvium slopes ranging from 25 to 40 and bedrock slopes ranging from 40 to almost vertical (Coe et al., 2008). 
Several debris flows occur each year between May and October, when intense rainfall produces runoff from the steep 
slopes that entrain loose channel material accumulated from winter rockfall. The debris flows at Chalk Cliffs are short 

Fig. 1. Views from the banks of (a) the bedrock channel at Chalk Cliffs (5.5-m long reach), CO, and (b) the sediment covered channel at Van Tassel, 
CA (9.3-m long reach). (c) Locations of both study sites. (d) Cross section of Chalk Cliffs channel (red) and Van Tassel channel (black) at 
monitoring site locations. Diamonds show the locations of the geophones in the cross section. 
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in duration (<40 min) compared to Van Tassel and generally contain a series of surges (~30 seconds each). The channel 
at the monitoring station is typically covered with sediment from the beginning of the summer until debris flows scour 
the channel to bedrock by mid-summer. The sediment cover has a strong damping effect on the debris-flow ground 
vibrations (Kean et al., 2015). Here, we focus on two events when the channel had a bare bedrock bed, to contrast the 
signals with the sediment-covered Van Tassel channel (Fig. 1a, 1b).    

Table 1. Summary of site characteristics 

Site Characteristics Van Tassel Chalk Cliffs  

Setting  Recent burn area Alpine 

Drainage area 4 km2 0.06 km2 

Channel width 7 m 3 m 

Channel slope 7o (over 30 m) 17o (over 42 m) 

Channel material Sediment covered (Alluvium) Exposed bedrock (Quartz monzonite) 

Debris-flow duration >40 min <40 min with ~30 sec surges 

3. Measurement Methods and Data Analysis

     The debris-flow monitoring systems at Van Tassel and Chalk Cliffs are similar and record high-frequency data 
when a rainfall threshold is exceeded. The instrumentation at each site includes a rain gage, multiple geophones, a 
laser distance meter to measure flow stage, and a high-definition video camera to record flow characteristics and 
velocity. Rainfall is measured using a tipping-bucket rain gage, installed near the channel cross sections, and sampled 
every 2 seconds. Rainfall data are used to calculate 5-minute peak rainfall intensities (I5), which have been closely 
correlated with debris flows in both study settings (Kean et al., 2013). Both sites use 4.5 Hz geophones connected to 
a seismic data recorder. Both seismic stations are digitized at a high gain of 32, have 629,327 counts per volt, and a 
geophone sensitivity of 32 v/m/s.  At Van Tassel, there are three single-channel geophones mounted vertically along 
the channel and sampled at a rate of 500 Hz. At Chalk Cliffs, there are two triaxial geophones that are sampled at a 
rate of 1000 Hz. In this analysis, we focus on the records from a single vertical geophone at each site, which is located 
on the side of the channel at the same cross section where stage is measured (Fig. 1d). Laser distance meters are used 
to measure flow stage at both sites. They are suspended ~3 m above the channels and sampled at a rate of 10 Hz. The 
Chalk Cliffs laser is installed on a bridge section directly over the channel (Fig. 1a). Distance measurements are 
converted to flow stage above the bedrock channel bed. To avoid the possibility of being destroyed by large flows, the 
laser distance meter at Van Tassel was not mounted directly over the channel. Instead, the Van Tassel laser is 
suspended at an angle on the side of the channel (Fig. 1b). Flow stage at Van Tassel is estimated by multiplying the 
laser distance measurements by the cosine of the shot angle. High-definition cameras at both locations are used to 
record information on flow type and velocity during daytime events (see Smith et al., 2019). Video and seismic 
recording is triggered using a rainfall threshold. At Van Tassel, there is a single camera mounted on the side of the 
channel. At Chalk Cliffs, there are two cameras, one located at the bridge cross section at the channel (view in Fig. 1a) 
and another on the opposite side of the basin with a broader view of the channel (view in Fig. 2a and 2b). We use the 
videos and their audio to interpret how the flow characteristics, such as sediment concentration, vary with time and as 
a timeline of events to compare to seismic observations.  

From each site, two events with different levels of sediment concentration were chosen for analysis. A low-water 
content (sediment-rich) debris flow at Chalk Cliffs occurred on August 4, 2017, and was triggered by a rainstorm with 
a peak I5 of 20 mm/hr. The surges are typical at the site and consist of coarse-grained fronts and fluid-rich tails lasting 
less than a minute in duration (Fig. 2a). A second more watery debris flow at Chalk Cliffs occurred a day later, on 
August 5, 2017, when rainfall intensities were much greater (I5 = 80 mm/hr) than the previous day. This debris flow 
lasted approximately 13 minutes and contained a series of sediment-rich surges embedded within a steadier, more 
watery flow. This event also had a higher peak surge velocity (7.2 m/s) than the previous day (2.6 m/s) (Fig. 2b). The 
maximum grain sizes in the August 5 debris flow (~0.3 m, Fig. 2a) were also larger than on August 4 (~0.1 m, Fig. 
2b). At Van Tassel, the first event was a debris flow that occurred on December 16, 2016, during the first major 
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rainstorm after the fire, with a peak I5 of 60 mm/hr. The event occurred at night, and the video images were too dark 
to interpret.  Although video cannot confirm the flow was a debris flow, we assume it was a debris flow based on the 
characteristics of the flow-stage time series, which show an abrupt rise in stage similar in shape to surge fronts 
measured in other post-fire debris flows in southern California (Kean et al., 2011). The second event at Van Tassel 
was a debris flood that occurred on January 20, 2017, following the third major rainstorm after the fire (I5 = 40 mm/hr). 
This flow lasted approximately 40 minutes, had a flow velocity of approximately 5 m/s, and transported ~1-m diameter 
boulders (Fig. 2c) and large woody debris. 

For each event, the seismic records were corrected to physical units of vertical ground velocity (V) and plotted 
with flow stage. Vertical ground velocity was determined from a function of the recorded counts, gain, and sensitivity 
of the geophone and digitizer. Spectrograms were then created with a 5-s window and were normalized by their 
respective absolute maximums. Most of the periods with high seismic power were correlated with times of high stage. 
However, raindrop impacts also contributed to the seismic signal at both sites with comparable amplitudes as 
vibrations generated by the flows. We isolated the seismic signature of rainfall impacts by analyzing the geophone 
time series during the intense triggering rainfall that occurred before the arrival of the flows. The timing of this rainfall 
noise was closely correlated with the time stamps of rain gage bucket tips. We found that rainfall impacts generally 
create high-frequency seismic energy on our sensors (~>30 Hz), whereas the seismic signal of the flows produced 
energy at both low and high frequencies (~<30 Hz and ~>30Hz, respectively). To remove rainfall noise, we applied a 
lowpass Butterworth, zero-phase filter to the geophone signals with a cutoff frequency of 30 Hz. After applying the 
filter and examining the time series of each event, it was clear that most of the effect from the rainfall had been 
removed while the low-frequency signal from the flows remained (Fig. 3b and 3d).   

3.1. Low-water content debris flow at Chalk Cliffs on August 4, 2017 

The first event consists of two 30-second surges about 1 min and 15 sec apart from each other (Fig. 3a and 3b). 
The spectrogram shows three identifiable peaks in amplitude (Fig. 3a). The first peak is an impact from a rock rolling 
down the channel, as confirmed in the video. The following two peaks in amplitude are broader and correspond to the 
two surges, labeled as high sediment concentration flows. The ground velocity time series displays an increase in V 
that tapers to a lower V as the surge passes the station (Fig. 3b). Surges often identified in debris flows are commonly 
characterized by a sediment-rich front followed by a water-rich tail. Surge fronts generally exert forces orders of 
magnitude greater and flow heights significantly higher than the rest of the flow (Iverson, 1997). The impacts of the 

Fig. 2. (a) Low-water content debris flow at Chalk Cliffs on August 4, 2017; (b) High-water content debris flow at Chalk Cliffs on August 5, 2017; 
(c) Debris flood at Van Tassel on January 20, 2017. A ~1-m diameter boulder can be seen in the left of the image. An image of the December 16, 
2016 debris flow at Van Tassel is not available because the event occurred at night. 
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large grain sizes that have accumulated at the front of the surges produce the peak amplitudes, and the amplitudes 
diminish as the flow tail passes the station (Huang et al., 2007).  

3.2. High-water content debris flow at Chalk Cliffs on August 5, 2017 

The second event at Chalk Cliffs is a larger event, both in maximum V as well as flow heights (Fig. 3c and 3d). 
The time series shows periods of high ground motion velocity are longer in duration than the first event. The maximum 
flow height reaches 1 m, double the height of the flow of the other event. Although this debris flow was larger, similar 
characteristics to the previous day’s event are visible in both the time and frequency domain. Short surges are identified 
within the larger flow by correlating values of high stage, high V, and high energy in the frequency domain (indicating 
a large amount of debris). Another good indicator of the surge is the sudden peak in ground velocity that slowly tapers, 
as seen in the previous event. The watery tail at the end of the surge has higher amplitude V than the tail of the previous 
event, suggesting that later tail had greater flow velocity and sediment concentration. The video shows that the high 
flow depths transport a larger variation in grain sizes in comparison to the event from the previous day.  Unlike the 
first event at Chalk Cliffs, the highest amplitudes in V (t = ~19:37:12 and ~19:41:43) do not coincide with the peak 
stage (t = 19:38). This difference suggests that the flow during the peak stage had slightly lower sediment 
concentrations than at other times during the flow.  

3.3. Debris flow at Van Tassel, December 16, 2016 

The first major rainstorm after the fire produced a debris flow at Van Tassel (Fig. 4a and 4b). At the start of the 
flow, there are several short impulsive signals in the amplitude (duration <1 s) that correspond to a broad range of 
frequencies and high power in the spectrogram.  Two possibilities for the source of the impulsive signals are thunder 
and impacts from large clasts, which have been shown by Hsu et al. (2011) and McCoy et al. (2013) to create large 
excursions from the mean normal force. Audio from the nighttime video footage did not record any thunder. We 
therefore interpret the brief spikes in V, which have high power across a broad frequency range, to be impacts from 
large clasts in the flow (labeled as “impacts” in Fig. 4a). Two minutes after the beginning of the flow, the stage time 
series ends, because mud splatter covered the laser. Five minutes after the beginning of flow, there are two 90-second 
periods of high power (labeled “High sediment concentration flow” in Fig. 4a). The power is greatest at the beginning 
of the period and gradually tapers with time. We interpret these periods to be pulses of high sediment concentration 
with large clasts. Unlike the two events at Chalk Cliffs, the high amplitude V is sustained for a long period of time (as 
opposed to occurring briefly during surges), suggesting that the first flow at Van Tassel had high sediment 
concentrations during most of the flow.  It is not until around 11:38 UTC that a signal suggesting a watery tail arrives 

Fig. 3. Chalk Cliffs ground vibrations and flow stage for (a and b) low-water content debris flow on August 4, 2017, and (c and d) high-water 
content debris flow on August 5, 2017. (a and c) Normalized spectrograms of ground velocity. (b and d) Time series of lowpass filtered ground 
velocity (blue) and flow stage (black). 
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as evidenced by the lack of high power in the spectrogram, but we cannot confirm with the video because this event 
occurred at night.  

3.4. Debris flood at Van Tassel, January 20, 2017 

Based on video observations, the second event at Van Tassel was a debris flood (Fig. 4c and 4d). The flow lasted 
for over 40 minutes, although we focus our analysis on the 10 minutes around the time of peak flow. Despite the fact 
the flow has lower sediment concentrations than a debris flow, the time series of V resembles patterns like the Chalk 
Cliffs surges, displaying periodic peaks in V that gradually taper. Along with these surges, large spikes in V with high 
power across the frequency domain indicate that there were periodic large impacts from boulders such as the one seen 
in Fig. 2c.  

Like the first event at Van Tassel, the flow has high vertical ground velocities and high power distributed 
throughout much of the flow, showing debris is consistently being transported. However, the event on January 20 also 
has periods of low power within the spectra during times of high stage (labeled watery flow in Fig. 4c and 4d). We 
interpret these periods as times when the flood had much lower sediment concentrations than times when the spectra 
had high power.  

4. Discussion and Conclusions

Comparison of the events at the two field sites with different sediment concentrations has shown that a significant
amount of information can be derived from near-channel ground vibrations. At Chalk Cliffs, we observed that a flow 
in a bare bedrock channel produced a seismic signal with a broad frequency range (5 Hz to 400 Hz), whereas the 
sediment-covered channel at Van Tassel had a limited frequency range, with similar low-frequency characteristics but 
much lower peak frequencies (5 Hz to 100 Hz). The effect of sediment cover on the frequency content is best seen in 
the unfiltered spectrograms shown in Fig. 5.  In a previous study conducted by Kean et al. (2015), it was observed that 
the maximum amplitude of V recorded from ball drop tests on loose sediment was orders of magnitude smaller than 
the maximum amplitude of V recorded on bare bedrock. For this reason, the difference of frequency bands seen 
between the two sites is thought to be due to the bare bedrock channel of Chalk Cliffs as compared to the dampening 
that occurred from the sediment-covered channel of Van Tassel. Additional differences between the ground vibration 
response at the two sites may be due to differences in flow speed, channel gradient, grain size distribution, instrument 
response, and seismic attenuation between the two sites. We also found that rainfall was an important source of seismic 
noise at high frequencies. For this reason, it was important to remove the rainfall signal using a lowpass filter to isolate 
the signal from the flow. In addition, we were able to infer times where large debris such as boulders or trees were 
transported within the flow by using the deviations from the average frequencies. The large impacts (Figs. 3 and 4) 

Fig. 4. Van Tassel ground vibrations and flow stage for (a and b) debris flow on December 16, 2016, and (c and d) debris flood on January 20, 
2017. (a and c) Normalized spectrograms of ground velocity. (b and d) Time series of lowpass filtered ground velocity (blue) and flow stage (black). 
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stand out as an impulse on the time-series signal and in the spectrogram and are especially clear during periods of 
lower sediment concentration. 

All four events had substantial contrasts in relative frequency amplitudes between times of high-sediment 
concentration flows and low-sediment concentration flows. These contrasts are well illustrated by the amplitude 
spectrums of ground velocity during 15-s time windows in each event (Fig. 6). Flow periods with higher sediment 
concentrations (orange lines) have greater ground velocity amplitudes than flows with lower sediment concentrations 
(blue lines), though these comparisons are not normalized by stage or flow velocity. 

Our observations show that complementary observations of flow stage, video, and ground vibrations reveal a more 
complete picture of debris-flow and debris-flood dynamics than can be obtained with a single style of measurement. 
Moreover, the combination of sensors provides measurement redundancy that can fill gaps in observation when one 
sensor does not work (such as when a laser is destroyed or splattered with mud, or a nighttime event that cannot be 
observed with video). However, much additional work is needed to move beyond the qualitative observations of 
sediment concentration presented here to quantitative estimates of sediment volumes and grain size. Our data show 
that one challenge to making quantitative measurements of sediment concentration is the different seismic properties 
of the channel bed (i.e., the seismic properties of loose bed sediment versus bedrock and attenuation and scattering of 
the signal between station and source), which can vary during a flow. Emerging theory, such as Lai et al. (2018), and 
laboratory-style observations, such as Allstadt et al. (2019) are providing new insights into the seismic signature of 
debris flows that should further unlock the potential for seismic measurements to aid the understanding of debris-flow 
dynamics.  

Fig. 6. Comparison of amplitude spectrums in 15-s time slices of ground velocity during flows with comparatively lower (orange) and higher (blue) 
water contents at (a) Chalk Cliffs and (b) Van Tassel. The events and time windows are: Chalk Cliffs low-water content debris flow on August 4, 
2017, 23:16:38 to 23:16:53 (a, orange); Chalk Cliffs high-water content debris flow on August 5, 2017, 19:39:45 to 19:40:00 (a, blue); Van Tassel 
debris flow on December 16, 2016, 11:35:15 to 11:35:30; and Van Tassel debris flood on January 20, 2017 (b, blue).  Amplitude spectrums are 
averaged over a 0.2-s window.  

Fig. 5. Comparison of unfiltered spectrograms for events at Chalk Cliffs (bedrock channel) and Van Tassel (sediment-covered channel). The 
presence of loose sediment on the bed of the Van Tassel channel substantially damps the high-frequency vibrations relative to Chalk Cliffs. 

a b 
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Abstract 

It is important to understand the development and decay processes of debris-flows in order to plan effective debris-flow 
countermeasures. However, few studies have successfully observed the development and decay processes of debris-flows. This 
study aimed to reveal changes in characteristics of debris-flow surges as they flow down, based on observation using time lapse 
cameras installed at multiple sites along a debris-flow torrent in the upper Ichinosawa catchment within the Ohya landslide, central 
Japan. Observation results showed that debris-flow surge volume and flow velocity tended to increase in the section just below 
their initiation point. In the subsequent section, debris-flow surges tended to maintain their volume and flow velocity while 
descending. Increases in flow velocity were observed in sections with a fixed bed, the channel bed consists of exposed bedrock 
with no sediment cover. Debris-flow surge volume and velocity tended to decrease in these sections, in which channel gradient 
decreases abruptly. These observation results can be explained by the theory of equilibrium concentration, which states that 
sediment concentration in the flow approaches the equilibrium concentration given from the channel gradient by the erosion and 
deposition of sediment. At the same time, small debris-flow surges tended to terminate with a short travel distance, which cannot 
be explained fully by the theory of equilibrium concentration.  

Keyword: Ohya lindslide; observation; development and decay; the equilibrium concentration; fixed bed 

1. Introduction

Debris-flows cause severe natural disasters due to their high velocity, and destructive power. It is important to
understand the development and decay processes of debris-flows in order to plan effective debris-flow 
countermeasures. To clarify these processes, laboratory experiments have been conducted and developed the models 
based on physical flow mechanisms (Egashira et al., 1986; Iverson, 1997; Suzuki et al., 2009). One of representative 
models is the theory of equilibrium concentration, which states that sediment concentration in the flow approaches the 
equilibrium concentration given from the channel gradient by the erosion and deposition of sediment (Takahashi, 
1977; Imaizumi et al., 2017; Lazoni et al., 2017). 

Field observations are another approach to understand the behaviors of debris-flows, and have been conducted in 
many countries including China (Chu et al., 2011), Italy (Arattano et al., 2012), Japan (Okano et al., 2009; Suzuki and 
Suzuki., 2009), Switzerland (Berger et al., 2010). These studies have confirmed that debris-flows consist of multiple 
surges (Abanćo et al., 2014; Imaizumi et al., 2016), and a surge frequency near the initiation zones of debris-flows is 
usually higher than that observed downstream (Kean et al., 2013). However, most of these observations have been 
conducted in the transportation and deposition zones, while observations on the changes of characteristics of debris-
flows at multiple sites in the initiation zones are scarce (Arattano et al., 2012; McCoy et al., 2012). These observations 
are needed in order to reveal the development processes of debris-flows and verify the correspondence with the 
theories. 

In this study, field observations of debris-flows were made using time-laps cameras at multiple sites along a debris 
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Fig. 1. Map of the Ohya landslide and the upper Ichinosawa catchment. (a) Satellite image of the Ohya landslide (Google Earth). (b) Topographic 
map of the upper Ichinosawa catchment showing locations of the time laps cameras and analysis ponts 

Fig. 2. Photograph of the channel bed in the upper Ichinosawa catchment. (a) The movable bed in the section between A3 and A4. (b) The fixed 
bed in the section between A5 and A6.  

flow torrent in the upper Ichinosawa catchment within the Ohya landslide, which is the one of the most active debris-
flow initiation zones in Japan. The aim of this study is to observe the changes of characteristics of debris-flow surges, 
as they flow downstream after their initiations. We also compare the observation results with the theory of debris-flow 
mechanics. 

2. Study area

The Ohya landslide is located in the Southern Alps, central Japan (Fig. 1a). The Ohya landslide, which is in the
headwaters of the Abe river flowing in Shizuoka prefecture, was formed by an earthquake in 1707 (Tuschia and 
Imaizumi, 2010). The horizontal area is about 1.8 km2 and the height difference is about 800 m. The geological unit 
belongs to Tertiary strata which consists of sandstone, shale and their alternation. It is fractured by two faults existing 
on both sides of the Ohya landslide. 

The upper Ichinosawa catchment is located in the northern part of the Ohya landslide (Fig. 1). This area is an 
initiation zone of debris-flows, where three or four debris-flows occur every year triggered by heavy rainfall during 
rainy season (June to July) and autumn typhoon season (late August to early October). The horizontal area is 
approximately 0.20 km2, the total length of the channel is approximately 500 m, and the average gradient of the 
channel is 30 °. There is a little vegetation due to the harsh environmental conditions, and most of the slope is scree  

(a) 

(a) (b)

(b) 
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Fig. 3. Calculation method of volume of debris-flow surges. (a) Schematic diagram of debris-flow surge approximated to multiple truncated 
square pyramids. (b) Relationship between the channel depth and average flow depth in the section between A1 and A2.  

Fig. 4. Image of the channel in the section between A4 and A5 before and during debris-flow event. Red rectangles in the image show the 
location where the surge width was measured. (a) The channel before debris-flow event. A pole at the center of image indicates 3 m. (b) The 
channel during debris-flow event captured by a time-laps camera.  

and rock outcrop.  Sediment on the channel bed, which was supplied from the outcrops by freeze-thaw weathering in 
winter, is several metres thick in some sections (Imaizumi et al., 2006, 2017). Most of the channel bed in the upper 
Ichinosawa is the movable bed, which is covered by erodible sediment (Fig. 2a). However, in the section between A5 
and A6, the channel bed is a fixed bed, where the bedrock is exposed without sediment cover (Fig. 1b and 2b). 

3. Methodology

 3.1 Instrumentation 

Six time-lapse cameras (TLC200pro, Brinno, Taipei City, Taiwan) with a frame rate of 15 s were installed in this 
study to interpret volume and runoff timing of debris-flow surges (Fig. 1b). The analysis points A1~A6 were set in 
the imaging range of cameras. The volume and flow velocity of the front of each surge were analyzed at each analysis 
point. In this study, the movements of sediment, which did not pass through two or more analysis points, were excluded 
from the analysis, because the changes in their flow characteristics cannot be interpreted. 

Semiconductor-type water pressure sensor (S&DLmini, OYO, Tokyo, Japan) was installed at A6 analysis point to 
record hydrostatic pressures with a logging interval of 1 min, with an accuracy of ±3%. A tipping bucket rain gauge 
(LR5061, HIOKI, Ueda City, Japam) was also installed at A4 analysis point to record rainfall with a logging interval 
of 1 min. 

(a)

(b) 

(a) (b) 
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3.2. Calculation method of volume of debris-flow surges 

The volume of the debris-flow surge was estimated by approximating the shape of the surge as a series of truncated 
square pyramids. To obtain the volume of each truncated square pyramid, we set rectangles, of which width and height 
are the surge width and average flow depth, respectively, with intervals of 20 m (horizontal distance) from the front 
to the tail of the surge (Fig. 3a). The surge width was measured by comparing the length of 3 m pole in the image, 
which was taken on a day without debris-flow, with the width of debris-flow in images taken by the time-lapse cameras 
during debris-flow event (Fig. 4). The average flow depth was calculated by applying the surge width to the equations 
which represent the relationship between the channel width and the average flow depth obtained by measurement of 
cross-sectional topography at several points within each channel section before the debris-flow event (On September 
5, 2016; Fig. 3b). The volume of each debris-flow surge, which was obtained by adding the volume of all truncated 
square pyramids, was calculated when head of the surge passed each analysis point. The volumes at the A6 analysis 
point could not be calculated, because of the long section outside the imaging range of the time-lapse camera. 

3.3. Calculation method of flow velocity of debris-flow surges 

 The mean velocity of the debris-flow surge front between adjacent analysis points was obtained by their distance 
divided by the time lag of the passages of the surge front between the two analysis points. This mean velocity was 
taken as the flow velocity of the surge front at the down-site analysis point. The velocity was calculated when surges 
passed each analysis point. 

4. Results

4.1 Debris-flow surges observed on 8 September 2016 

A debris-flow was observed in the upper Ichinosawa catchment on 8 September 2016 (Fig. 5). The debris-flow surges 
occurred intensively in the three periods (8:30 ~ 9:00, 10:30 ~ 11:30, 15:30 ~16:00). Total of 21 surges passed through 
two or more analysis points (Fig. 6). Surges initiated mainly in the section upstream from the A1 analysis point (9 
surges) and in the section between A2 and A3 (7 surges). According to this result, the following analyses of the 
changes in volume and flow velocity were conducted by classifying surges into two groups depending on their 
initiation positions 

4.2. Changes in volume of debris-flows surges with distance downstream 

 The surges initiated in the section upstream from A1 tended to increase their volumes in the section between A1 
and A3, which is just below their initiation points. Development of the surge volume stopped below the A3 analysis 
point (Fig. 7a and 7b). In the section between A4 and A5, where the channel gradient decreases rapidly from 
approximately 30 ° to 25 ° (Fig. 7c), they tended to decrease their volume. The small surges stopped in this section  

Fig. 5. Hyetohydrograph on 8 September 2016.  Fig. 6. Arrival time of surges at each analysis point. 
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Fig. 7. Changes in volume of debris-flow surges as they flowed downstream. (a) Surges that initiated in the section upstream from A1. The black 
symbols are the volume of the surges which did not stop in the section between A4 and A5, the white symbols are that of the surges which 
stopped in this section. (b) Average volume of the surges that initiated in the section upstream from A1. (c) The channel gradient in the study 
area. The black rectangle indicates the initiation points of the surges that initiated in the section upstream from A1. (d) Surges that initiated in the 
section between A2 and A3. (e) Average volume of the surges that initiated in the section between A2 and A3. (f) The channel gradient in the 
study area. The black rectangle indicates the initiation points of the surges that initiated in the section between A2 and A3. 

(white symbols in Fig. 7a and 7b). Half of the surges, which initiated in the section between A2 and A3, increased 
their volumes in the section between A3 and A5, which is also just below their initiation point (black symbols in Fig. 
7d and 7e). The other surges continued to decrease their volume throughout their traveling, and stopped in the section 
between A4 and A5 (white symbols in Fig. 7b and 7e). 

4.3. Changes in flow velocities of debris-flow surge fronts with distance downstream 

The surges that initiated in the section upstream from A1 tended to increase their velocity in the section between 
A1 and A3, which is just below their initiation points (Fig. 8a and 8b). Most of these surges stopped accelerating in 
the subsequent sections. The surges that did not stop in the section between A4 and A5 tended to increase their velocity 
rapidly in the section between A5 and A6, in which the channel bed is fix bed (black symbols in Fig. 8a and 8b). Half 
of the surges that initiated in the section between A2 and A3 also increased their velocity in the section just below 
their initiation points and the section between A5 and A6 (black symbols in Fig. 8d and 8e). The other surges continued 
to decrease their velocity throughout their traveling, and stopped in the section between A4 and A5 (white symbols in 
Fig. 8d and 8e). 

(a) 

(b) 

(c) 

(e) 

(f) 

(d) 
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Fig. 8. Changes in flow velocity of debris-flow surges as they flowed downstream. (a) Surges that initiated in the section upstream from A1. The 
black symbols are the flow velocity of the surges which did not stop in the section between A4 and A5, the white symbols are that of the surges 
which stopped in this section. (b) Average velocity of the surges that initiated in the section upstream from A1. (c) The channel gradient in the 
study area. The black rectangle indicates the initiation points of the surges that initiated in the section upstream from A1. (d) Surges that initiated 
in the section between A2 and A3. (e) Average velocity of the surges that initiated in the section between A2 and A3. (f) The channel gradient in 
the study area. The black rectangle indicates the initiation points of the surges that initiated in the section between A2 and A3 

5. Discussion

5. 1. Changes in volumes of debris-flow surges with distance downstream 

The volume of surges changes by erosion and deposition of sediment (Takahashi, 1977; Hungr et al., 2005). The 
processes of erosion and deposition by debris-flows can be explained by the equilibrium concentration, which is the 
sediment concentration of debris-flows when they are in steady state under the given channel gradient. The equilibrium 
concentration is given by the balance between the shear stress coming from slope direction component of gravity force 
and the shear resistance, which are both static forces. The equilibrium concentration is expressed as a function of the 
channel gradient as follows. 

𝐺 = {𝑐(𝜎 − 𝜌) + 𝜌}𝑔ℎ 𝑠𝑖𝑛 𝜃   (1) 

𝜏 = 𝑐(𝜎 − 𝜌)𝑔ℎ 𝑐𝑜𝑠 𝜃 𝑡𝑎𝑛 ∅   (2) 

(a) 

(b) 

(c) 

(e) 

(f) 

(d) 
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𝐺 = 𝜏    ∴     𝑐𝑒 =
𝜌 𝑡𝑎𝑛 𝜃

(𝜎 − 𝜌)(𝑡𝑎𝑛 ∅ − 𝑡𝑎𝑛 𝜃)

where 𝐺 is the shear stress at the bottom of the debris-flow surge, 𝜏 is the shear resistance, 𝑔 is the gravity acceleration, 
ℎ is the flow depth, 𝑒 is the sediment concentration, 𝑐𝑒 is the equilibrium concentration, 𝜌 is density of water, 𝜎 is the
density of sediment particles, 𝜃 is the channel gradient, ∅ is the internal friction angle. Takahashi (1977) explained 
that the sediment concentration in the flow approaches the equilibrium concentration by erosion and deposition of 
sediment. That is, when the sediment concentration in the flow is lower than the equilibrium concentration, the surge 
erodes sediment on the channel bed until their sediment concentration reach the equilibrium concentration. After the 
sediment concentration in the flow become equivalent to the equilibrium concentration, the surge is in steady state 
and stops eroding sediment. On the contrary, when the sediment concentration in the flow is higher than the 
equilibrium concentration, the surge deposits sediment.  

 In the section just below their initiation points, the debris-flow surges, which are considered to be in the early stage 
of development with low sediment concentration (Takahashi, 1977), actively eroded sediment and increased their 
volume (Fig. 7a, b, d, and e). As a result, surges are considered to have approached the equilibrium concentration. 
Surges stopped eroding and maintain their volumes in the subsequent section, because the sediment concentration in 
the surges likely reached the equilibrium concentration (Fig. 7a and b). Then, surges deposited the sediment and 
decreased their volume in the section between A4 and A5 where the channel gradient decreases rapidly (Fig. 7a, b, 
and c). In this section, the sediment concentration in the flow likely exceeded the equilibrium concentration, because 
the equilibrium concentration became lower due to decreases in the channel gradient. In contrast, surges with 
comparatively small volume stopped in the section between A4 and A5 without the control of sediment concentration 
by deposition of sediment (white symbols in Fig. 7a, b, d, and e). In addition, some surge started to deposit their 
sediment just after their initiation, (white symbols in Fig. 7d and e). These surges are assumed to have high sediment 
concentrations from their initial stage.  

5. 2. Changes in flow velocity of debris-flow surges with distance downstream 

In the sections where the debris-flow surges are accelerating, the shear stress at the bottom of the surge exceeds the 
shear resistance. On the contrary, in the section where the surges are decelerating, the shear resistance is higher than 
the shear stress. Equations (1) and (2) indicate that the shear resistance increases as the sediment concentration in the 
surge increases and its increase rate exceeds that of the shear stress. Equation (3) indicates that the shear resistance 
balances with the shear stress at bottom of the mass when the sediments concentration reaches the equilibrium 
concentration (Takahashi, 1977). 

 Therefore, in the section just below their initiation points, surges, which eroded sediment actively because of the 
lower sediment concentrations than the equilibrium concentration, accelerated as they flowed down (Fig. 8a, b, d, and 
e). Such surges stopped acceleration in the subsequent sections because the sediment concentration likely reached the 
equilibrium concentration (Fig. 8a and 8b). Then, surges tended to rapidly increase their flow velocity in the section 
between A5 and A6, where the channel bed is fixed bed (Black symbols in Fig. 8a, b, d, and e). In this section, the 
sediment concentration in the flow likely became lower than the equilibrium concentration, because there is no 
erodible sediment although the equilibrium concentration became higher due to the increase in the channel gradient 
(Fig. 8c and 8f).  As another factor for the rapid increase in the flow velocity in this section, it is thought that shear 
resistance at the bottom of the flow decreased because of the smoother surface of the fixed bed compared with that of 
the movable bed (Fig. 2) (Suzuki et al., 2003). In contrast, surges with comparatively small volume continued 
deceleration and stopped with a short travel distance without deposition of sediment, which decreases sediment 
concentration (white symbols in Fig. 8a, b, d, and e). Such behaviors of small surges in their terminal stage cannot be 
explained by the relationship between the shear stress and the shear resistance at the bottom of the flow. 

6. Conclusion

  To clarify the changes in the characteristics of debris-flow surges as they flow down, field observations using 
time laps-cameras was conducted at multiple sites along the debris-flow torrent in the upper Ichinosawa catchment. 
The results of our observations are summarized below. 
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• Debris-flow surges increased their volume and velocity in the section just below their initiation points, and
maintained them in the subsequent section. 

• Debris-flow surges decreased their volume in the section where the channel gradient decreases rapidly, and
surges with a comparatively small volume stopped there. 

• Debris-flow surges increased their velocity rapidly in the fixed bed.
These results of our observations are consistent with the theory of the equilibrium concentration. In contrast, the

theory of the equilibrium concentration cannot fully explain the observation that surges with a small volume stopped 
and deposited all sediment with a short travel distance. In addition, some surges lost volume and velocity in their 
initial stage.  
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2.1. Study basin and installed sensors for monitoring 
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2.3. Development of robust sensors in mountainous region 
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Abstract 

The internal deformation behavior of natural debris flows is of interest for model development and model testing for debris-flow 
hazard mitigation. Up to now, only a view attempts were made to measure velocity profiles in natural debris flows due to low 
predictability and high destructive power of these flows. In this contribution we present recent advances of measuring in-situ 
velocity profiles together with flow parameters like flow depth, basal normal stress, and pore fluid pressure. For that a fin-shaped 
monitoring barrier was constructed in the Gadria creek (IT), laterally carrying an array of paired conductivity sensors. We present 
results from two debris-flow events with volumes of around 5,000 m³ each. Compared to the first event on July 10th, 2017, the 
second event on August 19th, 2017, was visually more liquid. Both debris flows exhibited significant longitudinal changes of flow 
properties like flow depth and density. The liquefaction ratios reached values up to unity in some sections of the flows. Velocity 
profiles for the July event were mostly concave up, while the profiles for the more liquid event in August were linear to convex. 
Though limited by boundary roughness at the wall and occasional sediment deposition on the force plates and pressure sensors, 
these measurements gain new insights of the dynamics of real-scale debris flows. 

Keywords: velocity profile, pore fluid pressure, Gadria valley 

1. Introduction

The high volumetric content of sediment together with grain sizes ranging over several orders of magnitudes, and
velocities sometimes exceeding 10 m/s, form a challenging task to measure velocity profiles in natural debris flows. 
However, observations under natural conditions avoid all scaling effects and would provide some indication of the 
constitutive flow behavior of the mixture, which we regard as useful for model development and testing.  

Measurements of experimental velocity profiles in natural sediment-water mixtures are rare, but mostly show a 
strong dependence on material composition (Arai and Takahashi, 1983; Mainali and Rajaratnam, 1994; Johnson et al., 
2012; Kaitna et al., 2014), which has also been observed artificial solid-fluid mixtures (SanVitale et al., 2011; Chen et 
al., 2017).  For natural flows measurements of mean velocity and surface velocity are available (Berti et al., 1999; 
Genevois et al., 2000; Marchi et al., 2002). Indication of the internal deformation behavior were derived from paired 
shear force measurements on a vertical side wall side at the Illgraben test site in Switzerland (Walter and McArdell, 
2015). The importance of non-hydrostatic fluid pressure that reduces the shear resistance in debris-flow mixtures has 
been shown by different authors (e.g. Pierson, 1986; Iverson and LaHusen, 1989; Iverson, 1997; Major, 2000; Kaitna 
et al., 2014; Kaitna et al., 2016) and has also been measured in the field (McArdell et al., 2007; McCoy et al., 2010; 
McCoy et al., 2013).  

Herein, we present first results of our efforts to measure the internal deformation behavior in natural debris flows 
at a monitoring station at the Gadria creek, IT. We first give an overview of the test site and the installed setup. 
Subsequently we show measurements of velocity profiles, normal stresses, flow depth and basal pore fluid pressure, 
and close with a short discussion of the outcomes and the limitations.  
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2. Method

2.1.  Field site 

The catchment of the Gadria creek is located in the Vinschgau valley in South Tyrol, Italy, and occupies an area of 
6.3 km². The highest point of the catchment is at 2,945 m a.s.l. and the confluence with the receiving river Etsch. With 
1-2 debris flows per year in the recent years, the area was considered to be well suited for debris-flow monitoring 
(Comiti et al., 2014). The steep terrain, frequent thunderstorm events as well as metamorphic rock and thick glacier 
deposit ensure sufficient quantity of material to be mobilized and transported. Since the last ice-age, the Gadria creek 
developed a large fan, which is mainly used for agriculture and settlement. At the apex of the fan, at 1,390 m a.s.l., a 
slit check dam was built, providing a retention capacity of around 40,000 to 60,000 m³. Just upstream of the retention 
area, a monitoring station was installed by the Torrent Control Service of South Tyrol  in cooperation with the Free 
University of Bozen-Bolzano in 2011 with two radar sensors for flow depth, rain gauges, geophones and three cameras 
(Comiti et al., 2014), Fig 1a). In 2016 the test site was extended with a sensor-equipped debris-flow breaker 
(“monitoring barrier”) to measure impact pressures and investigate the process/barrier/ground interaction. In the 
course of the construction, also force plates, fluid pressure sensors, and a velocity profiler have been installed.  

2.2. Barrier 

The monitoring barrier is located 200 m upstream to the retention basin at an altitude of 1,400 m a.s.l. The mean 
channel slope is 6° at the position of the barrier. The construction consists of two concrete parts, the barrier itself and 
an unconnected traverse check-dam in front of the barrier flush to the ground. For measuring normal stress and shear 
stress two force plates were installed on the transverse check-dam, one in front of the barrier and the second one two 
meter aside, both set to a sampling frequency of 2,400 Hz. The barrier is combined of a single concrete fin-shaped 
element in the middle of the channel connected to a foundation plate (Fig 1b).  

Fig 1. (a) Study site of the Gadria torrent in South Tyrol, Italy; (b) Monitoring barrier with measurement system. 

2.3. Monitoring system 

Two quadratic force plates of 1 m² were attached to the transverse check-dam. Each force plate is supported by four 
load pins with a maximum capacity of 10 kN each. In the middle of each force plate a pressure sensor is installed. 
Each sensor consists of a pressure transducer connected to a reservoir filled with hydraulic oil. The top of the sensor 
(flush with the force plate) is sealed with a thin silicone membrane and protected with two steel meshes of 0.5 and 2 
mm grid sizes, similar as used in rotating drum experiments by Kaitna et al. (2014). Two ultra-sonic sensors for the 
flow depth measurement were installed above each force plate. The sampling frequency of the ultra-sonic sensors and 
the pressure transducer was set to 100 Hz. The velocity profiler is situated on the orographically left side of the barrier 
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3 m behind the front to minimize the disturbance of the passing material, but still capable to capture a maximum flow 
height of 1.8 m. The profiler consists of eleven sensors at different heights (levels). The first level is located at 18 cm 
above the concrete bed; the next levels are equally stepped at 15 cm distance. Each velocity sensor consists of a pair 
of conductivity sensors at a distance of 6 cm apart. The normalized sensor signals were cross-correlated to determine 
the velocity of passing debris (Nagl and Huebl, 2017). The size of a moving correlation window for set to 1 second 
(2,400 data points) and the window was moved with a step size of 100 data points. Results with a correlation coefficient 
< 0.8 and unrealistic accelerations from adjacent values were excluded from further analysis (see discussion in Kern 
et al., 2010; Kaitna et al., 2014). Finally, a digital video system equipped with an infrared spot was installed on the 
orographic left side of the channel, which enabled us to assess the surface velocity near the profiler by particle tracking. 
Two data acquisition systems are integrated at the top of the barrier. First, a QuantumX HBM data acquisition system 
is in use to acquire signals from the load cells on the front of the barrier (impact measurements) with a sampling rate 
set to 19,200 Hz. The second system, which records the sensors described herein, is a MGCplus HBM data acquisition 
system with a sampling rate set to 2,400 Hz. Except for the velocity profiles, all signals were filtered with a Butterworth 
low-pass 500 Hz. The complete setup is powered by an uninterruptible power supply system (UPS).  

3. Results

3.1. Event July 10th, 2017 

On 10th of July 2017, a debris flow was triggered by intense rainfall. The front velocity was about 1 m/s and the 
maximum flow depth of around 1 m (Fig 2). Video recordings reveal that the flow had a steep bouldery front with 
rocks of around 0.5 m in diameter, followed by a mud rich tail with some boulders immerse in the flow. The main 
surge was followed by small waves. The complete event lasted around 240 seconds (4 minutes) and had a total volume 
of about 5,000 m³.  

The normal stress 𝜎𝜎𝑁𝑁 reached values up to 18,000 N/m² and the basal pore fluid (𝑃𝑃) pressure peaks only slightly 
lower (Fig 2). The liquefaction ratio (𝐿𝐿𝐿𝐿 = 𝑃𝑃/𝜎𝜎𝑁𝑁) were therefore very high throughout the flow and reached values 
close to unity at the tail. For comparison, an equivalent clear water pressure calculated from flow depth, the density of 
water (1,000 kg/m³) and the gravitational acceleration is peaks at about 9,000 N/m². Hence, except for the very front 
of the flow, an excess pore water pressure was observed during the whole event duration.  

For the duration of the first surge, the median of the velocity profiles from the profiler exhibit a concave up form. 
The numbers Fig 2b-d are the number of successful correlations (see section 2). The independently derived surface 
velocity is in the same range but slightly higher as the uppermost velocity of the profiler. This might be connected to 
the non-existing effect of wall friction, as surface velocities were derived at some distant from the barrier.  The 10/90 
percentile of the box-whisker plot shows the highest variability on the upper levels.  A closer look into the small waves, 
present a convex form of the velocity profile. Taking all velocity profiles into consideration, a concave up form 
exhibits.  

3.2. Event 19th of August 2017 

The second event on August 19th, 2017, resulted again from heavy rainfall and started as a sediment-laden flash 
flood with woody debris, and developed into a debris flow with a less pronounced peak with a maximum flow depth 
of 1.8 m and a velocity of 4 m/s (Fig 3a). The event consists of two main surges with no characteristic bouldery front; 
the second surge was characterized by six small waves. A muddy rich tail with no visible boulders finalized the debris 
flow. The complete event lasted 1,600 seconds (~ 27 minutes). A log clocked the force plate in front of the barrier and 
affected the measurement of this force plate. The second force plate aside of the barrier measured normal stresses up 
to 36,000 N/m² at the first surge. 
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Fig 2. Data of the debris flow from July 10th, 2017. (a) Flow depth [m] of the ultra-sonic sensor of the force plate 1 aside the barrier. (b)Velocity 
profile of the first surge (360-410 sec.) (c) Velocity profile of a small wave (460-480 sec.) (d) Collective velocity profile of the complete debris 
flow, (e) normal stress (red line), basal pore liquid pressure (blue line), liquefaction ratio (black line), and equivalent clear water pressure (green 
line) in running average values of 1Hz.  

Here, the basal pore liquid pressure achieved values to 20,000 N/m², and as a result, a liquefaction ratio reached 
values of 0.5 to 0.6. At the first surge, the equivalent clear water pressure was similar to the basal pore liquid pressure; 
at the second surge, an excessive pore pressure was observed, but did not reach values as observed for the flow on July 
10th. We find a linear to slightly convex velocity profile for the first surge and for the complete event from the profiler 
(Fig 3b and Fig 3d). Surface velocity values are not yet available. For the fast flowing and rather liquid middle part of 
the event (Fig 3c), the derived velocity profiles shows a clear convex profiles, with very low velocities at the base, 
indicating that material that eventually would deposit was overridden by a surge from behind, similar as for the small 
wave in the first event. For the average profile of the complete flow the lowest level shows very few (124, compared 
to 3910 in the level above), but surprisingly high values compared to the upper layers. Here, close to the base, material 
might have decelerated, eventually deposited and remobilized. In that case, the correlation coefficient decreases and 
when the velocity approaches zero, ultimately no cross-correlation is possible. This missing information of very low, 
respectively zero velocity values, over a long reference period yields biased median values towards higher velocities.  
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4. Discussion

The velocity profiles shown here represent the original results from the monitoring barrier. Despite the fact that 
differences of velocities over the height are larger than the scatter of the data, the derived data, several sources of 
uncertainties have to be considered: (1) Firstly, there are uncertainties that are connected to shortcomings of the 
experimental field setup. That is, we unavoidably measure velocities of particles passing and probably sliding along a 
rigid wall, i.e. there is the effect of wall friction (cf. Jop et al., 2005; Kaitna et al., 2014). Additionally, we measure 
only particle velocity and not fluid velocity and the geometry of the paired conductivity sensors captures only flow 
variations in flow direction. (2) Secondly, there are uncertainties associated with the data analysis. For example, the 
choice of a threshold for the correlation coefficient is to some extent arbitrary. We tried to avoid misleading correlation 
results by defining a high correlation coefficient of 0.8. Another source of error arises from the comparison of velocities 
derived from the profiler with a surface velocity derived from video recordings. Due to the resolution of the camera, 
we cannot derive surface velocities at the boundary of the barrier, but only in a region some 5-20 cm distant. 
Additionally, we found that for natural flows, including large boulders and woody debris, deposition pattern may 
influence the flow along the barrier as can be seen for the second event in August 2017, where surface velocity was 
often smaller than the velocities at the barrier.  

Fig. 3. Data of the debris flow from August 19 2017 (a) Flow depth [m] of the ultra-sonic sensor of the force plate 1 aside the barrier. (b) Velocity 
profile of the first surge (200-300 sec.).  (c) Velocity profile of the second surge (700-1000 sec.) (d) Collective velocity profile of the complete 
debris flow, (e) normal stress (red line), basal pore liquid pressure (blue line), liquefaction ratio (black line), and equivalent clear water pressure 
(green line) in running average values of 1Hz. 
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5. Conclusion

 Two debris flows were observed in the Gadria torrent in South Tyrol in the year 2017 by the new monitoring 
barrier. Additionally to the internal velocity profile, the normal stress, basal liquid pore pressure, and the flow depth 
were recorded. The minimum temporal resolution for the velocity profiles at this stage is around 1 second. Our 
measurements demonstrate that natural debris flows undergo different states of deformation during the flow and 
indicate no constant velocity profile throughout the flow. Velocity profiles are strongly affected by surges and 
deposition of material between surges. We assume that the general shape of the derived profiles may be representative 
for the respective section of the flow, but there are several sources of errors that might affect the results. We think that 
especially the connection between excess pore liquid pressure and the velocity profiles need to be further investigated. 
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Abstract 

Risk mitigation for debris flows at regional scale is a challenge. Early warning systems are helpful in depicting the time and the 
location of future debris flows so that emergency responders can act in advance before the disaster takes place. Herein we present 
a prototype real-time regional early warning system for rainfall induced shallow landslides and debris flows for the region of 
Catalonia (northeastern Spain). The model issues a warning level combining susceptibility information and real-time rainfall 
triggering conditions obtained from weather radar observations and forecasts. Susceptibility maps have been derived using a fuzzy-
logic approach and two input variables, terrain slope and land cover. These maps have been obtained using (i) grid cells of different 
resolutions, and (ii) physical catchments (of first order) as terrain units. Although high resolution grid-cell maps show a more 
accurate representation of susceptibility over the region, maps based on catchments are more intuitive and better characterize the 
area affected by future debris flows. Rainfall triggering conditions are assessed by means of probabilistic intensity-duration 
thresholds obtained from literature. Finally, we have validated the early warning system and tested its performance for some 
important events from the last ten years that were either monitored in specific catchments, or were reported in unmonitored 
catchments. In general, the system has been able to satisfactorily forecast the time of occurrence of most of the analyzed past debris-
flow events. 

Keywords: Debris flow; Early Warning System, Susceptibility map; Rainfall thresholds; Weather radar; Catalonia 

1. Introduction

Debris flows represent an important hazard in mountainous regions and can cause substantial economic and human
losses. Although debris flows are not as widely reported in Catalonia (northeastern Spain) as in other regions, they still 
represent a significant hazard (Portilla et al., 2010; Raïmat et al., 2010; Abancó, 2013; Palau et al., 2017). 

Rainfall is the most important debris-flow trigger in Catalonia. Intense rainfall events are expected to increase in 
frequency due to climate change (Gariano and Guzzetti, 2016). In such a context, strategies to reduce the risk by 
increasing awareness, and preparedness of communities living at areas that may be affected must be developed 
(UNISDR, 2015; Alcántara-Ayala et al., 2017). Early warning systems help us anticipate the risk prior to the event, in 
order that emergency strategies could be adopted in advance. 

The majority of early warning systems focus on rainfall induced shallow landslides and debris flows on natural 
slopes (Aleotti, 2004; Chen and Lee, 2004; Baum and Godt, 2010). Most of them use rainfall inputs obtained from 
rain gage data. However, the density and temporal resolution of rain gage networks is usually low and landslide 
triggering rainfalls tend to be underestimated (Marra et al., 2014). The main advantage of radar data is its high temporal 
and spatial resolution (of the order of one kilometer and up to five minutes). Only in few early warning systems radar 
measurements have been adopted instead; e.g. Japan (Osanai et al., 2010), Southern California (NOAA-USGS Debris 
Flow Task Force, 2005) and the Pyrenees (Berenguer et al., 2015). 
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Fig. 1. Overview map of the Catalonia region. The Rebaixader Catchment (R) and Montserrat (M) locations are marked with a concentric black 
circle. The orange circle represents the location of the radar. The zones of the inventories used for the susceptibility maps are delimited by the 
blue rectangles.  

The terrain predisposing factors can be considered by means of landslide susceptibility maps. The majority of them 
are raster maps (Carrara et al., 2007; Kirschbaum et al., 2016; Bee et al., 2018; Wilde et al., 2018), but some use other 
terrain units as hydrological catchments (Cannon et al., 2004; Carrara et al., 2007; Chevalier et al., 2013; Hürlimann 
et al., 2016; Krøgli et al., 2017). Choosing the most appropriate susceptibility terrain unit requires considering several 
factors and is not always trivial. 

The main aim of this work is to present an updated version of the early warning system of Berenguer et al., (2015) 
for the Catalan Pyrenees. The new version of the early warning system covers the entire Catalonia region, uses an up-
dated susceptibility map and a new approach to define the critical rainfall. The effect of using different terrain map 
units for the susceptibility classification is also introduced. Finally, the early warning system has been run for the 
summer season of 2010 (April to October) using radar Quantitative Precipitation Estimates (QPE) and validated for 
some recorded events occurred in specific catchments.  

2. Methodology

The prototype early warning system presented herein uses information on debris-flow susceptibility and rainfall
observations. These two inputs are combined in real-time to obtain a qualitative warning level (very low, low, 
moderate or high). 

2.1. Susceptibility assessment 

In this work, two terrain features were seen as the most important in order to derive the susceptibility map of 
Catalonia: slope and land cover. To calibrate and validate the susceptibility model, information on past debris-flow 
and shallow landslide events contained in the inventories of three zones of the Catalan Pyrenees is introduced. Slope 
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accounts for the topography of the terrain. Land cover accounts for the terrain resistance parameters. Additionally, we 
attempted to use the geology map to provide some information about the surface deposits, but this information showed 
no clear skill in characterizing landslide susceptibility. 

The susceptibility class is calculated for each of the terrain units using a fuzzy logic classifier (Mendel, 1995). The 
classifier requires membership functions for each variable, that were obtained based on expert criteria. Then, a weight 
is assigned to each variable. In our case, we have defined four classes: “very low”,” low”,” moderate” and “high” 
susceptibility. Therefore, for each variable there are four membership functions, one for each susceptibility class. The 
membership degree to each susceptibility class is calculated for each of the terrain units as the weighted average of 
the membership degrees for the two variables. The susceptibility class having higher membership degree is assigned 
to each terrain unit. 

The last step of the susceptibility assessment is the validation of the resulting susceptibility maps. Receiver 
Operating Characteristics (ROC) curves have been calculated (Fawcett, 2006), and the area under the curve (AUC) is 
the metrics used to assess the model performance. 

2.2. Analysis of triggering rainfalls 

For the purpose of this work, rainfall inputs are obtained from the observations of the CDV C-band radar of the 
Meteorological Service of Catalonia (SMC) with the chain of algorithms of the Integrated Tool for 
Hydrometeorological Forecasting (EHIMI, Corral et al., 2009). This tool includes the correction of the beam-blockage 
effect, ground clutter elimination, identification of the type of precipitation, extrapolation of elevated reflectivity 
measurements to surface and conversion of reflectivity to rain-rate. The rainfall products used here consist of real-
time 30-min radar rainfall accumulations with a spatial resolution of one kilometer. Additionally, radar-based 
nowcasts (Berenguer et al., 2011) could be included to increase the lead-time.  

To assess if a given rainfall event has the potential of triggering a debris flow, the global probabilistic rainfall 
intensity-duration percentile thresholds obtained by (Guzzetti et al., 2008) have been adapted. The thresholds represent 
the percentile of past shallow landslides and debris flows triggered by a given rainfall intensity and duration. Using 
them, four rainfall hazard levels have been defined: “very low”, “low”, “moderate” and “high” (see Figure 2). If a set 
of more local rainfall thresholds is available, they could be easily adapted in the LEWS. 

Fig. 2. Rainfall intensity-duration thresholds adapted from Guzzetti et al. (2008) and selected rainfall hazard levels. The continuous lines 
represent the 10th, 40th and 70th percentiles of rainfall that were selected as thresholds. 
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2.3. Combination of susceptibility and rainfall: Issuing a warning level 

In the current configuration, susceptibility information is a static input in the early warning system, while the radar-
based rainfall estimates are updated every 30 minutes. 

The combination of the four susceptibility classes and the four rainfall hazard classes is done by means of a warning 
level matrix (Figure 3). The columns of the warning level matrix represent the susceptibility and the rows represent 
the rainfall hazard. The combination of each susceptibility class with each rainfall hazard class results in a warning 
level, which again is of four classes: “very low”, “low”, “moderate” and “high”. 

The final result is presented in the form of a warning level map assessing the possibility of having a debris flow in 
each terrain unit for every time-step.  

Fig. 3. Warning level matrix. Rows represent rainfall hazard level, columns represent susceptibility class. VL states for very low, L for low, M for 
moderate and H for high warning level. 

3. Analyzing the influence of the terrain unit

A terrain unit is a portion of the terrain that can be distinguished from the terrain units around it because of its
properties (Hansen, 1984). It should maximize internal homogeneity and enhance heterogeneity between different 
terrain units (Guzzetti et al., 2005). Choosing an appropriate terrain unit requires considering the studied phenomena, 
the available datasets, the resolution, the quality of the results and the final purpose of the susceptibility map among 
other factors. 

As part of this work, we are studying the applicability of the early warning system to different terrain units. Herein 
we will examine the possible advantages and limitations of using (i) first order catchments (Strahler, 1957), (ii) and 
30 m resolution grid-cells. 

Since debris flows are transported along channels, the initiation, transportation and deposition zones coincide with 
the area defined by hydrological catchments. The majority of debris-flow events were recorded in first order basins. 
Such catchments located at the headwaters are usually steeper and generally have higher susceptibility than higher 
order catchments. For this reason, we have set up the early warning system using a susceptibility map based on first 
order basins. 

Both maps shown in Figure 6 have approximately the same percentage of moderate and high warning level terrain 
units: 38% and 58% respectively in the case of first order basins, and 38% and 52% in the case of 30 m resolution 
grid-cells. However, the number of terrain units classified as very low and low susceptibility is somewhat different. 
8% of the pixel-based map is classified as very low and 2 % as low susceptibility, whereas the first order basins map 
has no terrain unit with very low susceptibility and classifies only a 4% of terrain units as having low susceptibility. 
As a result, the number of warnings issued when using the basin-based susceptibility map will probably be higher than 
when using the pixel-based susceptibility map. 
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Fig. 6. Preliminary results of susceptibility mapping. a) Map based on first order basins for the NW-Catalonia region, b) map based on 30 m 
resolution grid cells for the same region. 

Maps based on grid-cells have the advantage of covering the entire analysis domain but unlike first order basins 
lack of physical meaning. For this reason, early warning system results will be easier to interpret when using the 
susceptibility map based on first order basins. 

Another important aspect when thinking on the implementation of the susceptibility map into the proposed real-
time early warning system is the required computational time required to compute a time-step over the region of 
Catalonia. A priori it seems that the 30 m resolution grid-cell configuration will be more computationally demanding 
than the configuration based on first order catchments. 

4. Results

First, we have generated a susceptibility map for the Catalonia region based on first-order basins and run the
prototype early warning system for a period of seven months in 2010. The early warning system outputs have been 
checked for recorded events in monitored and unmonitored catchments. All the recorded events are associated with a 
moderate or high warning levels, and coincide with intense rainfall episodes. 

Fig. 4. Output of the early warning system for a debris-flood event in the Rebaixader catchment and a debris-flow event in Montserrat. The black 
line shows the evolution of the rainfall intensity in the catchment, and the color bar indicates the warning level diagnosed with the warning 
system. Green, yellow, orange and red correspond, respectively, to “very low”, “low”, “moderate” and “high” warning level. The red arrows 
represent the time the Rebaixader monitoring station recorded the debris flow and when the event was reported at Montserrat. The discontinuous 
red line represents the period of time road and railway remained closed. 
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This is the case for the events shown in Figure 4. The first case corresponds to the event that occurred on 21 July 
2010 at the Rebaixader catchment. A debris-flow monitoring system has been running in this catchment since 2009 
(Hürlimann et al., 2014) and recorded a debris-flood event at 19:05. The early warning system issued a moderate 
warning level for the same time. Figure 4 (right) shows the case of the 09-10 October 2010 at the Montserrat basin. 
In this case the exact time of the debris-flow event is unknown. However, a road and a railway were blocked by a 
debris flow and remained closed on 10 October 2010 from approximately 01:00 to 12:00, coinciding with the time 
when the system issues moderate and high warning levels. 

Many debris-flow events happen in remote areas and are not recorded. Thus, one of the challenges in the evaluation 
of the early warning system performance is the correct determination of the total number of false alarms and misses. 
The number of days with moderate and high warning level has been counted for every first order basin (Figure 5). 
Results for monitored and unmonitored catchments where debris flows have been reported are promising. Four events 
were recorded at the Rebaixader monitoring site, and the prototype LEWS issued a total of five days with moderate 
or high warning. However, in Montserrat only one event was reported, but seven days presented a moderate or high 
warning.  

Fig. 5. Number of days with moderate or high warning level for each of the first order catchments between April and October 2010.  

5. Conclusions

Early warning systems constitute a useful tool for the mitigation of debris-flow and debris-flood impacts. The
methodology proposed herein presents a regional scale early warning system. The presented early warning model 
makes use of only two input parameters. A susceptibility map accounting for the terrain predisposing factors, and the 
triggering rainfall that is assessed by means of weather radar observations and probabilistic rainfall thresholds. The 
output of the early warning system is a warning level (very low, low, moderate and high) that is computed for each 
terrain unit by means of a warning level matrix.  

We have implemented the early warning system for the Catalonia region using a susceptibility map based on first 
order basins and ran it for a seven-month period in 2010. An important challenge in this domain is the correct 
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determination of the number of false alarms and misses. Most debris-flow events happen in remote areas and many 
are unreported. Therefore, the evaluation of the performance of the early warning system is challenging. 

The influence of terrain map units on the early warning system performance is an interesting topic. We have 
presented preliminary results comparing susceptibility maps based on first order basins and 30 m resolution grid-cells. 
On the one hand, the interpretation of the early warning system seems easier using susceptibility maps based on first 
order basins. On the other hand, the analysis area is not completely covered. Another drawback is that considering the 
terrain land cover variability is difficult. As a result, the susceptibility tends to be higher. The implementation of the 
susceptibility map of 30 m resolution pixels into the early warning system would cover the entire domain, account for 
land cover variability and provably issue higher resolution warnings. However, it would complicate the interpretation 
of the outputs and require more computational resources. Although using first order basins may seem better, choosing 
 the best mapping unit requires implementing the two susceptibility maps into the early warning system and consider 
the performance of both configurations. 

Finally, in the context of an Early Warning System, extending the lead time is fundamental to enable efficient 
emergency management. In real time, it will thus be advisable to extend the series of radar observations with high-
resolution rainfall forecasts (such as radar-based rainfall nowcasts). 
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Abstract 

Debris flows evolve in both time and space in complex ways, commonly starting as coherent failures but then quickly developing 
structures such as roll waves and surges. These processes are readily observed, but difficult to study or quantify because of the 
speed at which they occur. Many methods for studying debris flows consist of point measurements (e.g., of flow height or basal 
stresses), which are inherently limited in spatial coverage and fail to fully capture the spatiotemporal evolution of a flow. In this 
study, we use terrestrial lidar to measure debris-flow profiles at high sample rates to examine debris-flow movement with high 
temporal and spatial precision and accuracy. We acquired measurements during gate-release experiments at the USGS debris-flow 
flume, a unique experimental facility where debris flows can be simulated at a large scale. In this study, the laser scanner was 
placed at the bottom of the steep flume and recorded topography of the entire flume bed and debris flow at a rate of 60 Hz along a 
narrow profile (~1mm in width), providing a detailed, two-dimensional cross-section of the debris flow through time.  The high-
resolution profiles enabled us to quantify flow front and surge velocities of the debris flow and provide an unprecedented record of 
the development and evolution of the flow structure over time.  The profiles also preserve a record of the highly variable deposition 
pattern of the debris flow on a downstream fan with a time resolution of hundredths of a second.  In addition, video imagery from 
the experiment was used to track debris-flow movement through time.  By acquiring high-resolution topographic data and video 
imagery during a controlled experiment, we have been able to obtain unusually complete quantitative measurements of debris-flow 
movement.  Such measurements may help constrain future modeling efforts.  

Keywords: Debris flow; lidar; 

1. Introduction

Debris flows are rapidly deforming mixtures of sediment and water that can lead to dramatic geomorphic change
(e.g. Stiny, 1910, Anderson et al., 2015) as well as the destruction of life and infrastructure (Costa, 1984).  Because 
these hazardous phenomena can be so deadly, it is important to understand the fundamental physical processes that 
govern debris-flow initiation, movement, and deposition.  Much progress has been made on understanding debris-
flow physics through numerous experiments at the USGS debris-flow flume over many years (Iverson et al., 2010).  

Debris-flow experiments in a large-scale flume can reproduce much of the behavior of natural debris flows (Iverson 
et al., 2010), which allows for the quantification of physical parameters that are difficult to measure in natural events. 
Such measurements are crucial for informing debris-flow models (George and Iverson, 2014; Iverson and George, 
2014).  However, even in a controlled flume setting, monitoring the continuous evolution of debris-flow movement is 
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a challenge. In past flume experiments at the USGS debris-flow flume, mounted sensors at several discrete points (as 
many as six in some experiments) were used to measure flow properties.  These fixed sensors measured the flow 
timing and depth, which provided an estimate of flow velocity between fixed points.  Herein we use lidar data and 
video imagery to show continuous flow dynamics of an experimental debris flow as it moves down a flume.  

In this study, we used a terrestrial lidar unit as a line-scanner to acquire a full longitudinal profile of the surface of 
a debris flow at snapshots taken every 0.017 s (~60 Hz) as it traveled from the release point to the deposition point at 
the base of the flume.  This suite of topographic data records the continuous evolution of the center of the debris-flow 
surface as it moves downstream.  In addition, we used video to identify the flow front based on color differences 
between the flume surface and the debris-flow body. Results from this video image analysis agree well with the lidar 
data, suggesting that in future studies video data could be used to extract important flow characteristics.   

2. Methods

Lidar data were obtained during a flume experiment on May 25, 2017 (Logan et al., 2018) using a Riegl VZ-400 
terrestrial lidar scanner (Fig 1).  A custom C++ program, Drive VZ-400 (Olsen et al., 2012) was used to operate the 
scanner and to fix a vertical profile with a vertical field of view of 44 degrees, to measure the entire flume and runout 
path. Horizontal angles along that profile were within a total spread of only 0.13 degrees as a result of the angular 
precision and leveling capabilities of the scanner. The laser resolved a complete swath of the flume every 0.017 s. A 
general 3D survey of the flume with multiple scan positions was conducted before the flume experiment and 
georeferenced into UTM coordinates using survey control targets positioned along the flume (Fig. 1) that were linked 
to ground control points with a total station.  Another custom program was written in C++ using the RivLib Library 
(Riegl, 2017) to interface with the raw scan data stream to extract the time stamp, x, y, and z coordinates of each laser 
observation at a desired time range, time interval, and vertical angle resolution for analysis.  The program also applies 
the scanner position and orientation (e.g., leveling) information such that the data can be georeferenced. Finally, the 
program organizes the lidar points into laser swaths that are uniquely numbered.   

Fig. 1 (a) View of the lidar scanner at the base of the flume; (b) Lidar data showing the flume. Colors denote the elevation in meters. 

The flow front was identified from the lidar data through time by tracking changes in height relative to the initial 
bed height. For each unique lidar swath, we used the lidar point data to interpolate z values (defined as the vertical 

(a) (b) 
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direction parallel to gravity) to evenly spaced points along the flume axis every 1 cm. The flow front could be tracked 
by calculating the change in z values (zdiff) from each new lidar swath versus the original bed elevation, using 

𝑧𝑑𝑖𝑓𝑓 = 𝑧𝑖 − 𝑧𝑏𝑒𝑑 (1) 

where i is the line swath iteration that represents all of the points obtained during a 0.017 s lidar scan. 
In addition, we compared the lidar data with videos taken at 60 frames per second (the same sampling rate 

as the lidar) during the debris-flow experiments to extract further information about the flow movement.  Flow-front 
velocity was estimated by observing the change in pixel color along the flume axis during a video of the debris flow.  
Surveyed points along the flume axis were visible in the video and provided geometric information for correcting 
video perspective.  We assigned each surveyed point to a pixel location in each video frame by manually picking point 
pixel locations along the flume axis.  These pixel locations and surveyed positions were used to derive a conversion 
from distance in pixels to distance in meters along the flume axis.  For each video frame, pixel color values were 
extracted along the flume axis between known points using a Bresenham March analysis algorithm, which resulted in 
an array of colors corresponding to distances down flume (Bresenham, 1965).  For a given frame, the array of colors 
quantifies the appearance of the flume axis at a specific moment in time.  Each color array from a single video frame 
was used to construct a row of the image in Fig. 2a.  The process is repeated for all video frames to generate each row 
of Fig. 2a.  The rows of the image in Fig. 2a collectively show how the appearance of the debris flow evolves in time 
and space.  

Fig. 2. (a) Colored pixels extracted from video imagery and plotted as function of time and distance along the flume axis.  Basal normal stress, 
basal shear stress, and laser-based flow thickness data are overlayed at the fixed cross sections where they were measured.  Note, for display 
purposes, stress curves increase to the right and the thickness curves increase to the left. These measurements follow the methods described in 
Iverson et al. (2010). The vertical black lines with white trim are beams across the flume.  Black arrows indicate roll waves. The black line is an 
interpolated cubic spline fit to the flow front. (b) Flow depth measured from lidar swaths plotted a function of time and distance along the flume 
axis. The flow depth displayed is equal to the flow height above the flume bed, and for clarity the color scale is saturated at 0.3 m.  The horizontal 
black line with white trim is the interpolated cubic spline fit to the flow front in (a). 

194



Rengers / 7th International Conference on Debris-Flow Hazards Mitigation  (2019) 

The video was transformed to show the color of the flow along the flume for each frame (Fig. 2a).  Fig. 2a is similar 
to a shot gather typically generated when processing seismic data; however, instead of sampling a seismic wavefield 
we sample the appearance of the debris flow.  We therefore refer to Fig. 2a as a flow gather. The speed, character, and 
evolution of flow events are readily observed within the flow gather.  For comparison and clarity, we represent the 
lidar data in the same image format (Fig. 2b) and observe the change in flow height as a function of time and distance 
along flume.  We manually picked the front arrival time on the flow gather image and interpolated between front 
positions using a cubic spline (Fig. 2a solid black line).  Using this flow front line (Fig. 2a solid black line), we 
estimated the front position, velocity, and acceleration (not shown) of the debris flow as a function of time and space.  
In addition, we applied the flow front line, without modification, to the lidar-derived flow gather (Fig. 2b) in order to 
show that there is little misfit, and therefore similar velocities are estimated from the two different methods. 

3. Results and Discussion

The high-frequency lidar data allowed for the identification of the debris-flow front as a function of time (Fig. 3).  
The debris flow had a steep front, and during the early stages of motion the front was not the deepest portion of the 
flow (Fig. 3c).  As the flow progressed downstream the larger cobbles moved to the front of the flow, and this grain 
segregation appeared to begin around 16 m from the debris-flow release gate (Fig. 4). At ~16 m the flow height is 
obscured by bouncing particles (Fig. 4b). As the flow neared the end of the flume, the leading cobbles were moving 
ahead of a steep front (Fig. 3d-f), which was followed by a tail that stretched behind it for tens of meters.  

Fig. 3. (a) Lidar points showing debris-flow front moving down the flume (time = 4.6 seconds or lidar swath 300); (b) inset showing an enlarged 
view of the debris-flow front in (a) where the solid blue line shows the debris flow base; (c) difference between the debris height and the 
underlying flume; (d) lidar points showing debris-flow front moving down the flume at a later time (time = 12.3 seconds or lidar swath 800); (e) 
inset showing an enlarged view of the debris-flow front in (d) where the solid blue line shows the debris-flow base, and (f) difference between the 
debris height and the underlying flume.   
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The front arrival time derived from video and lidar agree with one another and with auxiliary data for the basal 
normal and shear stresses (Fig. 2).  For example, the measured stress and thickness have a value of zero for times 
before the flow front is observed, and then abruptly increase at the time when the flow front crosses the sensor (Fig. 
2a).  This parity in time between the measured flow front at the three fixed sensors and the flow gather suggested the 
reliability of the flow gather to accurately record timing.  The flow gather also reveals flow dynamics; for example, 
the spectral differences between the water/mud of roll waves and the roll wave shadow highlights the wave depth (Fig. 
2a).   

Fig. 4. (a) Lidar swaths over a 22.5 second interval (1480 total swaths subsampled by 10) where cool colors represent the position of the flow at 
earlier times and warm colors show later times.  (b) Flow depth (i.e. the flow elevation subtracted from the flume surface elevation) with respect 
to distance along the flume.  Grain segregation occurs 16 m downstream of the flume gate, indicated by dots showing bouncing particles. (c) 
Video still showing sharp front before grain segregation at 15 m. (d) Video still showing full grain segregation by 20 m from the gate.  
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Using the video-derived flow gather, we estimated flow velocities from the slope of the flow front with a cubic 
spline (black line on Fig. 2a).  The cubic spline (Fig. 2a) reduces noise from the individual pixels in the flow gather 
and allows us to perform a first derivative on a continuous function to estimate the velocity (Fig. 5).  The velocity plot 
shows an initial acceleration as the flow moves away from the gate and achieves an initial peak velocity of 10.7 m/s 
in the first few seconds (Fig. 5).  The velocity subsequently decreases before increasing again to 7.3 m/s. The second 
peak occurs at 10 seconds when the flow is approximately 78 m from the headgate and on the flat portion of the flume. 
This double peak is an artefact of the gate release (Iverson and George, 2019).  

Fig. 5.  Flow front velocity evolution derived from the flow gather.  The flow front reached the base of the flume in ~12 seconds and achieved a 
peak velocity near 11 m/s. 

4. Conclusions

In this study we used a terrestrial lidar unit and video imagery to track a debris flow during a flume experiment 
every 0.017 s. These data reveal the evolution of a debris-flow surface as it is released by a gate and moves down the 
flume.  These data allow us to quantify aspects of the flow through time such as the velocity of the flow front and the 
position along the flume, particularly when coarse and fine grains begin to segregate.  This study demonstrates the 
utility of continuous measurements and highlights the potential of video imagery to reproduce measurements similar 
to lidar data.  Moreover, the flow gather images produced by the videos, quantitatively show dynamics of the debris 
flows such as the timing and velocity of roll waves.   
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Abstract 

We present a series of debris-flow events and use combined sensor and video data to explore how sediment concentration and 
triggering rainfall intensity affect the velocity and discharge of debris-flow surges generated by surface-water runoff. We analyze 
an initial data set of 49 surges from four debris-flow events recorded by a monitoring system at Chalk Cliffs, Colorado, and compare 
measurements of surge height, velocity, peak discharge, triggering rainfall intensity, and qualitative estimates of sediment 
concentration. Measurements of sediment concentration and velocity were obtained using an automated camera system with a high 
resolution and frame rate. We find that the triggering rainfall intensity of the debris flows, which affects the sediment-to-water 
ratio, is a strong control on surge velocity and peak discharge. While surges with high and low sediment concentrations both exceed 
the peak discharge of water-only flow, fluid-rich surges generated by high rainfall intensities have much greater velocities and peak 
discharges than sediment-rich surges generated by lower rainfall intensities. These observations suggest that rainfall intensity may 
be an important predictive variable in empirical relationships for estimating the velocity and peak discharge of runoff-generated 
debris flows, which are common in alpine areas and burned steeplands.    

Keywords: debris flow; monitoring; velocity; entrainment; flow depth

1. Introduction

Debris flows have long been recognized as a significant hazard in steep watersheds, and methods to estimate their
velocity and peak discharge are needed for quantifying the risk to infrastructure (e.g., Hungr et al., 1984).  Empirical 
relations derived from monitoring data and field and laboratory observations are frequently used to estimate the 
velocity and peak discharge of debris flows (e.g., Rickenmann, 1999). Observations of debris-flow properties have 
come from a diverse set of observations made worldwide (e.g., Pierson, 1985; Davies, 1990; Suwa et al., 1993; Iverson, 
1997; Hürlimann et al., 2003, Arattano and Marchi, 2005). Advancements in sensors and computing technologies have 
made it easier to monitor debris flows, and the number of sites making direct measurements of debris-flow dynamics 
is growing worldwide (e.g., Imaizumi et al., 2005; Huang et al., 2007; McCoy et al., 2010; Kean et al., 2011; Navratil 
et al., 2013; Comiti et al., 2014; Hürlimann et al., 2014; Cui et al., 2018; Schimmel et al., 2018; and others in this 
volume). Even with this large body of existing knowledge, a broad spectrum of flow types exists due to differences in 
topography, triggering conditions, sediment availability, grain-size distribution, boundary conditions, and flow 
density. This variability makes it very difficult to predict debris-flow dynamics in a given watershed.  

Monitoring debris-flow events with automated equipment can provide the information to define rainfall intensity-
duration thresholds and relations between debris-flow velocity, flow depth, peak discharge, and volume. However, 
monitoring remains challenging and expensive due to the hazardous and destructive nature of debris flows. Even when 
the equipment is working, the complexity and variability of debris flows make interpreting instrumental data 
challenging. Auxiliary data from video recorded by automated systems can clarify the interpretation of debris-flow 
dynamics. For example, video can help differentiate debris flows from floods, and estimate sediment concentrations 
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and grain sizes. Additionally, data extraction from video footage is becoming easier due to the advent of methods for 
image analysis, such as particle image velocimetry (PIV).  

Here, we use observations of flow stage, rainfall intensity, and video recorded in a small basin in central Colorado 
(Fig. 1) to identify the controls on velocity and peak discharge of debris-flow surges triggered by surface-water runoff. 
Video is used to estimate both the sediment concentration and height (thickness) of the surges. This work is a first step 
towards a long-term goal of defining empirical relations for velocity and discharge for runoff-generated debris flows, 
which are common in alpine areas and burned steeplands.  

Fig. 1. Instrumentation to measure debris-flow surge characteristics. (a) Detailed view of the monitoring system to measure debris-flow depth, 
rainfall, and ground vibrations; (b) Camera view of 42-m long reach used to measure surge velocity and sediment concentrations; and (c) 
Automated camera system used for the 42-m long reach. 

2. Study site

The Chalk Cliffs is a natural laboratory to study debris flows, and a monitoring program for associated mass 
movement research was established in 2002 (Coe et al., 2008).  The Chalk Cliffs are located at the base of Mt. Princeton 
in the Sawatch Range of the Rocky Mountains, in central Colorado. The cliffs are composed of highly fractured, 
hydrothermally altered quartz monzonite (Miller, 1999), which gives the Cliffs their characteristic look of white 
“chalk.” The average slope of the 42-m reach of channel by the upper monitoring station is 17° (Fig. 1). The drainage 
area above the station is 0.06 km2. Bedrock with slopes greater than 25° is exposed in 60% of the entire Chalk Cliffs 
basin. Sparsely vegetated colluvium with slopes less than 25° covers the remaining area. The relatively large amount 
of exposed bedrock promotes rapid surface-water runoff during rainstorms that entrains channel sediment and initiates 
debris flows. An annual monsoon pattern of high-intensity summer thunderstorms and the substantial supply of 
sediment derived from the hydrothermally altered bedrock produce an average of about four debris flows per year.  

Since 2002, a range of automated monitoring equipment has been added to study various aspects of debris-flow 
dynamics (e.g., McCoy et al. 2010, 2012, 2013; Kean et al., 2013, 2015). The components of the monitoring system 
are shown in Fig. 1. The primary data acquisition hub is located on a 6-m long aluminum truss bridge spanning the 
channel. The enclosure houses a datalogger, cellular modem, and power system. A laser stage gage, directed slope 
normally, and a pair of siphoning tipping-bucket rain gages are mounted on the bridge, approximately 3 m above the 
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approximate center of the channel. The datum of the stage gage is the elevation of the bedrock channel bed beneath 
the gage. Other instrumentation installed, but not included in this paper, includes geophones, force plate, rock 
temperature profilers, pyranometers, a close-up video camera, and a dedicated seismic logging system and geophones 
(see Michel et al., this volume, for a description of the debris-flow induced ground vibrations at the site). The wide-
angle camera shown in Fig. 1c is triggered by a rainfall threshold, and its (cropped) field of view is shown in Fig. 1b.  

Debris-flow surges at Chalk Cliffs can vary greatly in flow depth, frequency, sediment concentration, and flow 
velocity (Fig. 2). This variability is correlated with rainfall intensity, which affects the sediment-to-water ratio in the 
debris flow. Rainstorms with peak 5-minute rainfall intensity (I5) less than ~30 mm/hr typically trigger a series of 
small, slow-moving, and sediment-rich debris-flow surges (Fig. 2a). These surges have a characteristic granular snout 
and more watery tail. Debris flows triggered by intermediate rainfall intensity (~30 < I5 < ~80 mm/hr) also typically 
have a granular snout and watery tail but have higher water content and are thicker and faster moving than debris flows 
triggered at low rainfall intensity. High rainfall intensity (I5 > ~80 mm/hr) triggers the largest and fastest moving debris 
flows at the site. Debris flows triggered by high rainfall intensity typically have fewer surges than debris flows 
triggered by lower rainfall intensities. Surges triggered by high rainfall intensity are typically followed by a sustained 
period of high, fast-velocity flow. In general, the grain size of the sediment in each Chalk Cliffs flow varies 
proportionally with the initiating rainfall intensity. 

Sediment availability, which changes over the summer debris-flow season, also affects surge characteristics. Early 
season debris flows (May-June) typically have more sediment available in the channel than debris flows occurring 
later in the summer (Coe et al., 2008). During some years with frequent rainstorms, the material available for debris 
flows is flushed from the basin upstream of the station, resulting in late season water floods. When accumulated bed 
sediment is present, it not only provides more potential debris for entrainment, but the accumulated material changes 
channel geometry such that, in the case of v-shaped sections in bedrock, “flatter” flows are produced, as well as a 
lesser thickness for any given flow volume. 

Fig. 2. Representative examples of debris-flow surges with different sediment concentrations estimated qualitatively from video. (a) 
High-sediment (Low-water) concentration; (b) Intermediate-sediment concentration; and (c) Low-sediment (high-water) concentration.  In 
general, sediment concentrations decrease with increasing rainfall intensity.  

3. Data Collection and Processing

We used an automated video camera (Fig. 1c) system (1280 x 720 pixels, 24 frames per second) to determine the 
mean front velocity, define qualitative sediment concentrations, and estimate the stage of the base of the flow for 
determining peak flow height (surge thickness). We used a laser distance sensor to take stage measurements at 10 Hz, 
and rainfall was measured by a siphoning rain gage at 1-minute intervals.  
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Flow velocity was calculated by recording the travel time of a debris-flow surge between two known points whose 
along-flow travel distance was derived from a site survey. To minimize error, these points were chosen to be 42 m 
apart, and spanned a straight, relatively uniform reach of channel. Peak flow height was estimated at the bridge station 
located in the middle of the reach (Fig. 1b).  

Sediment concentrations were determined qualitatively and assigned three different levels: high-sediment (low-
water) concentration, intermediate, and low-sediment (high-water) concentration. These terms are used in a relative 
sense, as all the surge fronts recorded in this study have sediment concentrations high enough to be classified as debris 
flows. Furthermore, the flows characterized as low-sediment concentration have the largest volumes and carry the 
largest grains. The sediment concentration levels were determined based on inspection of video imagery (e.g., Fig. 2) 
and stage time series. For example, the presence of splashing in the video was used to identify fluid-rich flows. In 
addition, high-frequency variability in the laser stage measurements also indicated the flows had higher water content 
than the fluid-poor (high-sediment) surges, which did not exhibit high-frequency stage fluctuations (see also Kean et 
al., 2013).  

We estimated peak-flow height (surge thickness) by differencing the elevation (stage) of the flow surface from the 
elevation of the base of the flow. The laser distance meter accurately measures the elevation of the flow surface; 
however, the base of the flow was estimated. The base of the flow does not always correspond to the elevation of the 
bedrock channel due to the periodic presence of bed sediment beneath the flow. The level of bed sediment changes 
with time due to erosion or deposition by flows. We estimated the base of flows in two ways based on erosional or 
depositional characteristics of each flow. Erosional flow events are characterized by high-velocity surges that 
progressively decrease in peak stages as bed material is entrained by the flow (Fig. 3a). For simplicity, we estimated 
the base of the erosional flows using the debris-flow entrainment rates measured at the site by McCoy et al. (2012), 
which found that dry beds erode at a rate of 0.035 m/s. Ground vibrations could also be used to estimate the base of 
the flow using a more complicated analysis (Kean et al., 2015). For depositional events, we used a combination of 
video and stage measurements to estimate the base of the flow (Fig. 3b). Video was used to identify times in between 
surges when there was negligible flow, and the stage at this time was used to represent the elevation of stationary bed 
sediment. We linearly interpolated an estimate of the base of the flow between times when the bed level could be 
identified from the video (Fig. 3b). 

We calculated peak discharge for each surge by multiplying the measured surge velocity over the 42-m reach by 
the cross-sectional area of the surge at its peak height. The cross-sectional area was defined by (1) the elevation of the 
flow surface, (2) estimated base of the flow, and (3) a surveyed channel cross-section that defined the lateral boundaries 
of the flow when used with the elevation of the flow surface. To evaluate the amplification of surface-water discharge 
by debris-flow sediment, we used the runoff coefficient of the “rational method” to evaluate the ratio of peak discharge 
to the water discharge supplied by rainfall (e.g., Chow et al., 1988). This non-dimensional ratio is often used to evaluate 
the peak water discharge in small basins. The runoff coefficient is defined by the equation Qp / (I5 Ab), where Qp is the 
peak discharge, I5 is peak 5-minute rainfall intensity, and Ab is the area of the basin (0.06 km2). The theoretical upper 
limit in the runoff coefficient for steady rainfall and water-only discharge is 1; however, the runoff coefficient for 
debris flows can greatly exceed 1 due to the addition of sediment and the unique flow dynamics of debris-flow surges, 
which amplify peak flows relative to water (Hungr, 2000; Kean et al., 2016).      

We estimated the volume of each debris-flow event (sediment and water) by integrating the discharge time series 
over the duration of the flow. We used the measured velocity of the surge front to represent the velocity of the complete 
surge (i.e., surge front and tail) and determined a time series of flow cross-sectional area using the same method to 
determine the cross-sectional area at the time of peak flow.  
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Fig. 3. Time series of flow stage (black), estimated base level of flow (red), 5-minute rainfall intensity (grey), cumulative rainfall (blue) for (a) an 
erosional debris-flow event on July 9, 2018 and (b) a depositional debris-flow event on July 11, 2017. 

4. Results and Discussion

We examined an initial data set of four debris-flow events (including a total of 49 surge fronts) from 2017 and 2018
(Table 1) to identify possible controls on debris-flow surge velocity and peak discharge. Analysis of additional events 
recorded at the site is planned. Time series of two of the events are shown in Fig. 3. Both events were the first events 
of their respective season and flow over an initially sediment-covered bed. It is notable that a significant amount of 
material accumulated in the monitoring reach prior to the 2017 season (~1.6 m depth of sediment, Fig. 3b). Twelve of 
the 20 surge fronts, from July 11, 2017, were omitted from our results since an incised channel in the sediment 
redirected the surge fronts away from the stage sensor (i.e., camera footage indicated that the height measurements 
were unreliable). This accumulated material was entrained during a large event on July 14, 2017. The July 14, 2017 
event is included in the results since it was uncommon to have rain from an extremely intense thunderstorm fall on 
such a large amount of accumulated sediment. Unfortunately, several of the surges overtopped the laser distance sensor 
and coated it in an opaque slurry of fine material. As a result, measurements of surge properties for this event are only 
available for the time when the laser was working, and the estimated total volume is a minimum. The fourth event 
analyzed occurred on August 14, 2018, on a bare bedrock channel. This event, which occurred late in the debris-flow 
season, was fluid rich and had few coarse-grained surge fronts. With the exception of the July 11, 2017 event, all of 
the analyzed debris flows were erosive.  

Table 1. Summary of debris-flows properties from this study. 

Date Volume (m3) Qpeak
 (m3/s) peak I5 (mm/hr) # of surges Cumulative rainfall (mm) 

11 July 2017 420 4.2 30 20 14 

14 July 2017 5,700 46 110 13 37 

9 July 2018 330 3.8 67 10 10 

14 Aug 2018  1,600 5.1 73 6 21 
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For the years that we included in this study (2017-2018), the first flows of the summer season (July 11, 2017, and 
July 9, 2018) were dominated by surge fronts with high-sediment concentrations, whereas later events in the season 
(July 14, 2017, and August 14, 2018) had more fluid-rich surges. The increased water content of the later season debris 
flows was likely because they were triggered by higher intensity rainstorms, and because there was less sediment 
available due to sediment export by the first flows of the season.  

Measured surge velocity and peak discharge appear to be correlated with both peak rainfall intensity and sediment 
concentration (Fig. 4). High flow velocities and peak discharges are generally associated with high rainfall intensities 
and fluid-rich surges, whereas low flow velocities and peak discharges are associated with low rainfall intensities and 
high sediment concentration surges. Furthermore, the vertical clustering suggests that v is independent of h at a given 
h, with water content or sediment concentration having a strong influence. 

In Figure 4, we compared the velocity and peak flow thickness data with two other relations sometimes used to 
estimate flow velocity: the critical Froude number and the Manning equation. Estimates of velocity based on a critical 
Froude number are used to estimate water velocity in steep channels (e.g., Grant, 1997) given by the equation 𝑣𝑣 =
�𝑔𝑔ℎ, where v is velocity, g is acceleration of gravity, and h is peak flow thickness. Manning’s equation, which is also 
used to estimate turbulent water velocity, is given by the equation 𝑣𝑣 = (1 𝑛𝑛⁄ )ℎ2 3⁄ 𝑠𝑠1 2⁄ , where n equals the roughness 
coefficient, and S is the channel slope. Rickenmann (1999) showed that a Manning’s roughness coefficient of 0.1 
provided a reasonable match to a variety of debris-flow observations.  The fit of the data-derived best-fit line shown 
in Fig. 4a suggests the relationship between velocity and peak discharge at the Chalk Cliffs site falls in between these 
two estimates. Variability in the debris-flow observations may also be influenced by other factors, such as changing 
cross-sectional flow geometry as the result of variable bed sediment cover. Figure 4b indicates a correlation between 
peak discharge (a function of cross-sectional flow area) and surge thickness.  

Fig. 4. Relations between (a) peak flow thickness and flow velocity and (b) peak flow thickness and peak discharge. Data points are color coded 
by 5-minute rainfall intensity, and the symbols for each data point are classified according to three levels of sediment concentration. Mean 
translational velocity is the time taken by the flow front to move between two known locations. 
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The difference in the distributions in the runoff coefficient (Qp/I5A) for flows with low- and high-sediment 
concentrations further highlights the control of water content (and indirectly rainfall intensity) on the peak discharge 
of debris flows (Fig. 5). While the median of both distributions exceeds the theoretical limit of water flow, the runoff 
coefficient of low sediment concentration flows is multiple times greater than the runoff coefficient of high-sediment 
concentration flows.  

Fig. 5. A histogram showing the frequency distribution of normalized peak discharge (i.e., the runoff coefficient) for flow surges with low-, 
intermediate-, and high-sediment concentration. The light, dashed lines show the median coefficient values of the concentration groups. 

5. Conclusion

We have presented a set of debris-flow height, velocity, qualitative sediment concentration, and rainfall intensities 
from the Chalk Cliffs debris-flow monitoring site. We have shown that these data can be used to improve, on a site-
by-site basis, empirical debris-flow velocity-height relationships. Although these data can contribute to enhanced 
understanding of the debris-flow dynamics, the hazardous conditions of the monitored basin challenge system 
reliability, and the difficulties associated with accurate data interpretation benefit from validation and cross-correlation 
of multiple sensors—especially video.  

These data have shown that empirical relationships for debris flows provide a fair approximation of debris-flow 
magnitudes. However, other factors not taken into account in this study, such as pre-event sediment availability and 
its moisture levels and grain size provide an additional opportunity for monitoring that could lead to more accurate 
debris-flow height and velocity predictions. Over time, as more debris-flow events are added to a database, we are 
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hopeful that new correlations considering bed sediment heights, and/or the integration of tiered rainfall thresholds, 
may serve to further refine the predictive ability and utility of existing empirical debris-flow relationships. 
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Abstract 

Supercritical flows in natural open channel show very complicated behavior due to shockwaves, roll waves, and superelevations. 
Traces of debris flows often show large difference in height at inner and outer sides of curved channels, and not only that, 
superelevation of debris flow is larger than that of pure water. This behavior of debris flow may cause underestimation of channel 
section design or unexpected bank erosion. Therefore, accumulation of observation data is important to estimate hydraulic 
characteristics of debris flows at curved channels. We conducted continuous field observations at Sakura–jima volcano, Japan, 
introducing laser profile scanners (LPSs) to acquire surface geometry of debris flows, especially superelevation at curved 
channels. The LPS can measure distance from sensor to obstacles with sufficiently high resolution to document superelevations 
and spillway flow profiles both in space and time on a survey line. A debris flow that occurred at Arimura River, Sakura–jima 
volcano on January 17, 2018 is well documented by LPSs. Data from the debris flow compared with coefficient in current model, 
which indicates traction/viscosity and potential superelevation of the debris–flow front is under–predicted assuming the flow is 
super–critical pure water flow. 

Keywords: Debris Flow; Field observation; Laser Profile Scanner; Superelevation 

1. Introduction

Sediment–laden floods, such as debris flow, often cause devastating damages to human properties and lives, so
that it is necessary to prevent them from plunging into residential area. Therefore, estimation of hydraulic 
characteristics of debris flows, such as velocity, flow depth, etc., is an important goal to prepare appropriate 
countermeasures to protect at-risk residential areas. In particular, superelevation of debris flow at curved channels 
can trigger unexpected flooding. Thus, observation of actual behavior of debris flows is important. However, field 
measurement of physical state of debris flows is technically difficult because of the very high momentum of flows 
and hazardous risks at channels. Hence, the parameters for designing mitigation structures are mostly based on post–
event field investigations or laboratory experiments. 

Discussions on superelevation of debris flows started in the early 1980’s. Ashida et al. (1981) discussed 
amplification of roll waves along the outer wall and reduction of superelevation in curves and downstream tangents 
based on free vortex assumption and described derivation of analytical solution of static state superelevation of super 
critical flow in rectangular channel. Mizuyama et al. (1981) introduced correction factor   to the formula mentioned 
above to express superelevation of debris flows in steep and curved channels based on laboratory experiments. Ikeya 
et al. (1982) investigated trace of actual debris flows and found that the correction factor      if the river slope is 
16 degrees, which support the experimental results by Mizuyama et al. (1981). Hungr et al. (1984) summarized 
Mizuyama et al. (1981) and Ikeya et al. (1982) and recommended to use     to calculate superelevation for design 
and       to calculate velocity from superelevation data. Mizuno (2004) conducted experiments introducing a 
flume with two consecutive bending curves and marked that the correction factor of debris flow is larger than that of 
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pure water. Scheidl et al. (2015) conducted laboratory experiments and discussed estimation of debris–flow velocity 
from superelevation and relationship between the correction factor and Froude number. Those discussions of 
superelevation are mostly based on laboratory experiments and there is no report of detailed field observation, yet. 

On the other hand, LiDAR technologies are now popular and used for various field measurements. Application of 
LiDAR sensor to measure debris–flow characteristics can be found for example in Yoshinaga et al. (2017) and 
Takahashi et al. (2018). In this article, we analyzed data from field observation conducted with a laser profile 
scanner (LPS) installed at a volcanic area in Japan. The objective of the field observation is to capture the detailed 
behavior of actual debris flow in the curved channel in order to assess accuracy of correction factor used to model 
potential superelevation with a given velocity. 

2. Method

2.1. Observation site 

The Arimura River is on the Sakura–jima volcano (Fig. 1 (a)), which is one of the most active volcanoes in the 
world and its highest peak rises to 1,117 m (3,665 ft) above sea level. The Arimura River flows from south edge of 
the Minami–dake crater through the southeast slope of the volcano and on to the Kagoshima Bay. The river channel 
curves rightward along the northwest–facing Showa lava cliff (Fig. 1 (b)) and is dry most of the time through the 
year except rainfall events. The observation site is at the Arimura 3rd check dam installed in the Arimura River. 
Catchment area of the check dam is 1.55 km2 and the channel is curving at upstream of the check dam. Channel 
length from the edge of the crater to the check dam is 2.5 km and relief ratio is 0.36. Compactness coefficient at the 
catchment area is 1.62. The check dam is unmanaged type and behind the check dam is full of sediment. 
Sedimentation gradient of channel above the check dam is 3.4 degrees. 

Fig. 1. (a) Location map of Sakura–jima volcano; (b) Topographic map of Arimura river basin 

Fig. 2. (a) CCTV image of debris flow at the Arimura 3rd check dam; (b) Survey lines of LPSs 
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Main Islands of Japan

Kagoshima Bay
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Table 1. Specification of LPS 

Model UXM-30LXH-EWA Hokuyo Automatic Co., Ltd. 

Power Source DC24V, 250mA 

Light Source Semiconductor laser diode λ = 905 nm 

Scanning range 0.1 to 80 m 

Scanning accuracy ±50 mm 

Angular resolution Approx. 0.125 deg. 

Scanning angle 190 deg. 1,520 steps 

Scanning time 50 ms/scan, 20Hz 

Inter face Ethernet 100BASE-TX 

Ambient temperature -10 to 50 deg. C 

Weight Approx. 1,200 g 

Because of volcanic activities such as denudation and volcanic ash falls, debris flows repeatedly occur in the 
basin. Average number of debris–flow occurrence in the basin is 7.5 times per year in past 10 years. CCTV image of 
debris flow at the Arimura 3rd check dam is shown in Fig. 2 (a). 

2.2. Observation device 

To observe the surface profile of debris flows, four LPSs were installed around the Arimura 3rd check dam, and 
the survey lines of the LPSs are illustrated in Fig. 2 (b). The LPS can scan distances from the sensor to obstacles 
with 0.125 degrees pitch in range of 190 degrees on a single line during each scan and the scan rate is 20 scans per 
second. The surface profiles captured by LPSs are converted into a Cartesian coordinate system to evaluate 
horizontal and vertical change of surface profiles and 20 scans are averaged to investigate 1 second averaged surface 
profile. The detail specification of the LPS is shown in Table 1. LPSs 1 and 2 are installed perpendicular to each 
other above the check dam to observe longitudinal and cross–sectional profiles of dropping debris flows from the 
spillway, respectively, and LPSs 3 and 4 are installed upstream of the check dam across a curved segment of the 
river channel to evaluate superelevation from cross–sectional profiles. 

2.3. Evaluation procedure of observed debris flow 

Superelevation of debris flow in a curved channel with a radius of curvature   was proposed by Mizuyama et al. 
(1981) as follows; 

    
  

  
(1) 

where   ,  ,   and   are superelevation, flow width, flow velocity and gravitational acceleration respectively (Fig. 
3(a)) and   is a correction factor for debris flows. If the flow is super–critical pure water,    . The radius   is 
measured from drawing sheet of the bank protection on left bank of the Arimura river and is 78 m. The channel 
width   is measured from cross–sectional data from LPS. The flow velocity   is estimated from longitudinal surface 
profile of the debris–flow surface as it spilled over the check dam, as scanned by LPS 1. Estimation of flow velocity 
of debris flow was proposed in Yoshinaga et al. (2017) as follows; 

     
 

 

 

       
(2) 

where  ,   and    are horizontal drop length from spill way of the check dam, vertical drop length from spill way to 
test height and exit flow depth at spill way respectively. The coefficient   expresses relationship between exit flow 
depth and critical depth, and the value is 1.312 according to Hong et al. (2010). Schematic image of dropping debris 
flow is illustrated in Fig. 3(b). 
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Fig. 3. (a) Schematic image of superelevation in rectangular channel with a radius  ; (b) Schematic image of dropping debris flow at check dam 

Fig. 4. (a) Hyetograph on January 17, 2018 at Arimura river; (b) Cross–sectional area and velocity of debris flow at Arimura 3rd check dam 

Fig. 5. Observed profiles of debris flow on January 17, 2018 captured by LPSs 

3. Results

3.1. Observed debris flow 

A debris flow occurred in the early morning (before the sun rise) of the January 17, 2018 and the flow geometry 
was clearly captured by LPSs 1, 2 and 3. Data from LPS 4 contain noise and a surface profile could not be obtained. 
The rainfall was triggered by the passage of the cold front and the debris flow was the first event after September 22, 
2017. The cumulative rainfall was 22 mm and the highest 10–minute rainfall intensity was 8 mm/10 min (Fig. 4 (a)). 
Maximum flow depth was 1.6 m at spill–way of the Arimura 3rd check dam according to the observations at LPS 1. 
The surface profiles of the debris flow around the peak discharge are plotted in Fig. 5. 
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3.2. Investigation of hydraulic characteristics 

The flow velocity is estimated by Equation (2) from free falling drop profile at check dam captured by LPS 1. 
Horizontal drop length and exit flow depth at spill way are evaluated from the observation of LPS1. The debris flow 
shows sudden peak at the front of the flow and the velocity at peak was estimated 3.3 m/s. Temporal change of the 
velocity estimated by data from LPS 1 and observed cross–sectional area at the spill way captured by LPS 2 are 
plotted in Fig. 4 (b). From Fig. 4 (b), cross–sectional area shows a sharp peak at the front of debris flow, but the 
velocity plot shows a plateau during about 5 minutes from the front. Normally, the flow velocity is a function of 
hydraulic radius according to Manning’s formula, but the velocity at the front of the debris flow estimated by 
Equation (2) does not follow the formula. This means the front of the debris flow is subjected to a higher traction 
force and viscosity in comparison with the tailing flow. 

Temporal changes of cross–sectional surface profiles of the debris flow captured by LPS 3 are shown in Fig. 7. 
Superelevation of the debris flow is clearly observed in the first 12 seconds. The observed superelevation of debris 
flow is 2.18 m at the front and diminishes rapidly. 

4. Discussion

Sequential surface profiles observed at LPS 3 were compiled every 3–seconds and used to investigate
superelevation characteristics of the January 17 debris flow. For comparison, the superelevation expected based on 
Equation 1 was also calculated assuming the correction factor is equal to 1. The observed superelevation and 
estimated superelevation based on Equation 1, are compared in Fig. 6, along with the observed flow velocity and 
width. The observed flow shows a relatively large superelevation of the flow surface between the inner and outer 
banks of the curved channel during the first 12 seconds of the flow, and then diminishes over the next 6 seconds to 
the value estimated with Equation 1. In contrast, the superelevation estimated from Equation1 does not show a larger 
superelevation for the surge front.  

The maximum value of superelevation from observation is 2.18 m; by contrast the estimated value is 0.19 m. At 
this time, the correction factor should be 11.5. 

Our observation suggests that superelevation at the front part of debris flows exceeds estimation based on the 
static state assumption. Because of dynamic behavior of the front part of debris flows, rectilinear motion is the 
dominant flow process. Consequently, debris flows can run farther up the side bank of a channel than currently 
estimated. 

5. Conclusion

From our observations, the dynamic behavior of a debris flow was captured clearly with very high resolution both
in space and time. Using observed data, we can evaluate hydraulic characteristics, such as velocity and 
superelevation. Observation of debris flows in the real world is still rare and behavior of flow differs according to 
characteristics of the flow, such as size of grains and density, thus additional observations will be necessary. 

Fig. 6. Comparison of superelevations observed at LPS 3 from January 17 debris flow with superelevations estimated based on Equation 1 (  
 ) 
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Fig. 7. Time change of sectional surface of debris flow on January 17, 2018 captured by LPS 3 
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5.1. Rock fell in July 6, 2014 Gangou gully 

5.2. Debris flow in Aug 28, 2017, Yindongzi gully 

5.3. Debris flow in Jun 26, 2018, Yindongzi gully 
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Abstract 

Mass wasting, such as rockfalls, landslides and debris flows in steep mountain terrain, has a high destructive potential, and plays a 
key role in both erosion and landscape evolution. As an alternative to many conventional approaches, seismology allows monitoring 
of such mass movements at safe distances, provides estimates of event location and timing, and can give insights into dynamics 
and rheology granular flows. Here, we analyze seismic data recorded during the 2017 and 2018 debris-flow seasons at Illgraben, a 
steep canyon located in Switzerland. Yearly precipitation is controlled by summer rainstorms with high rainfall intensity during 
which mass wasting including rock-slope failure and debris flows occur regularly. The frequent debris-flow occurrence (on average 
three events per year) makes the Illgraben an ideal site for cross-validating a seismically-derived event catalog of mass movements 
with “ground-truth data”, such as digital terrain models, flow depths estimates and other in-torrent measurements. We present 
seismic frequency characteristics of the Illgraben debris-flow series and investigate how the seismic signature depends on actual 
debris-flow characteristics, such as grain sizes, and on propagation effects of the generated seismic waves. Whereas these two 
effects are usually difficult to separate, the source component contains valuable information on the flow’s material composition. 
Stations that are close to the torrent, we find that dominant frequencies in the recorded signal reflect the distance to the dominant 
source. For one particular station, this is shown on recordings of several events, where a dominant frequency of about 5.5 Hz 
indicates the passing of the flow at a 48m check dam. Power spectral densities at that instance give an estimate of the particle 
content of the debris flow. We also find that a jump in dominant frequency does not necessarily reflect the location of the flow 
front. Seismic studies of debris-flow dynamics and material composition should therefore not be limited to entire debris-flow 
seismograms, but instead focus on individual time windows and consider different sensors separately. The presented analysis 
underlines the use of seismic data in torrent and landscape studies. 

Keywords: seismology, spectral chracteristics, monitoring, debris flow 

1. Introduction

In mountainous areas, mass movements such as debris flows are a significant threat to infrastructure, properties and
human life. Monitoring of debris-flow prone catchments is essential to improve our understanding of debris-flow 
dynamics, and needed for both designing mitigation measures and damage reduction. Standard granular flow models 
for debris flows assume a shallow propagating mass, in which the rheology is described by an effective friction 
(Mangeney‐Castelnau et al., 2005; Mangeney et al., 2007; Christen et al., 2010). Field measurements are essential to 
constrain this effective friction and other parameters, including erosion, flow depth and flow density. Classical 
monitoring techniques, like radar altimeters, aerial imagery and geophones within the torrent, can give information 
about onset time, flow depth, discharge and erosion or deposition areas. However, they offer no direct measurements 
of flow characteristics such as effective friction and material density (for an overview in debris-flow monitoring 
instrumentation see Arattano & Marchi, 2008). 

In recent years, seismology has evolved into a standard tool to study mass movements and their dynamics at high 
temporal resolution (Larose et al., 2015; Allstadt et al., 2018). Seismic signals generated by such events are often 
classified into low and high frequency content. The low frequency signal (< 10 s) is modelled by the elastic response 
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the earth to acceleration and deceleration of the bulk mass of the flow (e.g. Ekström & Stark, 2013). In contrast, higher 
frequency signals (> 1 Hz) are generated by collisions of grains within the flow, and their impacts on the bed. For 
smaller scale mass movements, the force that is exerted on the earth is often too small to generate detectable low-
frequency elastic waves. In contrast, high frequency signals can be recorded in such cases, and are used to study 
rockfalls and rock avalanches in both volcanic (e.g. Norris, 1994; Hibert et al., 2011; Hibert et al., 2017) and 
mountainous areas (eg. Deparis et al., 2008 ; Vilajosana et al., 2008; Dammeier et al., 2011; Burtin et al., 2014; Dietze 
et al., 2017; Provost et al., 2017) or snow avalanches (eg. Suriñach et al., 2005, Heck et al., 2018). Such signals are 
typically emergent with dominant frequencies of 5–10 Hz and no distinguishable seismic phases. Signal durations vary 
between seconds to several tens of seconds, depending on the type of movement. Consisting of numerous and 
overlapping individual particle-bed and inter-particle collisions, source models of the high frequency mass movement 
signals are far more complicated than the low frequency component of the signal, and are hence less understood.  

Recently, Kean et al. (2015) and Lai et al. (2018) adapted a model of fluvial bedload transport to explain the high-
frequency seismic spectrum of debris flows in sediment-filled channels, and during a debris flow in California, 
respectively. The model explains the seismic signal in terms of instantaneous Hertzian impacts of bedload particles on 
the ground. In this way, the impact force generating seismic waves results from a change in the particles’ linear 
momentum (impulse), which is two times the product of the particle’s initial mass and velocity (Tsai et al., 2012). To 
simplify the model for debris flows, these impacts are integrated over the boulder-rich flow front. 

The adapted Tsai et al. (2012) model makes assumptions for particle velocities and seismic path effects describing 
the propagation of seismic waves from the river bed to a recording unit. Importantly, the calculated seismic spectrum 
is influenced by the poorly constrained grain size distributions of moving particles, as well as seismic velocities and 
attenuation of ground substrate influence. Nevertheless, the model explains observed seismic frequency spectra for 
bedload transport (Burtin et al., 2008). For debris flows, the model proposes that spectral amplitudes are primarily 
influenced by the grain sizes of the boulder-rich debris-flow front. Furthermore, the peak frequencies are controlled 
by the source-receiver distance, with higher (lower) peak frequencies indicating shorter (longer) distances between 
flow front and seismometer. By analysing peak frequencies at different time steps, Lai et al. (2018) propose that one 
can estimate location and velocity of the flow (Lai et al., 2018). Kean et al. (2015) used their adapted model to invert 
for sediment cover, and to estimate entrainment rates that compare well with observations. 

Here, we study the high frequency content of seismic signals recorded at the debris-flow prone Illgraben torrent, 
located in Switzerland. This torrent is one of the most active catchments in the Alps (Hürlimann et al., 2003), producing 
several debris flows per year. In 2017 and 2018, we recorded a total of seven debris flows of different volumes, flow 
velocities and material composition.  We relate spectral characteristics of the debris-flow seismograms to flow-receiver 
distances, and to topographic features within the torrent. The results show that the spectrum (1) cannot be analyzed as 
a whole, but has to be segmented in time in order to elucidate characteristics of the debris flow and (2) has to be treated 
independently for each sensor since the latter are sensitive to different stages of the debris flow. 

2. Study site

The Illgraben catchment, located in the southwest of Switzerland, spans from its highest point, the Illhorn (2716 m 
asl), down to the Rhône Valley where its main torrent, the Illbach, flows into the Rhône River (610 m asl). Past activity 
within the 9.5 km2 catchment and 5 km long torrent produced a large fan with a radius of about 2 km and a volume of 
about 500 x 106 m3 (Hürlimann et al., 2003; McArdell et al., 2007). Illgraben is characterized by a complex geology, 
with the northwest Illhorn face and the head of the trunk channel being dominated by highly fractured quartzite, and 
the southeast facing slope of the catchment mostly consisting of limestone (Schlunegger et al., 2009; Bennett et al., 
2012). The fractured quartzite with erosion rates of tens of centimeters per year is the main contributor to the sediment 
transported via debris flows (Bennett et al., 2012). Precipitation patterns during summer are characterized by storms, 
with rainfall intensities of up to several tens of mm/h, and a duration of half an hour to one hour (Hürlimann et al., 
2003). In such events, sediment deposited at the head of the trunk channel is mobilized by water gathered along the 
steep (> 40 degrees) slopes (McArdell et al., 2007). This produces on average 3–5 debris flows per year that contribute 
significantly to the sediment discharge of the Rhône River (Schlunegger et al., 2009). Typical events have volumes 
around 20,000 m3 and velocities 3–4 m/s, and transport blocks up to several meters in diameter. In contrast, some 
events have lower concentration of sediment and fewer such large particles and are more appropriately classified as 
“debris floods” (e.g. Pierson & Costa, 1987). After a large (3 x 106 m3) rock avalanche in 1961 in the upper catchment, 
a 48 m tall check dam (CD1, Figure 1) was built within the channel to stabilize the deposit and to prevent large debris 
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Fig. 1. (a) Overview of the Illgraben catchment and the instrumentation installed during the debris-flow season (June-August) 2018. Seismometer 
locations (white triangles), the area of sediment supply for the debris flows (shaded red area), and the position of the 48 m tall check dam 1, and 
check dam 29 (black squares) are depicted (b) 3D orthophoto with sediment deposition area in red and check dam 1 shown on a photo. (c) 
Channel-receiver distances for all seismic stations installed in 2018. The y-axis represents the distance whereas the x-axis marks the position 
along the channel (origin at the head of the catchment; 5000m corresponds to the Illbach inflow into the Rhône river). Dashed (continuous) lines 
show the section where the flow is approaching (moving away from) the station. 

flows (Hürlimann et al., 2003). Further downstream along the torrent, 29 additional check dams of several meters 
height were built to minimize vertical and lateral erosion, thereby stabilizing the channel at the present location. With 
these measures, most debris flows no longer leave the channel, and damage to infrastructure is rare. To our knowledge, 
the Illgraben carries little or no discharge in the summer between debris flows, and therefore considerable recreational 
activity takes place near and in the channel. For this reason, an early warning system was installed in 2000. It is 
maintained by the Swiss Federal Institute for Forest, Snow and Landscape research (WSL) and consists of radar flow-
depth sensors and geophone sensors to provide automatic detection of flows. Upon detection, acoustic alarms are 
activated and information is sent to local authorities. The data from the early warning system compliments the existing 
scientific observation station (no warnings are generated) which consists of radar, laser and ultrasonic flow stage 
sensors at selected check dams, geophones mounted on the downstream facing wall of check dams, as well as video 
cameras and a 2m x 4m force plate (McArdell et al., 2007; Badoux et al., 2009). Recently, geophone and infrasound 
sensors have additionally been installed on the fan to increase early warning capabilities (Schimmel et al., 2018; 
Marchetti et al., 2019). An additional seismic network was installed throughout the Illgraben catchment between May 
and September in both 2017 and 2018 (Figure 1). This network recorded seven debris flows, and consisted of eight 
stations with real-time data transfer via the mobile phone network. The interstation distance of the network is about 
1.5 km, with an aperture of 5.5 km. Most stations operate with a Lennartz-1s sensor that has a flat response between 
1-100 Hz and a sampling rate of 100 Hz. Station ILL11 is equipped with a Trillium compact sensor with a low-
frequency corner at 120 seconds. 

3. Data: Debris-flow seismograms

During the monitoring period in 2017, three large (> 25,000 m3) debris flows occurred, with one flow of 
~100,000 m3 (Table 1). In 2018 four events were recorded. After the destruction of the force plate in July 2016, volume 
and flow depth are estimated at the instrumented wall, CD 29 (Figure 1), situated about 10 m upstream of the location 
of the force plate (Berger et al., 2011). Due to the irregularity of the cross-section shape and the variability in the 
direction of the approaching flow at this location, flow depths tend to be over-estimated when compared to values 
previously reported at the force plate. Flow velocity is calculated from the travel time between in-torrent sensors along 
the channel as described in Schlunegger et al. (2009). As discussed in Section 5, video footage and power spectral 
densities of the signals suggest a relatively large water content without a boulder-rich front for the first two events in 
2018. 

Figure 2a shows the seismogram of a debris flow recorded on August 8, 2018. The signal shows the emergent onset 
and dominant frequencies above 5 Hz, typical for mass movements. The signal emerges from the background noise at 
a time that depends on the distance between the debris-flow front and the recording station (Walter et al., 2017). For 
the shown event, amplitudes at different stations vary between 1.5 x 10-3 ms-1 at station ILL11, and 2 x 10-6  ms-1 at 
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Fig. 2. (a) Seismogram of August 8, 2018 debris flow recorded on all stations of the network. Amplitudes were normalized for each station. 
Impulsive signals (grey rectangle) are of atmospheric origin (thunderstorm). (b) Close up of onset of the debris-flow signal on station ILL12. 
Note the emergent onset over several tens of seconds. (c) Spectrogram of signal recorded at station ILL12. The colors show the energy of the 
frequencies at each time step in decibel, where darker colors represent a higher energy. (d) Spectra of ten time-windows of 18 seconds 
corresponding to the color-coded waveform in (b). The spectra are smoothed with a 1 Hz running average. The vertical lines mark the peak 
amplitude of the spectral power. 

ILL16. High amplitude impulsive signals on some stations within the network are of atmospheric origin, generated by 
thunder, and not directly related to the debris-flow signal (Marchetti et al., 2019).  

Between debris flows, seismic background noise at Illgraben is dominated by several almost discrete frequency 
bands (Fig. 3). Between 1 and 5 Hz, anthropogenic noise is present showing diurnal variation, as well as lower energy 
on both weekends and public holidays compared to work days. Though strong, this signal is unlikely to affect seismic 
detectability of debris flows (Walter et al., 2017). Another distinct frequency band of noise is found at about 15 Hz. 
Within this band, an abrupt decrease in power can be observed at the end of June of both 2017 and 2018. We suggest 
that this could either be related to water discharge in the catchment due to snow melt, or to a change in hydropower 
operations at a dam 3 km away from the seismic station. 

Here we concentrate on the frequency spectrum of the signal directly before and during the debris-flow events. We 
focus on station ILL12, because its near-torrent location implies a large range of distances to the flow front, both up 
and down-stream (Figure 1c). Such distance variations are particularly important for investigating variations in 
frequency signature (Lai et al., 2018). The goal is, to separate source and path effects on the frequency content of the 
signal, to constrain source mechanisms. 

4. Peak frequency migration

For all 2017 and 2018 debris flows we computed the frequency spectrum for signal bins of 5 s with an overlap of 2.5 
s. Figure 2c shows a close up of the initiation of the debris flow on August 8, 2018, with Figure 2d showing the
corresponding color-coded spectra. As expected, the spectra show a peak migration from about 5.5 Hz towards higher 
frequencies for the flow front approaching station ILL12.  

Table 1 Characteristics of the seven debris flows recorded in 2017 and 2018 (n.a. denotes that estimates are not yet 
available for 2018). “CD1” stands for “check dam 1”. 

Date Arrival time CD1 (UTC) Volume (m3) Velocity (m/s) Flow depth (m) 
2017-05-29 16:58:31 100000 6.7 4.8 
2017-06-03 23:27:38 25000 5.1 3.3 
2017-06-14 19:30:48 35000 7.1 3.4 
2018-06-11 10:46:39 35000 7.0 3.5 
2018-06-12 18:29:16 n.a. n.a. n.a. 
2018-07-25 16:56:40 < 50000 4.69 2.0 
2018-08-08 17:49:25 < 100000 6.70 n.a. 
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Fig. 3. Density plot of peak frequencies at station ILL12 for both 2017 and 2018. The rectangles mark a discrete noise band at about 15 Hz. The 
noise-source stops in June for both years. We suggest this to be either related to snow melt or to a change in nearby hydropower operations. 

Figure 4a shows the peak frequencies at each time step for all recorded events. As a result of the broadband nature 
of the debris-flow seismograms, peak frequencies are difficult to identify in conventional spectrograms (Figure 2b). 
Only peak frequencies corresponding to a spectral power above 1 x 10-13 ms-2 Hz-1 were plotted, to eliminate low 
energy background noise caused by anthropogenic and discharge-related seismicity. In-torrent geophone-counts at 
CD1 of the August 8, 2018 event are shown additionally. The geophones, which measure the vertical velocity of 
ground vibration, start recording when the front of the debris flow reaches the check dam. The signal is represented as 
impulses that exceed a certain threshold (e.g. McArdell et al., 2007). In Figure 4a, all events were aligned according 
to the first recording of the geophone impulses, hence the arrival of the flow at CD1. The 48 m drop at CD1 leads to a 
shift in dominant frequencies from pre-event noise bands of 1-5Hz and 15Hz to about 5.5 Hz for all events and an 
overall increase in spectral power (Figure 4a, dashed black line). Observations of flow over CD1 are not available, 
however, given that debris-flow velocities are relatively large, it is likely that the flow is largely detached from the 
face of the spillway and that it resembles free-fall conditions. Note that with the imposed energy threshold, the two 
small events of June 2018 do not emerge from the background noise. After the flow fronts pass CD1 and the 48 m free 
fall, the dominant frequencies rise to around 15 Hz when directly passing the station. After the initial rise, dominant 
frequencies shift between 12 and 25 Hz, but no time-dependent pattern can be observed (Figure 4a, dotted black line). 
In contrast to the frequency domain, the signal of the free fall cannot be distinguished from background noise in the 
time domain as has been observed at other sites (Coviello et al., 2015; Schimmel et al., 2018). 

The evolution from low to higher peak frequencies can also be observed at station ILL11 and ILL13 (Appendix A). 
The stations have a minimum distance to the channel of 30 and 700 m, respectively. ILL18, which is closest to the 
initiation area of the flow, does not show a clear pattern in dominant frequencies. This can be explained by signal 
mixing of noise sources that are close to this station (i.e. precipitation and runoff concentration from the slopes, 
discharge, and 48 m channel step at CD1). For stations farther away from the channel, no pattern in dominant 
frequencies can be observed either. Specifically, stations that are farther away than 1 km from the channel (ILL14, 15, 
16, 17) do not capture the peak frequency migration. For these stations, the 48 m free fall at CD1 may be too far to 
generate a signal that dominates over other seismic sources at the head of the trunk channel, closer to the stations. 

5. Debris-flow characteristics from seismic signals

Next, we investigate the origin of the frequency signature of the flows in order to connect the findings with flow 
characteristics. The model by Lai et al. (2018), predicts the following power spectral density 𝑃 as a function of 
frequency 𝑓 of the seismic signal generated by the boulder-rich debris-flow front: 

𝑃 ≈ 1.9 𝐿𝑊𝐷3𝑢3 ×
𝑓3+5𝜉

𝑣𝑐
5𝑟0

𝑒
−

8.8𝑓1+𝜉𝑟0
𝑣𝑐𝑄

𝐿 and 𝑊 are the debris-flow head length and width, respectively, 𝐷 is the 94th percentile of the grain size diameter, 
𝑢 is the flow velocity, and 𝑟0 is the average distance between the debris-flow front and the receiver. Equation 1 shows, 
that the peak frequency is mostly dependent on the distance between source and receiver. The amplitude of the signal, 
however, linearly scales with the length and the width of the debris-flow front, as well as with the third power of 
particle size and flow velocity.  

Using values of 500100 m/s for Rayleigh-wave phase velocity 𝑣𝑐, 6010 for the quality factor Q, and 0.4170.05 
for 𝜉 (Tsai et al., 2012; Burtin et al., 2014; Burtin et al., 2016; Lai et al., 2018), Equation (1) places the sources of the 

(1) 
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Fig. 4. (a) Peak frequencies for all events in 2017 and 2018, binned for time steps of 2.5 s (dots), together with geophone counts recorded at CD1 
for August 8, 2018 event (grey line). The grey signal shows the waveform of the August 8, 2018 event recorded on station ILL12. The events 
were aligned according to the onset of the geophone measurements at CD1. The peak frequencies are plotted for power spectral densities that 
exceed 1 x 10-13 (ms-1)2 Hz-1. The shaded area shows the time span used to calculate the spectra in (b). The dashed line marks the onset of the 
geophone recordings at CD1 and the corresponding frequency drop to 5.5 Hz. The dotted line marks the approximate passage of the debris flow 
at ILL12 which corresponds to a change in frequency pattern. Note the increase in dominant frequencies after the passage of CD1 until passing 
station ILL12.  (b) Spectra of all events 30 seconds after passing CD1. The spectra are smoothed with a 1 Hz running average. The June 14, 2017 
event clearly shows the highest power spectral density at that time. 

two dominant frequency bands of 5.5 Hz and 15 Hz at distances of about 1100500 m and 300150 m from ILL12, 
respectively. This corresponds to the distance between (a) the station and CD1, and (b) the smallest distance between 
the station and the channel, which lies for both cases within the uncertainties. Due to model simplifications and poorly 
constrained site effects, the distance is only a rough estimate. Nevertheless, it suggests that the main sources for the 
seismic waves recorded at ILL12 are the flow over the spillway at CD1 and the processes that happen at small distances 
from the station. Lai et al. (2018) use the continuous increase in peak frequencies to estimate flow velocity. At 
Illgraben, the two distinct dominant sources inhibit estimation of flow velocity, as the jump in frequency reflects the 
time when the dominance of the two signals changes, rather than a location of the flow front. 

Next, we compare the different event spectra recorded at Station ILL12 when the flow fronts pass CD1 (Fig. 4b). 
The spectra are computed over 30s, and a running average of 1 Hz was applied. We assume that at these time intervals, 
the signals are dominated by seismic waves generated by boulder impacts at the base of the 48 m free fall at CD1. At 
this moment, projectile motion of the boulders implies that vertical flow (impact) velocities are the same for all events. 
Length of the front and width are therefore expected to be similar, assuming that the flow front impact lasts longer 
than the 30 s-long time window used to calculate the spectra. To only concentrate on the 5.5 Hz signals generated at 
CD1, the signal was filtered between 3 and 10 Hz. According to Equation (1), differences in spectra, in particular 
spectral amplitudes, are then attributable to grain size differences. The largest amplitude of power spectral density is 
generated by the event on June 14, 2017. Unfortunately, no video material is available for this event since it happened 
at night. Therefore, a cross validation to check whether the largest power is generated by larger boulder size in the 
debris-flow front, is not possible. When comparing the debris flow on May 29, 2017 with other events, one can observe 
that the energies are similar to the events on July 25 and August 8 in 2018. The videos indicate the presence of large 
boulders in all three flows, but a quantitative statement on the 94th percentile of the particle sizes is difficult. The small 
events in June 2018 show the lowest spectral energies, which suggests that particle sizes for these flows are 
substantially smaller than for other events. Analysis of the videos for the 2018 events has not yet been completed, but 
preliminary analysis suggests that these events might be debris floods rather than debris flows. 

6. Conclusion

The source mechanism of seismic signals of debris flows is strongly dependent on particle sizes and topographic 
features of the flow path. Seismic studies of debris-flow dynamics and material composition should therefore not focus 
on the entire (temporally averaged) debris-flow seismograms, but on individual time windows. The spectral content 
of the signal can be dominated by large topographical features, such as the free fall behind a check dam in our case. 
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Fig. 5. Pictures of five debris flows at check dam 29 at the lowermost part of the torrent. Pictures of the events of June 3 and June 14, 2017 do not 
give any insight on particle sizes, as they happened during night time. The pictures in the first row show the large event on May 29, 2017 (left), 
and the event on August 8, 2017 (right) that has been used as an example in Fig. 2.

Large uncertainties of the seismic properties of the torrent catchment’s sub-surface inhibit accurate models of the 
seismic propagation between flow front and recording unit. This complicates the interpretation of seismograms in 
terms of flow properties. 
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Abstract 

Debris-flow fans are common in steep mountainous terrain. The complexity of these environments makes it difficult to be onsite 
at the time of the debris flow, which has led many researchers to turn to physical models. While physical models have played an 
integral role in unraveling how alluvial fans have been developed, little work has been done to test and validate the approaches and 
results reported in physical models. Here, we replicated a debris-flow physical model developed at Utrecht University in a 
laboratory at East Carolina University (ECU). The ECU physical modeling experiment was done in an independent laboratory from 
the original study and was conducted with different equipment and different operators. Sediment size and water volume varied 
slightly from the original experiments. Fifty-six debris flows were released to form the ECU fan. Each debris flow was recorded 
with video. Terrestrial laser scanning recorded the topographic changes on the ECU fan throughout the experiment. Despite 
sediment size and water volume differences, ECU’s physical model replicated the autogenic processes promoting flow avulsion 
patterns in a debris-flow fan with simulated unlimited accommodation space (the trap door in feeder channel and table edge did 
confine the maximum extent the fan could grow). These results corroborate previous findings from the Utrecht fan and support the 
repeatability of processes from the different models despite differences in the materials used as the debris-flow medium. 
Reproducibility also permits future collaborative efforts to run multiple concurrent physical modeling experiments to increase the 
sample size of the study populations on debris-flow processes and resulting forms. 

Keywords: debris flow; runout; alluvial fan; digital elevation model; autogenic processes 

1. Introduction

Physical modeling is by no means a novel approach in alluvial fan research and can be traced back to the seminal
works of Hooke (1967; 1968; Hooke and Rohrer, 1979) and Schumm (1977; Schumm et al., 1987). Early small-scale 
physical experiments demonstrated many of the fundamental features and processes (i.e., avulsions, lateral migration, 
channel entrenchment, channelization, and sheetflow) present in natural alluvial fans. Findings from the early 
experiments were often compared to field evidence, but the experiments themselves were not directly scalable to any 
specific natural alluvial fans. Paola et al. (2009) later showed that the morphodynamics active on experimental and 
real-world surfaces are often scale independent, which in turn has allowed many studies to invoke a similarity of 
processes and form approach to physical modeling. These findings provide a subsequent means to validate some of 
the earlier assertions made about the relations of natural alluvial fans and fans generated from physical model 
experiments.  

A recent proliferation of studies using physical models has led to the observation of a wide array of processes and 
features on alluvial fans (Kim and Paola, 2007; Kim and Jerolmack, 2008; van Dijk et al., 2008, 2009, 2012; Hoyal 
and Sheets, 2009; Clarke et al., 2010; Reitz et al., 2010; Reitz and Jerolmack, 2012; Hamilton et al., 2013; Clarke, 
2015; Eaton et al., 2017). While many studies have focused on fluvial processes, recent work has started to emphasize 
debris flow fan development (de Haas et al., 2015, 2016; 2018a). Significant advances have been made within this 
body of literature, but to date, little effort has been made to independently test the repeatability of results from physical 
models. This is a critical step in the progression of the field because not only are scientists verifying results and 
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methods, but validation of methods and findings permit researchers to address more in-depth questions. If physical 
models produce similar outcomes, then multiple concurrent simulations can be performed to expand the ability of 
scientists to provide deeper understandings of fan development. Multiple simulations run concurrently in various labs 
means more samples can be used to either refute or advance our current understanding of how processes and forms 
are changing, which has both scientific and applied implications. Here, we replicate the specification and procedures 
of a debris-flow fan physical modeling experiment described in de Haas et al. (2016) and qualitatively and 
quantitatively determine if the experimental details of the fans that develop and the findings are reproducible. 

1.1. Prior physical modeling results from Utrecht experiments 

De Haas et al. (2015; 2016; 2018a) designed and built an experimental debris-flow flume in which they examined 
runout, depositional mechanisms, deposit morphology and the impact of debris-flow magnitude-frequency 
distributions and autogenic processes on avulsion and debris-flow fan development in a setting with unlimited 
accommodation space. Details of the flume dimensions, operations, and data recording for the original simulations 
are thoroughly described in de Haas et al. (2015, 2016) and are described below, as our own experiment is designed 
to reproduce the original physical model and the debris-flow fan experiment of de Haas et al (2016). Therefore, our 
review touches on the key methodological and scientific findings from the experiments as they are critical from a 
comparative standpoint.  

De Haas et al. (2016) found that debris-flow fans developing under constant formative processes evolve through 
phases of autogenic channelization, backfilling, and avulsion (Fig. 1). Fan development is limited by maximum 
possible debris-flow length, which depends on debris-flow volume and composition. Individual debris flows alternate 
between channelized within coarse-grained levees, resulting in distal deposition, and unchannelized forming short and 
wide deposits with limited runout. As flows become progressively short and wide they backfill the active channel by 
upstream migration of depositional lobes, until the channel is completely filled, and the flows avulse to a 
topographically favorable pathway. The characteristic fan shape is developed over multiple avulsion cycles that are 
driven by topographic compensation as the fan avulses toward the steepest flow path. The findings provide valuable 
insights into the processes governing the autogenic formation of debris-flow fans.  

2. Methods

2.1. Physical model 

In the ECU experiment, a mixing tank agitates and releases a debris flow into a 2 m long flume, replicating a feeder 
channel positioned at a 30° angle and then onto the outflow plain (1.8 m by 1.8 m) (Fig. 2). Each debris flow mixture 
consisted of 1,650 g water, 288 g kaolinite clay, 1,010 g fine sand, 2,837 g coarse sand, and 865 g gravel. The sediment-
water mixture varies slightly from de Haas et al. (2016) in that our debris-flow mixture contains 150 g more water. 
Additional water leads to longer runout and larger fans to enhance the potential for measuring multiple avulsions. The 
addition of 150 g of water was also validated by testing other sediment ratios and water volumes to determine which 
combination yielded morphologically and morphometrically similar results to de Haas et al. (2016). 

Experimental fans were formed over many individual flows, which is consistent with alluvial fan development in 
natural settings. Each debris flow was created using the following process: (1) each portion of the debris mixture was 
weighed; sediment was roughly mixed by hand to ensure that clay did not stick to sides of the mixing bucket; (2) the 

Fig. 1. Schematic of the autogenic cycle on a debris-flow fan (after De Haas et al., 2016). The presence of a channel results in distal deposition. 
Distal deposition reduces the distal channel gradient and flows start to retrograde over multiple debris flows. Flows become progressively short and 
wide, backfilling the channel. The next debris flows avulse and form a new channel along a topographically more favorable pathway. 
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sediment mixture was poured into the opening of the mixing tank, followed by the water; (3) the total debris mixture 
was manually agitated for approximately 20 seconds; (4) the mixing tank gate was opened pneumatically via a 
manually operated switch; (5) debris was released into the flume and transported onto the outflow plain; (6) 1.5 seconds 
after the gate was opened, a hatch located in the bottom of the flume 0.75 m from the apex of the fan opened, preventing 
debris flow tailwater from entering the outflow plain and obscuring fan morphometry; and (7) the debris-flow deposits 
were allowed to dry for 2-3 hours with one portable fan directed at the fan apex and another directed at the active fan 
section.  

2.2. Data recording techniques 

A Leica P40 laser scanner in a nadir-looking position was placed above the outflow table (Fig. 2) and recorded 
high-resolution topography (3 mm horizontal point spacing) after every debris flow. Four black and white targets were 
affixed at each corner of the outflow table and four additional targets were dispersed evenly on the walls of the 
laboratory (Fig. 2). The nadir-looking positioning of the scanner allowed a single scan position per debris flow. Targets 
located on the corners of the outflow plain and laboratory walls were used in the registration process. All registration 
was conducted within Leica’s Cyclone software in order to resolve any differences in the non-fixed scanner location 
and provide a consistent coordinate system relative to the first scan position.  

2.3. Data processing and analysis 

All analyses were conducted in ArcGIS. Registered point clouds were processed into 3 mm digital elevation models 
(DEMs) using LAStools (cf. Staley et al., 2014). DEMs were used to measure debris flow slope, thickness, and length. 
Fan slope was measured from the fan apex to the maximum active debris flow extent. Debris flow length was measured 
from the apex to the maximum flow runout position. Average debris-flow thickness was derived from elevation 
differences between pre- and post-topographic surfaces following the methodology of Wheaton et al. (2010). Outlines 
of individual debris flows were digitized from the topographic change detection (TCD) and subsequently used to 
extract elevations from the TCDs. This step was necessary to ensure that only elevation changes resulting from debris 
flows were included in calculations. Extracted elevations were then averaged to calculate average debris-flow 
thickness. 

3. Results

3.1. Morphometric characterization of flows and fan 

The experimental debris-flow fan was developed from 56 individual debris flows and the fan shape evolved as a 
result of two avulsion cycles. The experiment was terminated after flow 56 as debris backfilled the feeder channel and 

Fig. 2. Sketch of experimental laboratory setup [left, adapted from de Haas et al. (2016)] and picture of ECU laboratory setup (right). 
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debris flows could no longer reach the outflow plain. Debris-flow fan evolution occurred as a result of channelization, 
backfilling, and avulsion. These phases of development result directly from autogenic cycles as no external forcing 
mechanism was introduced over the duration of this experiment.  

During channelization, flows were characterized by progressively longer deposits constrained by coarse-grained 
levees and punctuated by thick depositional lobes (Fig. 3A, Fig. 4A). Conversely, flows became increasingly short 
and wide during the backfilling phase (Fig. 3B, Fig. 4B). Average flow thickness ranged between approximately four 
and ten millimeters with no discernable correlation between flow thickness and autogenic phases.  

Fig. 3. Diagram showing the avulsion cycle of our experimental debris-flow fan and hillshades of selected debris flows (top panels). Three main 
processes characterize the avulsion cycles. First (A), flows are channelized between coarse-grained levees, punctuated by thick depositional lobes. 
Debris-flows retreat and backfill (B), ultimately resulting in short and wide deposits. Channel backfilling can occur multiple times over the course 
of one avulsion cycle [e.g., (B) channel (1) backfills as flow is diverted to channel (2). Channel (2) backfills as flow is diverted to newly forming 
channel (3)]. The channel is completely filled, and the fan avulses (C), whereby flow is diverted toward the steepest flow path and the cycle begins 
again. Cross sections (bottom panel) demonstrate the processes of the avulsion cycle illustrated and labeled in the middle panel.  

The final fan surface was primarily covered by stacked depositional lobes and coarse-grained levees. Fan slope 
ranged between 6° and 20°, averaging approximately 12° (Fig. 4C). Fan slope varied with autogenic phases and 
between autogenic cycles. During the first cycle, channel slope generally increased as flows were channelized and 
decreased during backfilling. One exception, however, occurred during the phase of backfilling prior to the first 
avulsion (flows 21 – 28) when fan slope increased and decreased several times before the fan avulsed. Fan slope 
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during the second autogenic cycle was roughly constant throughout channelization and decreased during backfilling 
before the fan avulsed again (Fig. 4C). 

3.2. Autogenic behavior as reflected in deposition patterns 
Both avulsion cycles observed on our experimental debris-flow fan exhibited flow channelization and channel 

backfilling. Fan avulsions occurred along the steepest flow path. First and second autogenic cycles were similar in 
length, consisting of 26 and 25 individual debris flows, respectively (Fig. 4). Minimum and maximum flow widths, 
lengths, and thicknesses were similar between the two distinct avulsion cycles. Additionally, debris-flow lengths and 
widths were inversely related, oscillating between long and narrow during phases of channelization and short and 
wide during phases of channel backfilling. 

The phases of autogenic debris-flow fan evolution observed on our fan are demonstrated particularly well over 
the course of the first avulsion (Fig. 3). Flow channelization and channel backfilling alternated three times prior to the 
first fan avulsion phase at flow twenty-eight (Fig. 4). Flow channelization can be seen to develop as a result of 
constraining, coarse-grained lateral levees. Channel backfilling is shown as debris flows get progressively shorter, 
limited by the previous flow’s thick, depositional lobe. The fan avulsion phase develops as the channel near the fan 
apex is backfilled and steepened until flow is preferentially diverted to the steepest flow path.  

The major differences observed between the first and second autogenic cycles are in the number and length of 
sets of flow channelization and backfilling. The first autogenic cycle was initiated during flow three when flow was 
channelized following the first two debris flows. The first autogenic cycle consisted of three sets of channelization 
and backfilling. The second autogenic cycle exhibited only one set of channelization and backfilling. Following 
avulsion during flow twenty-eight, debris flows became progressively longer and slowly migrated from the left side 
of the fan. The sustained period of channelization observed during the second autogenic cycle compared to the first 
can be explained by debris-flow interaction with antecedent topography whereby debris flows preferentially deposited 
in topographically low areas. This resulted in debris flows that were progressively longer as previous deposit 
morphology guided, and effectively channelized, flow to the distal fan. Despite the channelizing effect of antecedent 
topography, individual flows in the second autogenic cycle still exhibited lateral levees typical of channelized flows. 

Fig. 4. Summary of debris-flow characteristics for the Utrecht and ECU fans. Light and dark boxes indicate phases of channelization and backfilling, 
respectively. Flow channelization starts at flow 2 in ECU fan and flow 10 in Utrecht fan. Arrows indicate instances of avulsion. (a) Debris-flow 
length measured from apex to maximum runout length. (b) Debris-flow width measured at the widest point of the flow. (c) Average fan slope 
measured along the active channel. 
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design. All of these items meet the widely accepted standard for observation conditions having independent 
measurement in a different test/measurement facility with different operators using different equipment (ISO, 2017). 
The implications of these results are several fold. Church et al. (2017) highlighted the importance of reproducibility 
in the field of Earth sciences as a vital component preventing incorrect or biased inferences. Our findings provide 
strong support for the physical modeling methods presented by de Haas et al. (2016) and corroborate the role of 
autogenic processes in promoting flow avulsion that lead to semi-conical form of debris-flow fans with “unlimited” 
accommodation. Our findings provide further support to the broader literature for autogenic controls on alluvial fan 
development, especially as they relate to debris-flow fan formation in unlimited accommodation space. The 
achievement of reproducing the equipment, methods and findings of de Haas et al. (2016) speak broadly to the 
credibility of the approach to capturing 4D information on the debris flows and debris-flow fan dynamics, which 
provides greater confidence for the employment of this approach to advance science.  

The ability to reproduce this type of experiment with an independent test also has implications for moving forward 
with physical modeling. This opens the opportunity to run large-scale experiments at many institutions and produce a 
large sample size. Information gathered from numerous simulations as opposed to a single simulation lends itself to 
unravelling process-form relations with a much greater degree of certainty because the scientific research would be 
based on multiple repeated results. This will provide the potential to advance conceptual and theoretical scientific 
knowledge and lead to more authoritative scientific communications. Advances might come in the areas of bajada 
development or limited accommodation space, impacts of base-level lowering, and interactions between endogenic 
and autogenic processes There will also be opportunities to simulate multiple scenarios in landscape evolution. This 
would involve starting models at various evolutionary stages, or slightly modifying the flow characteristics or 
materials to examine how these differences would impact the outcome. What would normally take months or years to 
accomplish could be done in a matter of a month or less with multiple cooperative labs simulating the various aspects 
of the experiment. The ability to develop simulations in this fashion will provide a deeper understanding of the 
processes driving long-term landform and landscape development as well as begin to incorporate the role of and the 
impacts on humans in these experimental settings, in particular how built structures modify and are in turn impacted 
by debris flows. The ability to test multiple scenarios simultaneously would also provide scientists with the ability to 
inform numerical modeling and corroborate results that will assist the numerical modeling community to advance 
more rapidly. This synergy opens opportunities for integrative research whereby multiple labs could work 
cooperatively integrating numerical and physical models in a manner that could lead to greater insights into bajada 
formation, role of base-level in fans, external and internal factors leading to fan forms and how fans impacted humans 
living on and adjacent to fans. 

5. Conclusions

The use of physical models to study processes acting on the Earth’s surface has helped to advance our knowledge 
of a myriad of geomorphological, scientific, and engineering questions. However, heretofore independent physical 
modeling experiments of debris-flow fans have seldom been designed with the goal of reproducing or validating the 
previous modeled experiments. Our findings, based upon a physical debris-flow fan model designed by and the 
associated experimental results reported in de Haas et al. (2016), provide clear evidence for the reproducibility of the 
previous simulations, despite experimental design differences. Our debris-flow fan evolved by channelization, 
backfilling, and avulsion of many individual debris flows, displaying the same scale-independent morphology of 
natural debris-flow fans. These results not only corroborate previous findings specific to autogenic debris-flow fan 
evolution, but they speak to the importance and value of replicating physical modelling experiments. The ability to 
reproduce physical modelling experiments could foster collaborations between research scientists from different 
laboratories internationally to advance theoretical and applicable knowledge. 
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Abstract 

Intermittent debris-flow surges may be considered as roll wave phenomenon of shallow water flow that naturally develop in the 
mountain basins. The shape of the water surface with discontinuous depth change is one manifestation of flow wave phenomena. 
Here we obtained a wave equation representing the wave phenomenon of shallow water flow by using the Laplace equation, the 
bottom condition, a surface conservation condition, a flow surface fluctuation condition, and the perturbative expansion method. 
The derived equation is a kind of KdV-Burgers equation in which a nonlinear term includes a momentum correction factor 𝛽𝛽, a 
dissipation term includes a friction factor f’  and a third term does not include either dispersion terms. The derived equation offers 
an explanation of the discontinuity of the water surface in shallow water flow that may be useful for debris flow modeling. 

Keywords: Intermittent debris-flow surges, roll waves, KdV-Burgers equation, friction factor, flow model 

1. Introduction

The intermittent surge phenomenon in steep mountain channels has been observed in China for more than 20 years
(DPRI, et.al., 1999). In recent years many intermittent surge flows have been also recorded in the European Alps using 
advanced systems (Huebl and Kaitna, 2010). Based on hydraulic theory these intermittent surges can be modeled as a 
kind of roll wave that emerge from flow instabilities (Arai, Huebl and Kaitna, 2013). In a pioneering study Dressler 
(Dressler, 1949) first showed that an occurrence condition of roll waves in shallow water can be derived from the 
divergence condition of the water surface equation. Early studies were directed to laminar flows that were easy to 
analyze, and subsequently Needham (Needham and Merkin, 1984) and Merkin (Merkin and Needham, 1986) also 
analyzed turbulent flows. In addition, Sandro (Sandro, 2011) studied roll waves of non-Newtonian, dilatant fluid flows. 
Arai et.al. (2013) studied the occurrence condition roll wave for arbitrary flow models.  

Kadomtsev-Petriashvili (Kadomtsev and Petviashvili, 1970) derived a KdV wave equation with surface tension 
taking into account the wave motion of the shallow water flow. This equation is called the Kadomtsev-Petriashvili 
equation, or the KP equation. However, Miles (1976) pointed out the need for consideration of the bottom friction. 
Hunter and Verden-Broke (1983a) also pointed out that this equation is not valid for a long wave situation. Arai (2017) 
provides a wave equation considering a long wave situation including bottom friction in shallow water flow. 

In this study, a wave equation is derived including the momentum correction factor 𝛽𝛽 and the friction factor f’, 
which expresses the characteristics of the respective constitutive fluid model, and clarify how 𝛽𝛽 and f’ are involved in 
the wave equation. 

2. Governing Equations

In the following the derivation of a wave equation for (surging) flow with a sudden depth change in an inclined
channel is summarized. The fluid is assumed incompressible and non-rotational, thus div �⃗�𝑣 = 0, curl �⃗�𝑣 = 0. The velocity 
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potential 𝜙𝜙 is defined in flow direction x, y and the flow depth takes the direction y (Fig. 1). Consequently the Laplace 
equation is given with 

𝜙𝜙𝑥𝑥 𝑥𝑥 + 𝜙𝜙𝑦𝑦 𝑦𝑦 = 0 (1) 

In the following, expressions of differentiation are indicated by subscripts, for example, 𝜕𝜕2𝜙𝜙 𝜕𝜕𝑥𝑥2⁄ = 𝜙𝜙𝑥𝑥 𝑥𝑥. 

Fig. 1. Coordinate system 

Equation (1) is obtained from uncompressed and non-rotating conditions of the fluid. Using the Laplace equation 
for the governing equation means that the flow field is a potential flow. 

For the condition at the flow bottom (y = −ℎ0), the vertical velocity component v is 0 at the bottom, 

𝑣𝑣 = 𝜙𝜙𝑦𝑦 = 0, (𝑦𝑦 = −ℎ0). (2) 

The condition under which the deformation of the water surface coincides with the movement of a water volume 
element on the surface is represented by the expression D(𝑦𝑦 − 𝜂𝜂) D𝑡𝑡 = 0⁄ , where 𝜂𝜂(𝑥𝑥, 𝑡𝑡) is the fluctuation component 
from the average water depth ℎ0, D is the differential sign, and t is time. It is d𝑦𝑦 d𝑡𝑡⁄ = 𝑣𝑣 = 𝜙𝜙𝑦𝑦 from the flow velocity 
v in the y direction, and d𝑥𝑥 d𝑡𝑡 = 𝑢𝑢 = 𝜙𝜙𝑥𝑥⁄  from the flow velocity u in the x direction. From these, the expression 
D𝜂𝜂 D𝑡𝑡 = 𝜕𝜕𝜂𝜂 𝜕𝜕𝑡𝑡 + 𝜕𝜕𝜂𝜂 𝜕𝜕𝑥𝑥⁄⁄⁄ d𝑥𝑥 d𝑡𝑡⁄ = 𝜂𝜂𝑡𝑡 + 𝜂𝜂𝑥𝑥𝜙𝜙𝑥𝑥  can be obtained. The condition that the deformation of the water 
surface coincides with the movement of the water volume element on the surface is given by the following equation: 

𝜙𝜙𝑦𝑦 − 𝜂𝜂𝑡𝑡 − 𝜙𝜙𝑥𝑥𝜂𝜂𝑥𝑥 = 0, (𝑦𝑦 = 0). (3) 

The Bernoulli equation is subsequently used for modeling the water surface fluctuation condition in the derivation 
of the wave equation in the shallow water. The wave equation is obtained by using the water surface fluctuation 
conditions based on the motion equation for shallow water flow. However, the resulting expression is not ideal to 
discuss the differences in for different fluid models. Here, the wave equation is obtained by using the water surface 
fluctuation condition including the momentum correction coefficient 𝛽𝛽 and the friction factor f’ which expresses the 
characteristics of an arbitrary fluid model as shown in the following equation.  

𝜙𝜙𝑡𝑡 + 1
2

(2𝛽𝛽 − 1)(𝜙𝜙𝑥𝑥)2 − 𝑔𝑔 𝑠𝑠𝑠𝑠𝑠𝑠 𝜃𝜃 𝑥𝑥 + 𝑔𝑔 𝑐𝑐𝑐𝑐𝑠𝑠 𝜃𝜃 ℎ + 𝑓𝑓′

2
𝑢𝑢0
ℎ0
𝜙𝜙 + (𝛽𝛽 − 1) 𝑢𝑢0

ℎ0
∫𝜙𝜙𝑥𝑥𝜂𝜂𝑥𝑥 𝑑𝑑𝑥𝑥 = 0 (4) 

In this wave equation, 𝛽𝛽 : momentum correction factor, f’ : friction factor, g : acceleration due to gravity, 𝜃𝜃 : slope 
angle of the channel, and ℎ = ℎ0 + 𝜂𝜂 : depth of flow. The first term on the left side represents the velocity potential in 
dependence of time, the second the kinetic energy, the third is the potential energy, the forth is the specific energy of 
the flow surface, the fifth is the loss of energy due to basal friction, and the sixth term is the additional energy 
fluctuation depth including a non-uniform velocity profile. The momentum correction factor 𝛽𝛽 and the friction factor 
f’ characterize the flow mechanics. 

In a uniform rectangular cross section with channel width B wider than the water depth h, the one dimensional 
motion and mass conservation equation for shallow water flows considering sudden water surface fluctuations are as 
follows. 

𝑢𝑢𝑡𝑡 + 𝛽𝛽𝑢𝑢𝑢𝑢𝑥𝑥 − (𝛽𝛽 − 1) 𝑢𝑢
ℎ
ℎ𝑡𝑡 − 𝑔𝑔 𝑠𝑠𝑠𝑠𝑠𝑠 𝜃𝜃 + 𝑔𝑔 𝑐𝑐𝑐𝑐𝑠𝑠 𝜃𝜃 ℎ𝑥𝑥 + 𝑓𝑓′

2
𝑢𝑢2

ℎ
= 0 (5) 
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ℎ𝑡𝑡 + (ℎ𝑢𝑢)𝑥𝑥 = 0 (6) 

On left side of Equation (5), the first term is an acceleration term, the second an advection term, the third a velocity 
distribution term, the fourth a gravity force term, the fifth a gradient surface term and the sixth term represents friction 
at bottom. 
Special consideration is given to the sixth term 𝑢𝑢2 ℎ⁄ . Here, the depth h and the velocity u are denoted as ℎ = ℎ0 + ℎ′, 
𝑢𝑢 = 𝑢𝑢0 + 𝑢𝑢′, where, ℎ0 is the mean depth, 𝑢𝑢0 is the mean velocity, and h’ and u’ are  fluctuating components of ℎ0 
and 𝑢𝑢0. h’ and u’ are much smaller than ℎ0 and 𝑢𝑢0, and are regarded as (ℎ′ ℎ0⁄ )2 ≪ 1, (𝑢𝑢′ 𝑢𝑢0⁄ )2 ≪ 1 and ℎ′ ℎ0⁄ −
𝑢𝑢′ 𝑢𝑢⁄ ≪ 1. From these considerations, 𝑢𝑢2 ℎ⁄  can be approximated as follows. 

𝑢𝑢2

ℎ
= 𝑢𝑢0

ℎ0
𝑢𝑢 (7) 

Substituting Equation (6) into the third term on the left side of Equation (5) and substituting Equation (7) for the sixth 
term yields,  

𝑢𝑢𝑡𝑡 + 1
2

(2𝛽𝛽 − 1)(𝑢𝑢2)𝑥𝑥 − 𝑔𝑔 𝑠𝑠𝑠𝑠𝑠𝑠 𝜃𝜃 + 𝑔𝑔 𝑐𝑐𝑐𝑐𝑠𝑠 𝜃𝜃 ℎ𝑥𝑥 + 𝑓𝑓′

2
𝑢𝑢0
ℎ0
𝑢𝑢 + (𝛽𝛽 − 1) 𝑢𝑢0

ℎ0
𝑢𝑢ℎ𝑥𝑥 = 0 (8) 

It is 𝑢𝑢 = 𝜙𝜙𝑥𝑥 from the velocity potential 𝜙𝜙. 𝜙𝜙 has continuity for x and t, and it is 𝑢𝑢𝑡𝑡 = (𝜙𝜙𝑥𝑥)𝑡𝑡 = (𝜙𝜙𝑡𝑡)𝑥𝑥. Also, from ℎ =
ℎ0 + 𝜂𝜂 , it is ℎ𝑥𝑥 = 𝜂𝜂𝑥𝑥. Considering these, integration of Equation (8) for x yields, 

𝜙𝜙𝑡𝑡 + 1
2

(2𝛽𝛽 − 1)(𝜙𝜙𝑥𝑥)2 − 𝑔𝑔 𝑠𝑠𝑠𝑠𝑠𝑠 𝜃𝜃 𝑥𝑥 + 𝑔𝑔 𝑐𝑐𝑐𝑐𝑠𝑠 𝜃𝜃 ℎ + 𝑓𝑓′

2
𝑢𝑢0
ℎ0
𝜙𝜙 + (𝛽𝛽 − 1) 𝑢𝑢0

ℎ0
∫𝜙𝜙𝑥𝑥𝜂𝜂𝑥𝑥 𝑑𝑑𝑥𝑥 = 𝐸𝐸0 (9) 

Here, 𝐸𝐸0 is an integral constant. 𝐸𝐸0 represents the potential 𝜙𝜙 as a reference, and when 𝐸𝐸0 = 0 is given as the initial 
condition, it becomes Equation (4). 

3. Derivation of Wave Equation by Reductive Perturbation Method

3.1. Non-dimensional basic equations and perturbation expansion 

Let the representative length be the mean depth ℎ0, and the representative velocity be the phase velocity 𝑣𝑣𝑝𝑝0 of the 
Gerdner-Morikawa(G-M) transformation of Equation (10). 

𝜉𝜉 = 𝜖𝜖1/2�𝑥𝑥 − 𝑣𝑣𝑝𝑝0𝑡𝑡�,   𝜏𝜏 = 𝜖𝜖3/2𝑡𝑡 (10) 

𝜖𝜖 is a minute parameter in the perturbation development. From these, we define dimensionless variables as follows 
and prime the dimensionless variables. 

𝜙𝜙′ = 𝜙𝜙 �ℎ0𝑣𝑣𝑝𝑝0�⁄ , 𝑥𝑥′ = 𝑥𝑥 ℎ0⁄ , 𝑦𝑦′ = 𝑦𝑦 ℎ0⁄ , 𝑡𝑡′ = �𝑣𝑣𝑝𝑝0 ℎ0⁄ �𝑡𝑡, 𝜂𝜂′ = 𝜂𝜂 ℎ0⁄ . (11) 

And the dimensionless variables 𝜉𝜉′, 𝜏𝜏′ of ξ , 𝜏𝜏 are as follows. 

𝜉𝜉′ = 𝜖𝜖1/2(𝑥𝑥′ − 𝑡𝑡′),   𝜏𝜏′ = 𝜖𝜖3/2𝑡𝑡′ (12) 

Therefore, the dimensionless equations of Equation (1) to (4) are 

𝜙𝜙′
𝑥𝑥′ 𝑥𝑥′ + 𝜙𝜙′

𝑦𝑦′ 𝑦𝑦′ = 0, (13) 

𝜙𝜙′
𝑦𝑦′ = 0,    (𝑦𝑦′ = −1), (14) 

−𝜙𝜙′
𝑦𝑦′ + 𝜂𝜂′𝑡𝑡′ + 𝜙𝜙′

𝑥𝑥′𝜂𝜂
′
𝑥𝑥′ = 0,   (𝑦𝑦′ = 0), (15) 
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𝜙𝜙′
𝑡𝑡′ + 1

2
(2𝛽𝛽 − 1)�𝜙𝜙′

𝑥𝑥′�
2 − 𝑐𝑐0′

2 𝑡𝑡𝑡𝑡𝑠𝑠 𝜃𝜃 𝑥𝑥′ + 𝑐𝑐0′
2(1 + 𝜂𝜂′) + 𝑓𝑓′

2
𝑢𝑢0′𝑐𝑐0′𝜙𝜙′ + (𝛽𝛽 − 1)𝑢𝑢0′𝑐𝑐0′ ∫𝜙𝜙′

𝑥𝑥′ 𝜂𝜂
′
𝑥𝑥′𝑑𝑑𝑥𝑥

′ = 0
(16) 

Here, 

𝑢𝑢0′ = 𝑢𝑢0 𝑐𝑐0⁄ ,   𝑐𝑐0′ = 𝑐𝑐0 𝑣𝑣𝑝𝑝0⁄ ,   𝑐𝑐0 = �𝑔𝑔ℎ0 𝑐𝑐𝑐𝑐𝑠𝑠 𝜃𝜃. (17) 

Furthermore, the dimensionless variable of the perturbation expansion is defined as 

𝜂𝜂′ = 𝜂𝜂 ℎ0⁄ ,   𝜂𝜂′(1) = 𝜂𝜂(1) ℎ0⁄ ,   𝜂𝜂′(2) = 𝜂𝜂(2) ℎ0⁄ ,   ⋯, (18) 

𝜙𝜙′ = 𝜙𝜙 �ℎ0𝑣𝑣𝑝𝑝0�⁄ ,   𝜙𝜙′(1) = 𝜙𝜙(1) �ℎ0𝑣𝑣𝑝𝑝0�� ,   𝜙𝜙′(2) = 𝜙𝜙(2) �ℎ0𝑣𝑣𝑝𝑝0�� ,   ⋯. (19) 

The dimensionless perturbation expansion of 𝜂𝜂′ and 𝜙𝜙′ is expressed as 

𝜂𝜂′ = 𝜖𝜖𝜂𝜂′(1)(𝜉𝜉′, 𝜏𝜏′) + 𝜖𝜖2𝜂𝜂′(2)(𝜉𝜉′, 𝜏𝜏′) + ⋯, (20) 

𝜙𝜙′ = 𝜖𝜖1/2𝜙𝜙′(1)(𝜉𝜉′,𝑦𝑦′, 𝜏𝜏′) + 𝜖𝜖3/2𝜙𝜙′(2)(𝜉𝜉′,𝑦𝑦′, 𝜏𝜏′) + ⋯. (21) 

Also, the Taylor expansion by Boussinesq on 𝜙𝜙′ in neighborhood 𝜂𝜂′ of 𝑦𝑦′ = 0 is 

𝜙𝜙′(𝜉𝜉′, 𝜂𝜂′, 𝜏𝜏′) = 𝜙𝜙′(𝜉𝜉′, 0, 𝜏𝜏′) + 𝜂𝜂′𝜙𝜙′(𝜉𝜉′, 0, 𝜏𝜏′)𝑦𝑦′ + 𝜂𝜂′
2

2
𝜙𝜙′(𝜉𝜉′, 0, 𝜏𝜏′)𝑦𝑦′ 𝑦𝑦′ + ⋯. (22) 

From these, the perturbation expansions of the dimensionless fundamental equations are expressed as follows. 
The Laplace expression of Equation (13) is 

𝜙𝜙′
𝑥𝑥′ 𝑥𝑥′ + 𝜙𝜙′

𝑦𝑦′ 𝑦𝑦′ = 𝜖𝜖3/2𝜙𝜙′(1)
𝜉𝜉′ 𝜉𝜉′ + 𝜖𝜖5/2𝜙𝜙′(2)

𝜉𝜉′ 𝜉𝜉′ + ⋯+ 𝜖𝜖
1
2𝜙𝜙′(1)

𝑦𝑦′ 𝑦𝑦′ + 𝜖𝜖
3
2𝜙𝜙′(2)

𝑦𝑦′ 𝑦𝑦′ + ⋯ = 0. (23) 

The bottom condition of Equation (14) 

𝜙𝜙′
𝑦𝑦′ = 𝜖𝜖1/2𝜙𝜙′(1)

𝑦𝑦′ + 𝜖𝜖3/2𝜙𝜙′(2)
𝑦𝑦′ + ⋯ = 0. (24) 

A flow surface condition of Equation (15) 

−𝜙𝜙′
𝑦𝑦′ + 𝜂𝜂′𝑡𝑡′ + 𝜙𝜙′

𝑥𝑥′𝜂𝜂
′
𝑥𝑥′ = −𝜙𝜙′

𝑦𝑦′ − 𝜖𝜖
1
2𝜂𝜂′𝜉𝜉′ + 𝜖𝜖

3
2𝜂𝜂′𝜏𝜏′ + 𝜖𝜖𝜙𝜙′

𝜉𝜉′𝜂𝜂
′
𝜉𝜉′

= −𝜖𝜖
1
2𝜙𝜙′(1)

𝑦𝑦′ − 𝜖𝜖
3
2𝜂𝜂′(1)𝜙𝜙′(1)

𝑦𝑦′ 𝑦𝑦′ − ⋯− 𝜖𝜖
3
2𝜙𝜙′(2)

𝑦𝑦′ − 𝜖𝜖
5
2𝜂𝜂′(1)𝜙𝜙′(2)

𝑦𝑦′ 𝑦𝑦′ − ⋯− 𝜖𝜖
5
2𝜙𝜙′(3)

𝑦𝑦′ − 𝜖𝜖
7
2𝜂𝜂′(1)𝜙𝜙′(3)

𝑦𝑦′ 𝑦𝑦′ −

⋯− 𝜖𝜖
3
2𝜂𝜂′(1)

𝜉𝜉′ − 𝜖𝜖
5
2𝜂𝜂′(2)

𝜉𝜉′ − ⋯+ 𝜖𝜖
5
2𝜂𝜂′(1)

𝜏𝜏′ + 𝜖𝜖
7
2𝜂𝜂′(2)

𝜏𝜏′ + ⋯+ 𝜖𝜖
5
2𝜙𝜙′(1)

𝜉𝜉′𝜂𝜂
′(1)

𝜉𝜉′ + 𝜖𝜖
7
2𝜙𝜙′(1)

𝜉𝜉′𝜂𝜂
′(2)

𝜉𝜉′ + ⋯ = 0(25)

The condition of the water surface fluctuation in Equation (16) can be expressed as 

𝜙𝜙′
𝑡𝑡′ + 1

2
(2𝛽𝛽 − 1)�𝜙𝜙′

𝑥𝑥′�
2 − 𝑐𝑐0′

2 𝑡𝑡𝑡𝑡𝑠𝑠 𝜃𝜃 𝑥𝑥′ + 𝑐𝑐0′
2 + 𝑐𝑐0′

2𝜂𝜂′ + 𝑓𝑓′

2
𝑢𝑢0′𝑐𝑐0′𝜙𝜙′ + (𝛽𝛽 − 1)𝑢𝑢0′𝑐𝑐0′ ∫ 𝜙𝜙′

𝑥𝑥′𝜂𝜂
′
𝑥𝑥′𝑑𝑑𝑥𝑥

′ 

= −𝜖𝜖𝜙𝜙′(1)
𝜉𝜉′ − 𝜖𝜖2𝜙𝜙′(2)

𝜉𝜉′ − ⋯+ 𝜖𝜖2𝜙𝜙′(1)
𝜏𝜏′ + 𝜖𝜖3𝜙𝜙′(2)

𝜏𝜏′ + ⋯+ 1
2

(2𝛽𝛽 − 1) �𝜖𝜖2 �𝜙𝜙′
𝜉𝜉′
(1)�

2
+ 2𝜖𝜖3𝜙𝜙′

𝜉𝜉′
(1)𝜙𝜙′

𝜉𝜉′
(2) +

𝜖𝜖4 �𝜙𝜙′
𝜉𝜉′
(2)�

2
+ ⋯� − 𝑐𝑐0′

2 𝑡𝑡𝑡𝑡𝑠𝑠 𝜃𝜃 𝑥𝑥′ + 𝑐𝑐0′
2 + 𝑐𝑐0′

2�𝜖𝜖𝜂𝜂′(1) + 𝜖𝜖2𝜂𝜂′(2) + ⋯� + 𝑓𝑓′

2
𝑢𝑢0′𝑐𝑐0′ �𝜖𝜖

1
2𝜙𝜙′(1) +

�𝜖𝜖
3
2𝜂𝜂′(1) + 𝜖𝜖

5
2𝜂𝜂′(2) + ⋯�𝜙𝜙′

𝑦𝑦′
(1) + ⋯+ 𝜖𝜖

3
2𝜙𝜙′(2) + �𝜖𝜖

5
2𝜂𝜂′(1) + 𝜖𝜖

7
2𝜂𝜂′(2) + ⋯�𝜙𝜙′

𝑦𝑦′
(2) + ⋯+ 𝜖𝜖

5
2𝜙𝜙′(3) +
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�𝜖𝜖
7
2𝜂𝜂′(1) + 𝜖𝜖

9
2𝜂𝜂′(2) + ⋯�𝜙𝜙′

𝑦𝑦′
(3) + ⋯� + (𝛽𝛽 − 1)𝑢𝑢0′𝑐𝑐0′ �𝜖𝜖2 ∫𝜙𝜙′

𝜉𝜉′
(1)𝜂𝜂′𝜉𝜉′

(1)𝑑𝑑𝜉𝜉′ + 𝜖𝜖3 ∫𝜙𝜙′
𝜉𝜉′
(1)𝜂𝜂′𝜉𝜉′

(2)𝑑𝑑𝜉𝜉′ +

𝜖𝜖3 ∫𝜙𝜙′
𝜉𝜉′
(2)𝜂𝜂′𝜉𝜉′

(1)𝑑𝑑𝜉𝜉′ + 𝜖𝜖4 ∫𝜙𝜙′
𝜉𝜉′
(2)𝜂𝜂′𝜉𝜉′

(2) + ⋯� = 0. (26) 

3.2.  𝜖𝜖-order equations in perturbation expansions and derivation of wave equation 

A necessary condition to satisfy the perturbation expansion equation of the basic equation is to satisfy homogeneous 
equations concerning the same order of 𝜖𝜖. Therefore, the equations for same order of 𝜖𝜖 are as follows. 
1) O(𝜖𝜖0) order;

𝑡𝑡𝑡𝑡𝑠𝑠 𝜃𝜃 = 1
𝑥𝑥′

 (27) 

2) O�𝜖𝜖1/2, 𝜖𝜖1� order;
Homogeneous equations of the order of 𝜖𝜖1/2 and 𝜖𝜖1 are as follows from Equation (23) to (26). 
From Equation (23), (24), (25), 

𝜙𝜙′
𝑦𝑦′ 𝑦𝑦′
(1) = 0,      𝜙𝜙′

𝑦𝑦′
(1) = 0, (𝑦𝑦′ = −1),      𝜙𝜙′

𝑦𝑦′
(1) = 0, (𝑦𝑦′ = 0), (28), (29), (30) 

and from Equation (26), 

−𝜙𝜙′
𝜉𝜉′
(1) + 𝑐𝑐0′

2𝜂𝜂′(1) + 𝑓𝑓′

2
𝑢𝑢0′𝑐𝑐0′𝜙𝜙′(1) = 0. (31) 

3) O�𝜖𝜖3/2, 𝜖𝜖2� order;
Homogeneous equations of the order of 𝜖𝜖3/2 and 𝜖𝜖2 are as follows. 
From Equation (23), (24), (25), 

𝜙𝜙′
𝜉𝜉′ 𝜉𝜉′
(1) + 𝜙𝜙′

𝑦𝑦′ 𝑦𝑦′
(2) = 0,     𝜙𝜙′

𝑦𝑦′
(2) = 0, (𝑦𝑦′ = −1) ,   − 𝜂𝜂′(1)𝜙𝜙′

𝑦𝑦′ 𝑦𝑦′
(1) − 𝜙𝜙′

𝑦𝑦′
(2) − 𝜂𝜂′𝜉𝜉′

(1) = 0, (𝑦𝑦′ = 0),   (32), (33), (34) 

and from Equation (26), 

−𝜙𝜙′
𝜉𝜉′
(2) + 𝜙𝜙′

𝜏𝜏′
(1) + 1

2
(2𝛽𝛽 − 1) �𝜙𝜙′

𝜉𝜉′
(1)�

2
+ 𝑐𝑐0′

2𝜂𝜂′(2) + 𝑓𝑓′

2
𝑢𝑢0′𝑐𝑐0′ �𝜂𝜂′

(1)𝜙𝜙′
𝑦𝑦′
(1) + 𝜙𝜙′2� + (𝛽𝛽 −

1)𝑢𝑢0′𝑐𝑐0′ ∫ 𝜙𝜙′
𝜉𝜉′
(1)𝜂𝜂′𝜉𝜉′

(1)𝑑𝑑𝜉𝜉′ = 0. (35) 

4) O�𝜖𝜖5/2, 𝜖𝜖3� order;
Homogeneous equations of the order of 𝜖𝜖5/2 and 𝜖𝜖3 are as follows. 
From Equation (23), (24),  

𝜙𝜙′
𝜉𝜉′ 𝜉𝜉′
(2) + 𝜙𝜙′

𝑦𝑦′ 𝑦𝑦′
(3) = 0,       𝜙𝜙′

𝑦𝑦′
(3) = 0, (𝑦𝑦′ = −1), (36), (37) 

from Equation (25), 

−𝜂𝜂′(2)𝜂𝜂′𝑦𝑦′ 𝑦𝑦′
(1) − 𝜂𝜂′𝑦𝑦′ 𝑦𝑦′

(2) − 𝜙𝜙′
𝑦𝑦′
(3) − 𝜂𝜂′𝜉𝜉′

(2) + 𝜂𝜂′𝜏𝜏′
(1) + 𝜙𝜙′

𝜉𝜉′
(1)𝜂𝜂′𝜉𝜉′

(1) = 0, (38) 

and from Equation (26), 

−𝜙𝜙′
𝜉𝜉′
(3) + 𝜙𝜙′

𝜏𝜏′
(2) + (2𝛽𝛽 − 1)𝜙𝜙′

𝜉𝜉′
(1)𝜙𝜙′

𝜉𝜉′
(2) + 𝑐𝑐0′

2𝜂𝜂′(3) + 𝑓𝑓′

2
𝑢𝑢0′𝑐𝑐0′ �𝜂𝜂′

(2)𝜙𝜙′
𝑦𝑦′
(1) + 𝜂𝜂′(1)𝜙𝜙′

𝑦𝑦′
(2) + 𝜙𝜙′(3)� +

(𝛽𝛽 − 1)𝑢𝑢0′𝑐𝑐0′ �∫𝜙𝜙′
𝜉𝜉′
(1)𝜂𝜂′𝜉𝜉′

(2)𝑑𝑑𝜉𝜉′ + ∫𝜙𝜙′
𝜉𝜉′
(2)𝜂𝜂′𝜉𝜉′

(1)𝑑𝑑𝜉𝜉′� = 0. (39) 
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In this case, the equation of 𝜖𝜖 relating to the water surface fluctuation and Equations relating to 𝜂𝜂′(1) are obtained 
using Equations (27) to (39). Equation (27) represents the relationship of the slope gradient and is not used in the 
derivation of 𝜂𝜂′(1). Also, the equation relating to 𝜂𝜂′(1) is obtained from Equation (28) to (38), and therefore Equation 
(39) is not used. 

Equation (31) is an approximate expression and transposes terms as follows: 

𝜙𝜙′
𝜉𝜉′
(1) − 𝑓𝑓′

2
𝑢𝑢0′𝑐𝑐0′𝜙𝜙′(1) = 𝑐𝑐0′

2𝜂𝜂′(1) (40) 

This is the first order differential equation of 𝜉𝜉′ with respect to 𝜙𝜙′(1). Solving 𝜙𝜙′(1) for 𝜉𝜉′ yields 

𝜙𝜙′(1) = 𝑒𝑒−ℎ�∫ 𝑒𝑒ℎ𝑐𝑐0′
2𝜂𝜂′(1)𝑑𝑑𝜉𝜉′ + 𝐶𝐶�,      ℎ𝑒𝑒𝑒𝑒𝑒𝑒, ℎ = ∫ �− 𝑓𝑓′

2
𝑢𝑢0′𝑐𝑐0′� 𝑑𝑑𝜉𝜉′ = −𝑓𝑓′

2
𝑢𝑢0′𝑐𝑐0′𝜉𝜉′, 

where, C is the integral constant. 
In the target flow, the friction factor 𝑓𝑓′ ≪ 1. 𝑢𝑢0′ corresponds to the Froude number when the phase velocity 𝑣𝑣𝑝𝑝0 
equals the wave velocity of the long wave and is 10 > 𝑢𝑢0′ ≥ 1 in the target flow. 𝑐𝑐0′  is 𝑐𝑐0′ ≈ 1 when the phase 
velocity 𝑣𝑣𝑝𝑝0 is close to the wave velocity of the long wave. The possible range of the value of 𝜉𝜉′ is 𝜉𝜉′ = 0~1 for one 
wavelength. Hence, since (𝑓𝑓′ 2⁄ )𝑢𝑢0′𝑐𝑐0′𝜉𝜉′ ≪ 1, we can regard 𝑒𝑒|ℎ| ≈ 1. From these, the approximate solution of 
Equation (40) is  

𝜙𝜙′(1) ≈ ∫𝑐𝑐0′
2𝜂𝜂′(1)𝑑𝑑𝜉𝜉′ + 𝐶𝐶 

The derivative for $ 𝜉𝜉′ in the above equation is as follows. 

𝜙𝜙′
𝜉𝜉′
(1) = 𝑐𝑐0′

2𝜂𝜂′(1) (41) 

This is an approximate expression of Equation (31). From this, Equation (41) is used instead of Equation (31). From 
the above relational equations, we obtain the equation of 𝜂𝜂′(1) . The derivation process is very complicated and 
therefore only the results are shown. 
Here, 𝜂𝜂′(1) is represented by 𝜂𝜂′. 

𝜂𝜂′𝜏𝜏′ + 1
2
�(2𝛽𝛽 + 1)𝑐𝑐0′

2 + (𝛽𝛽 − 1)𝑢𝑢0′𝑐𝑐0′�𝜂𝜂′𝜂𝜂′𝜉𝜉′ −
1
4
� 1

𝑐𝑐0′
2 −

1
2
� 𝑓𝑓′𝑢𝑢0′𝑐𝑐0′𝜂𝜂′𝜉𝜉′𝜉𝜉′ + 1

2
�2+𝑐𝑐0

′4

2𝑐𝑐0′
2 −

3
2
� 𝜂𝜂′𝜉𝜉′𝜉𝜉′𝜉𝜉′ = 0.(42) 

Equation (42) is a type of KdV-Burgers equation. From this result, it can be seen that the momentum correction factor 
𝛽𝛽 indicating the influence of the flow velocity distribution is related to the nonlinear term of the second term, and the 
friction factor f’ is related to the dissipation term of the third term. In addition, the coefficient of the dispersion term 
of the fourth term does not include 𝛽𝛽 and f’, which means that the dispersion term is not influenced by the flow velocity 
distribution and flow resistance. 

4. Discussion

From the results obtained above we conclude that different flow resistance laws result in different predictions for
the surge waveform development. Here we investigate the outcomes for the laminar and the turbulent flow laws, as 
well as situation of a linear velocity profile. For laminar flow the momentum correction factor 𝛽𝛽 is about 𝛽𝛽 = 1.2 and 
for turbulent flows 𝛽𝛽 = 1.1. In case the flow velocity distribution is linear, 𝛽𝛽 = 1, the coefficient of the nonlinear 
second term on the left side of Equation (42) reduces to (3 2⁄ )𝑐𝑐0′

2. The waveform of the discontinuous water depth 
change is formed when the phase velocity 𝑣𝑣𝑝𝑝0 is the long wave velocity 𝑐𝑐0, that is, 𝑐𝑐0′ = 𝑐𝑐0 𝑣𝑣𝑝𝑝0⁄ = 1. At this time, 
the ratio 𝑒𝑒𝛽𝛽 between the coefficient of the nonlinear term of the second term on the left side of the Equation (42) and 
the case of 𝛽𝛽 = 1 is 
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𝑒𝑒𝛽𝛽 = 1
3

{(2𝛽𝛽 + 1) + (𝛽𝛽 − 1)𝑢𝑢0′} (43) 

At 𝑣𝑣𝑝𝑝0 = 𝑐𝑐0, 𝑢𝑢0′ means Froude number. The waveform of roll wave is generated when the phase velocity 𝑣𝑣𝑝𝑝0 is 
the long wave velocity 𝑣𝑣𝑝𝑝0 = 𝑐𝑐0. Therefore, the Froude number is 𝐹𝐹𝑟𝑟 = 1, or in the vicinity thereof. Fig.2 shows the 
relationship between 𝑒𝑒𝛽𝛽 and 𝛽𝛽 in Equation (43) in the case of 𝑢𝑢0′ = 1.0 and 1.2 corresponding to the Froude number. 
From this result, within the range of 𝛽𝛽 = 1.0~1.2, the nonlinear term of the Equation (42) has the same degree of 
change as 𝛽𝛽 = 1, and the influence of 𝛽𝛽 is small. As will be described later, in the Burgers equation where the 
waveform of the roll wave is formed, the coefficient of the nonlinear term does not affect its waveform formation.  
That is, 𝛽𝛽 does not influence the formation of the roll wave form. 

Fig. 2. Relation between 𝑒𝑒𝛽𝛽 and 𝛽𝛽 

When the phase velocity 𝑣𝑣𝑝𝑝0 is the wave velocity 𝑐𝑐0 of the long wave, that is, 𝑐𝑐0′ = 1, the coefficient of the fourth 
term of Equation (42) becomes 0, and the dispersion term is ignored. Hence, 

𝜂𝜂′𝜏𝜏′ + 1
2

{(2𝛽𝛽 + 1) + (𝛽𝛽 − 1)𝑢𝑢0′}𝜂𝜂′𝜂𝜂′𝜉𝜉′ −
1
8
𝑓𝑓′𝑢𝑢0′𝜂𝜂′𝜉𝜉′𝜉𝜉′ = 0 (44) 

The friction factor f' in the third term on the left side is a function of water depth. When water depth is taken constant 
f' is an average constant value. The composition formula of the flow model is usually obtained in a state of steady and 
uniform flow. However, it is not clear how these expressions can be applied in a situation where the water depth 
violently fluctuates like a roll wave. For this reason, we use a Vedernikov type resistance law to understand the 
influence on waveform formation due to the difference in resistance law rather than using individual rheology models. 
This equation is a generalized expression of a Chezy type equation, a Manning equation, a laminar flow equation and 
the like. The flow velocity U is expressed by 

𝑈𝑈𝑎𝑎 = 𝑒𝑒𝑣𝑣𝑅𝑅(1+𝑏𝑏) 𝑠𝑠𝑠𝑠𝑠𝑠 𝜃𝜃, (45) 

here, U = velocity, R = hydraulic radius, 𝑒𝑒𝑣𝑣  = coefficient, and a, b = constant value. The constants a and b are expressed 
as a = 2, b = 0 in the case of the Chezy equation, a = 2, b=1/3 in the case of Manning expression, a = 1, b = 1 in the 
case of the laminar flow law. The friction factor f can expressed by the following equation using Equation (45). 

𝑓𝑓′

2
= 𝑢𝑢∗2

𝑢𝑢02
= 𝑒𝑒𝑣𝑣

−2/𝑎𝑎𝑔𝑔(𝑠𝑠𝑠𝑠𝑠𝑠 𝜃𝜃)1−2/𝑎𝑎ℎ0
1−2(1+𝑏𝑏)/𝑎𝑎 (46) 

where, 𝑢𝑢∗ = �𝑔𝑔ℎ0 sin𝜃𝜃 and 𝑅𝑅 ≈ ℎ0. Substituting Equation (46) into Equation (44) and transforming the equation we 
find 

𝜂𝜂′𝜏𝜏′ + 𝑡𝑡1𝜂𝜂′𝜂𝜂′𝜉𝜉′ = 𝜇𝜇𝜂𝜂′𝜉𝜉′𝜉𝜉′ , (47) 

where, 
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𝑡𝑡1 = 1
2

{(2𝛽𝛽 + 1) + (𝛽𝛽 − 1)𝑢𝑢0′},       𝜇𝜇 = 1
8
𝑓𝑓′𝑢𝑢0′ = 1

4
𝑒𝑒𝑣𝑣
−2𝑎𝑎𝑔𝑔(𝑠𝑠𝑠𝑠𝑠𝑠 𝜃𝜃)1−

2(1+𝑏𝑏)
𝑎𝑎 𝑢𝑢0′. (48), (49) 

Equation (47) is a type of Burgers equation and the solution of the Burgers equation is well established. The 
relationship of 𝛽𝛽 and f’ in equation (47) will be described below. 

From the Cole-Hopf transformation, the nonlinear Burgers equation is transformed into a linear heat conduction 
equation that can be solved. Then, the solution is obtained by inverse transformation of Cole-Hopf transformation to 
yield solution of the original Burgers equation. The Cole-Hopf transform is defined as follows using 𝑧𝑧(𝜉𝜉′, 𝜏𝜏′). 

𝜂𝜂′ = − 2
𝑎𝑎1
𝜇𝜇(𝑙𝑙𝑠𝑠 𝑧𝑧)𝜉𝜉′ = − 2

𝑎𝑎1
𝜇𝜇 1
𝑧𝑧
𝑧𝑧𝜉𝜉′ (50) 

Using this Cole-Hopf transformation, Equation (47) becomes a thermal conduction equation of the following equation. 

𝑧𝑧𝜏𝜏′ = 𝜇𝜇𝑧𝑧𝜉𝜉′𝜉𝜉′ (51) 

In the above equation, 𝑡𝑡1 in Equation (47) disappears and only 𝜇𝜇 remains. 𝜇𝜇 represents the thermal conductivity or 
diffusion coefficient of the conduction equation. From this, it can be shown that the friction factor f’ represents the 
rate of change of the waveform shape. 

In order to find the relationship between the momentum correction factor 𝛽𝛽 and the friction factor f’, a simple 
analysis example will be shown. We describe the analytic solution under the fixed boundary condition and the 
sinusoidal initial condition in period 2𝑙𝑙(−𝑙𝑙 ≤ 𝜉𝜉′ ≤ 𝑙𝑙) . The boundary condition is 𝜂𝜂′ = 0  at 𝜉𝜉′ = −𝑙𝑙, 𝜉𝜉′ = 𝑙𝑙 
respectively. That is, 

𝜂𝜂′(−𝑙𝑙, 𝜏𝜏′) = 0,    𝜂𝜂′(𝑙𝑙, 𝜏𝜏′) = 0 (52) 

As shown in Fig. 3, the initial condition is a sinusoidal wave of amplitude 𝑡𝑡0 and period 𝑇𝑇 = 2𝑙𝑙. That is, 

𝜂𝜂′(𝜉𝜉′, 0) = 𝑎𝑎0
2
𝑠𝑠𝑠𝑠𝑠𝑠(2𝜋𝜋𝜉𝜉′ 𝑇𝑇⁄ ) = 𝑎𝑎0

2
𝑠𝑠𝑠𝑠𝑠𝑠(𝜋𝜋𝜉𝜉′ 𝑙𝑙⁄ ) (53) 

Fig. 3. The initial condition of 𝜂𝜂′ 

When the initial condition of Equation (53) is transformed by Cole-Hopf transformation Expression (50), it is as 
follows 

𝑧𝑧(𝜉𝜉′, 0) = 𝑒𝑒𝑥𝑥𝑒𝑒 �𝑙𝑙 𝑟𝑟
𝜋𝜋
𝑐𝑐𝑐𝑐𝑠𝑠 𝜋𝜋𝜉𝜉

′

𝑙𝑙
+ 𝑙𝑙 𝑟𝑟

𝜋𝜋
� ,     𝑤𝑤ℎ𝑒𝑒𝑒𝑒𝑒𝑒, 𝑒𝑒 = 1

2𝑎𝑎1𝜇𝜇
𝑎𝑎0
2

(54),(55) 

The boundary condition is given by 𝜉𝜉′ = −𝑙𝑙, 𝜉𝜉′ = 𝑙𝑙 in Equation (54). That is, 

𝑧𝑧(−𝑙𝑙, 0) = 𝑧𝑧(𝑙𝑙, 0) = 1 (56) 
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For the initial condition of Equation (54), (55), and the boundary condition of Equation (56), we can solve the heat 
conduction Equation (51) using a Fourier series expansion and obtain the solution of Equation (47) from the inverse 
transformation of Cole-Hopf transformation as follows. 

𝜂𝜂′(𝜉𝜉′, 𝜏𝜏′) = �𝑎𝑎0
2𝑟𝑟
∑ �𝑛𝑛𝜋𝜋

𝑙𝑙2 ∫ 𝑒𝑒𝑥𝑥𝑒𝑒 �𝑙𝑙𝑟𝑟
𝜋𝜋
𝑐𝑐𝑐𝑐𝑠𝑠 𝜋𝜋𝑣𝑣

𝑙𝑙
+ 𝑙𝑙𝑟𝑟

𝜋𝜋
� 𝑐𝑐𝑐𝑐𝑠𝑠 𝑛𝑛𝜋𝜋𝑣𝑣

𝑙𝑙
𝑑𝑑𝑣𝑣𝑙𝑙

−𝑙𝑙 � 𝑠𝑠𝑠𝑠𝑠𝑠 �𝑛𝑛𝜋𝜋𝜉𝜉
′

𝑙𝑙
� 𝑒𝑒−𝜆𝜆𝑛𝑛

2𝜏𝜏′∞
𝑛𝑛=1 � × �𝑒𝑒

𝑙𝑙𝑙𝑙
𝜋𝜋 𝐽𝐽0 �

𝑙𝑙𝑟𝑟
𝜋𝜋
� +

∑ �1
𝑙𝑙 ∫ 𝑒𝑒𝑥𝑥𝑒𝑒 �𝑙𝑙𝑟𝑟

𝜋𝜋
𝑐𝑐𝑐𝑐𝑠𝑠 𝜋𝜋𝑣𝑣

𝑙𝑙
+ 𝑙𝑙𝑟𝑟

𝜋𝜋
� 𝑐𝑐𝑐𝑐𝑠𝑠 𝑛𝑛𝜋𝜋𝑣𝑣

𝑙𝑙
𝑑𝑑𝑣𝑣𝑙𝑙

−𝑙𝑙 � 𝑐𝑐𝑐𝑐𝑠𝑠 �𝑛𝑛𝜋𝜋𝜉𝜉
′

𝑙𝑙
� 𝑒𝑒−𝜆𝜆𝑛𝑛

2𝜏𝜏′∞
𝑛𝑛=1 �

−1
(57) 

where,   𝜆𝜆𝑛𝑛 = √𝜇𝜇𝑛𝑛𝜋𝜋
𝑙𝑙

, (𝑠𝑠 = 1, 2,⋯ ),   𝐽𝐽0( ): 1st kind Bessel function (58) 

Equation (57) represents the deformation process of the water surface deformation 𝜂𝜂′ with time evolution 𝜏𝜏′. Since 
the initial magnitude 𝑡𝑡0  and the period T cannot be theoretically determined, the case of 𝑡𝑡0 = 1, 𝑙𝑙 = 1 will be 
described as a calculation example. Also, there is a limit to the deformation of 𝜂𝜂′ due to time evolution, and its shape 
is retained in later time evolution after that. Fig.4 shows the case of 𝑒𝑒 = 3, 30 for the dimensionless time 𝜏𝜏′ = 3. The 
horizontal axis is 𝜉𝜉′ and the vertical axis is 𝜂𝜂′. The waveform of the rounded shape in the figure is the case of 𝑒𝑒 = 5 
and the triangular waveform is the calculation result in the case of 𝑒𝑒 = 30. r is related to 𝑡𝑡1  and 𝜇𝜇 as shown in 
Equation (55). 𝑡𝑡1 and 𝜇𝜇 are related to 𝛽𝛽 and f’ as shown in Equation (48) and (49). Therefore, when the value of r is 
small, 𝑡𝑡1 and 𝜇𝜇 have large values. Conversely, when r is large, 𝑡𝑡1 and 𝜇𝜇 have small values. That is, when the friction 
factor f’ is small, at the same time development 𝜏𝜏′, the waveform of the discontinuous water depth change is obtained. 
However, when f’ has a large value, we find that the discontinuous shape waveform does not develop. As in this 
analysis example, the influence due to the difference in the fluid model is related to the deformation rate of the fluid 
accompanied by the flow and the magnitude of the energy dissipation, meaning that it influences the deformation 
process with time. 

Fig. 4. Calculation example of 𝜂𝜂′ (𝑡𝑡0 = 1, 𝑙𝑙 = 1, 𝜏𝜏′ = 3, 𝑒𝑒 = 3, 𝑒𝑒 = 30) 

5. Conclusions

In this contribution a wave equation is presented to model the water surface variation in shallow fluid flows,
allowing for predicting the development of roll wave in an inclined channel. Since the model was derived as a general 
equation including a momentum correction factor 𝛽𝛽 and a friction factor f’, it can be applied to different flow models, 
which might be therefore be useful for debris flow applications. Through concrete analysis examples of the Burgers 
equation which can express discontinuous water depth change in the derived wave equation, 𝛽𝛽 and f’ showed to 
influence waveform formation. Although 𝛽𝛽 does not contribute much to the deformation of the waveform, f’ is related 
to the deformation rate, f’ develops to a discontinuous water depth change when f’ is small, but does not develop when 
f’ is large. These things mean the following. The flow surface shape with discontinuous depth change of intermittent 
debris-flow surge is not directly influenced by the fluid model of debris-flow, but is affected by the value of friction 
factor f' based on the fluid model. In other words, when f' becomes small, that is, when r of equation (55) exceeds 30, 
irrespective of the difference in fluid model, the flow is a surge flow with discontinuous depth change. 
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Abstract 

The occurrence of debris flows during the September 2013 northern Colorado floods took the emergency management community 
by surprise. The September 2013 debris flows in the Colorado Front Range initiated from shallow landslides in colluvium. Most 
occurred on south- and east-facing slopes on the walls of steep canyons in crystalline rocks and on sedimentary hogbacks. Previous 
studies showed that most debris flows occurred in areas of high storm-total rainfall and that strength added by tree roots accounts 
for the low number of landslides in densely forested areas. Given the lack of rainfall thresholds for debris flow occurrence in 
northern Colorado, we want to parameterize a numerical model to assess potential for debris flows in advance of heavy rainfall. 
Natural Resources Conservation Service (NRCS) soil mapping of the area, supplemented by laboratory testing and field 
measurements, indicates that soil textures and hydraulic properties of landslide source materials vary considerably over the study 
area. As a step toward modeling storm response, available soil and geologic mapping have been interpreted to define zones of 
relatively homogeneous properties. A new, simplified modeling approach for evaluating model input parameters in the context of 
slope and depth of observed debris flow source areas and recorded debris-flow inducing rainfall helps narrow the range of possible 
parameters to those most likely to produce model results consistent with observed debris flow initiation.  Initial results have 
narrowed the strength parameters to about one third of possible combinations of cohesion and internal friction angle and narrowed 
hydraulic conductivity to a range spanning slightly more than one order of magnitude. 

Keywords: Debris flow; Rainfall-induced landslides; Numerical models; Parameter uncertainty; Colorado Front Range 

1. Introduction

Since the 1970s, approaches for debris flow warning have relied on empirical rainfall thresholds (Guzzetti et al.,
2008; Baum and Godt, 2010). Empirical thresholds are limited by the availability and completeness of records of past 
rainfall and debris-flow occurrence.  In recent years, efforts have been undertaken to derive warning thresholds for 
landslides and debris flows using process-based models to overcome this limitation, especially for areas where debris 
flows occur infrequently (Godt et al., 2008; Thomas et al., 2018). Although geologists have known for decades 
(Hansen, 1976) where to expect debris flows in the Colorado Front Range, this risk was not well appreciated by 
residents and government officials.  They were thus unprepared when rainfall on 9–13 September 2013 triggered at 
least 1,138 debris flows in a 3430 km2 area of the Colorado Front Range (Coe et al., 2014). Debris flows occurred over 
an extremely broad range of elevation, geology, and ecosystems.  The 2013 debris-flow event makes the Front Range 
area a prime candidate for testing warning approaches using process-based models, due to the scarcity of historical 
data for developing empirical thresholds and the geologic, topographic, and ecosystem diversity of the affected area. 
This paper explores approaches for narrowing parameter uncertainty for such models. 
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2. Study area

The September 2013 debris flows in the Colorado Front Range initiated from shallow landslides in colluvium (Coe
et al., 2014). Most occurred on south- and east-facing slopes on the walls of steep canyons in crystalline rocks and on 
sedimentary hogbacks. Slopes at the source areas ranged from 26° to 43°. Only 3% of the slides initiated in channels, 
whereas 48% initiated on open slopes and 49% in swales. An area of about 1350 km2 in the northern part of the 
Colorado Front Range (Fig. 1) was selected for more detailed analysis and numerical modeling (Alvioli and Baum, 
2016a, 2016b). This area encompasses three-fourths of the September 2013 debris flows.  The area spans five 
ecosystem zones (Coe et al., 2014), and the dominant vegetation is coniferous forest. Vegetation density, soil 
development, and regolith production are dependent on slope aspect, particularly on north- versus south-facing slopes 
in the montane zones. North-facing slopes have a higher density of trees and more leached, colder soils than south-
facing slopes (Birkeland et al., 2003; Coe et al., 2014). Rengers et al. (2016) showed that most debris flows occurred 
in areas of low tree density and high storm-total rainfall. McGuire et al. (2016) concluded that strength added by tree 
roots, rather than rainfall interception or permeability differences between densely and sparsely forested slopes, 
accounts for the low number of landslides in densely forested areas. 

Field observations in the study area indicate that most debris-flow source areas have thin colluvium or regolith, 
commonly <1 m, but as deep as 5 m (Coe et al., 2014). Regolith in source areas at higher elevations in the western 
part of the study area was commonly 3-5 m deep. Large areas of exposed bedrock also exist throughout the area. 

Figure 1. Maps of study area.  (a) Map showing debris flow head scarps, sample and test locations (EGR, East of Gross Reservoir; NBEH, North 
Boulder East Hogback; PM, Porphyry Mountain), and property zones (areas where model parameters fall in specific ranges, see Table 1).  Map 
area is the same as that used by Alvioli and Baum (2016a).  (b) Map showing detail of study area (see red rectangle in a). 

The entire study area (Fig. 1a) is too large to depict at a scale suitable for describing parameter variability and 
uncertainty; so a smaller area of high landslide density is depicted in Fig. 1b. It is a subset of the study area chosen to 
illustrate parameter variability in an area of steep canyon walls underlain by crystalline bedrock. South-facing slopes 
are grassy and covered with a smooth blanket of colluvium everywhere except on rugged rock outcrops jutting from 
the canyon walls. In the focus area, interquartile depth to bedrock on steep slopes ranged from 0.43 to 0.61 m on south-

a 

b 

MAP LOCATION 
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facing slopes and 0.48 to 0.73 m on forested north-facing slopes (McGuire et al., 2016). The bedrock weathers to 
porous, permeable, gravelly, sandy loam. 

3. Methods

Methods were developed for this study with the goal of defining parameter distributions that could be used in a
spatially distributed process-based model such as TRIGRS (Baum et al., 2010; Alvioli and Baum, 2016a, 2016b). 
Sampling and testing properties of materials in a statistically valid manner over a large geographic area is time-
consuming and costly.  Therefore, considering the spatial variability of surficial deposits and weathered bedrock 
throughout the study area, we wish to define ranges of parameters that can result in similar outcomes for a set of 
modeled sequences of events that simulate rainfall conditions that either have or have not historically resulted in debris 
flows.  For purposes of this study, model parameters were assigned to categories affecting either infiltration and pore 
pressure rise or slope stability.  Parameters controlling the infiltration process vary with depth below the ground surface 
and include hydraulic properties of the soil: the hydraulic conductivity, Ks, porosity, n, parameters describing the shape 
of the soil-water characteristic curve, including the height of capillary rise, a, as well as the rate at which water is 
supplied at the ground surface.  Ground deformation leading to slope instability is linked to rainfall infiltration through 
induced pore pressure rise and a common input parameter, depth to bedrock, where strength increases and Ks decreases.  
Parameters controlling slope stability include depth, pore pressure, slope angle, density, and the soil strength and 
deformation properties.  The following paragraphs describe methods used to define map units (property zones) that 
have relatively uniform parameters for the purpose of modeling rainfall infiltration and initiation of shallow landslides 
on steep hillsides.  

Soil mapping and databases published by the U.S. Department of Agriculture’s Natural Resources Conservation 
Service (NRCS) indicate a significant range in the textures (particle-size distributions) and hydraulic properties of 
soils in the study area (USDA, 2005). In addition, detailed geologic mapping of the area provides lithologic information 
that can be used to extrapolate characteristics of thin soils present in areas mapped by the NRCS as exposed bedrock 
from nearby areas mapped as soil and underlain by similar bedrock. In previous studies (Godt et al., 2008), 
incorporating the spatial distribution of soil types and properties into models of infiltration and slope stability has 
improved their accuracy and is likely to do so in the Front Range study area as well. 

3.1. Field and Laboratory testing 

Disturbed and minimally disturbed samples of silty gravelly sand and gravelly fine sand were collected at two sites 
underlain by igneous intrusive rock (EGR and PM, Fig. 1a).  Field-measured bulk density was used to reconstitute 
disturbed samples to field density for testing.  The Colorado School of Mines and U.S. Geological Survey joint 
geotechnical laboratory conducted direct-shear tests using a procedure described by Likos et al. (2010).  Values of a 
and Ks were measured using the TRIM method (Wayllace and Lu, 2012; Lu and Godt, 2013).  Mini Disk infiltration 
tests for Ks were conducted at EGR and PM and at a site underlain by sedimentary rock (NBEH, Fig1a, Table 2). 

3.2. Spatial distribution of the hydraulic and soil strength parameters 

The TRIGRS program requires several input parameters to model infiltration and slope stability. The parameters 
can be assigned to zones or areas expected to have relatively homogeneous parameters based on geologic or soil 
mapping. For the purpose of testing performance of the parallel code, Alvioli and Baum (2016a) kept the number of 
input parameters to as few as possible, because assigning the study area to a large number of zones with different 
hydromechanical properties would greatly increase the complexity of the model but have little impact on the time 
required for program execution. The present study explores how the variability of landslide source materials and 
uncertainty in hydromechanical properties of those materials affects the accuracy of model results.  The complex 
geologic history of the study area has resulted in a wide range of bedrock and soil types and debris flows initiated in 
colluvial soils formed on nearly every geologic unit in the Front Range (Coe et al., 2014).   

We tried four different strategies to define property zones for modeling rainfall infiltration and slope stability. The 
first strategy, using USDA (2005) soil maps to define zones proved unsuccessful because many locations where dense 
clusters of debris flows initiated were mapped as unweathered bedrock (UWB). Most USDA soil map units are 
associated with grain size distribution, hydraulic properties, and other useful soil characteristics in the accompanying 
database; however, UWB is not.  Thus, subsequent strategies focused on developing a consistent methodology for 
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assigning soil characteristics to UWB. Two different strategies for iteratively assigning properties to UWB from 
neighboring soil map units failed due to the prevalence of UWB in the study area. The fourth, successful, strategy used 
published geologic mapping (Cole and Braddock, 2009) with the soil maps to define property zones based on 
generalized lithologies (Table 1).  This strategy followed seven basic steps: 
• Generalize geologic map units to clay/mud rocks (Cm), sandstone (S), metamorphic (M), igneous (I), Quaternary

overburden (Q), and water.
• Find the intersection of soil polygons with the dominant underlying bedrock lithology.
• Find the modes and map-area weighted average for each (soil, rock) combination's attributes.
• Use soil texture (grain-size distribution) and hydraulic attributes from USDA (2005) to define zones. Specific

criteria for sorting soils into zones were Unified Soil Classification System (USCS, see Lambe and Whitman,
1969) designation, hydraulic conductivity magnitude, Ks, and difference between saturated water content, qs, and
water content at 15 bars suction, q15.  The value of q15 is taken as a proxy for the residual water content, qr.

• If soil map unit does not have associated property values, as with many UWB units, assign values as if they are
poorly graded or silty gravels; UWB was dominantly granite and other crystalline rocks, but included sandstone
and other sedimentary rocks as well.

• Assign texturally named soil map units that do not have associated property values that overlie one lithology to
similarly named soils with properties overlying another similar lithology.

• Remaining soil polygons not assigned by the previous six steps (mainly moraines and associated floodplain and
hillside areas) were lumped into a final zone (zone 20, Table 1).
This procedure resulted in 20 zones.  Ranges (soil classification, hydraulic conductivity) or means (qs-qr) of relevant

parameters were summarized from the properties of soil map units merged into each zone (Table 1).  Properties not 
found in the USDA (2005) soil database were estimated based on texture and comparison with measured parameters.  
Inverse height of capillary rise, a (see Table 1), was estimated based on soil texture and descriptive statistics compiled 
by Carsel and Parish (1988).  The ranges of soil strength parameters, cohesion, c¢, and angle of internal friction, f¢, 
both for effective stress (Table 1), were estimated by comparing USCS texture class with average values tabulated at 
http://www.geotechdata.info/parameter/parameter.html (accessed 10/30/2018) and verified in text books (Hough, 
1969; Lambe and Whitman, 1969; Terzaghi et al., 1996).  

3.3. Infiltration and slope stability model initial and boundary conditions 

The TRIGRS model assumes a steady background flux and initial water-table depth, d, to determine the infiltration 
initial condition. Infiltration boundary conditions are specified flux at the ground surface and an impermeable 
boundary, representing the low-permeability bedrock, at depth Zmax.  The slope-stability initial condition is a factor of 
safety, FS, greater than 1 and the slope-stability boundary conditions are a stress-free ground surface and a sliding 
surface parallel to the ground surface at some depth, Z £ Zmax.  A few measurements are available to constrain 
infiltration initial conditions.  Coe et al. (2014) noted that 75-85 mm of rain fell September 9-11, 2014, during the 50 
h preceding the beginning of moderate to intense rainfall.  This followed about two weeks of dry weather.  Soil 
moisture data from a site on a ridge extending east from Sugarloaf Mountain (west of Boulder, Fig. 1a) indicate soil 
saturation in the upper 30 cm of soil ranged from 30 to 60 percent in gravelly-sandy soil on September 11 before 
intense debris-flow triggering rainfall (Ebel et al., 2015).  The observed level of soil saturation is consistent with what 
would be expected from the September 9-11 rainfall.  The thin colluvial deposits drain rapidly so d = Zmax (initial water 
table at the impermeable basal boundary) is assumed.   

To aid rapid interpretation of model results, we applied the TRIGRS model to synthetic grids in which each row of 
the slope grid has incrementally (0.5°) higher slope angle and each column of the soil depth grid has incrementally 
(0.1 m) greater depth. This grid configuration made it possible to evaluate model performance throughout the range of 
observed source-area slopes and depths for a large number of parameter permutations using a small grid of 60 ´ 50 
grid cells (Fig. 2b). The model was first used (Stage 1) to find ranges of strength parameters that result in stability (as 
measured by the factor of safety, FS, with FS > 1) for dry soil conditions and instability (FS < 1) for extreme wet 
conditions.  Subsequently, the model was used to predict pore-pressure rise and FS for different combinations of 
hydraulic parameters and storm rainfall (Stage 2).  The two model stages are intended to find likely combinations of 
parameters that can explain the observed pattern of debris-flow occurrence for use in probabilistic assessment (Canli 
et al., 2018). 
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3.4. Estimation of colluvium depth 

Three methods were used to estimate depth of colluvial deposits from exposures in landslide scars (Fig. 2a): (1) 
Direct measurements were made in the field during the weeks and months following the event.  (2) Estimates were 
made from terrestrial photography of landslides that were not accessible on the ground but could be viewed and 
photographed from a nearby location. (3) Anderson et al. (2015) measured landslide source area depths using elevation 
differences between pre-event and post-event airborne lidar.  Slope angle for sources measured by (1) and (2) were 
obtained from a 10-m U.S. Geological Survey digital elevation model of the study area. 

Table 1. Estimated parameter ranges in property zones (Fig. 1) 

[See Fig. 1 for locations of property zones.  Abbreviations of parent rock types, Cm, clay/mud rocks; S, sandstone; M, metamorphic; I, igneous; 
Q, Quaternary deposits.  Unified Soil Classification System (USCS) symbols, CL, low-plasticity clay; GC, clayey gravel; GM, silty gravel; GP, 
poorly graded gravel-sand mixtures; GW, well-graded gravel-sand mixtures; ML low-plasticity silts and fine sands; SM, silty sand. Dual USCS 
symbols indicate a range of classes, rather than a borderline classification. -- not available] 

Zone 
number 
(Fig. 1) 

Number of 
debris flow 
source 
areas 

Parent rock 
group 

USCS 
symbols 

Hydraulic 
conductivity, 
Ks, (ms-1) 

Inverse 
capillary 
rise, a (m-1) 

Saturated 
minus 
residual 
water 
content, qs - 
qr (%) 

Angle of 
internal 
friction for 
effective 
stress, f¢, 
(degrees) 

Cohesion 
for effective 
stress, c¢ 
(kPa) 

1 0 Cm/Q/S CL 1 ´ 10-7 - 1 ´ 10-6 0.4 - 3.4 11.5 27 – 35 5 – 20 

2 9 Cm/I/Q/S GM-ML 1 ´ 10-6 - 1 ´ 10-5 1.5 - 5.7 12.1 27 – 41 0 – 20 

3 0 I/M/Q/S ML 1 ´ 10-6 - 1 ´ 10-5 1.5 - 5.7 24.8 27 – 41 0 – 20 

4 0 Cm/I/Q/S CL-ML 1 ´ 10-7 - 1 ´ 10-6 1.5 - 5.7 29.5 27 – 41 5 – 20 

5 5 Cm/I/M/Q ML-GM 1 ´ 10-6 - 1 ´ 10-5 1.5 - 5.7 31.5 27 – 41 0 – 20 

6 0 S ML 1 ´ 10-6 - 1 ´ 10-5 1.5 - 5.7 36 27 – 41 0 – 20 

7 0 I ML 1 ´ 10-6 - 1 ´ 10-5 1.5 - 5.7 44.8 27 – 41 0 – 20 

8 0 I/M/Q/S GM-SM 1 ´ 10-6 - 1 ´ 10-5 3.8 - 11.2 9.9 27 – 40 0 

9 1 I/M/Q/S GM-SM 1 ´ 10-6 - 1 ´ 10-5 3.8 - 11.2 15.0 27 – 40 0 

10 135 Cm/I/M/Q/S SM-ML 1 ´ 10-6 - 6 ´ 10-4 3.8 - 11.2 19.4 30 – 41 10 – 20 

11 0 Cm/I/M/Q/S GM-GC 1 ´ 10-5 - 1 ´ 10-4 0.4 - 3.4 17.1 28 – 40 0 – 20 

12 2 I/M/Q/S GM-GC 1 ´ 10-6 - 1 ´ 10-5 0.4 - 3.4 27.9 28 – 40 0 – 20 

13 0 Cm SM 1 ´ 10-5 - 1 ´ 10-5 0.4 - 3.4 35.8 30 – 35 0 – 20 

14 9 Cm/I/M/Q/S GM 1 ´ 10-5 - 1 ´ 10-4 3.8 - 11.2 12.9 30 – 40 0 

15 64 Cm/I/M/Q/S GM 4 ´ 10-6 - 6 ´ 10-4 3.8 - 11.2 18.8 30 – 40 0 

16 0 Cm/Q/S GW 1 ´ 10-5 - 1 ´ 10-4 11.6 - 17.4 24.1 33 – 40 0 

17 0 Q GM 1 ´ 10-6 - 1 ´ 10-5 1.5 - 5.7 16.5 30 – 40 0 

18 0 Cm ML 1 ´ 10-6 - 1 ´ 10-6 1.5 - 5.7 33.4 27 – 41 0 – 20 

19 634 Cm/I/M/S GP-GM 1 ´ 10-5 - 7 ´ 10-4 1.5 - 17.4 30 30 – 44 0 

20 0 I/M/Q GP-GM 1 ´ 10-5 - 1 ´ 10-4 1.5 - 17.4 -- 30 – 44 0 

4. Results

4.1. Property zone distribution 

Fig. 1a shows the property zones in the entire study area, and Table 1 lists the characteristics of each zone.  Zone 
boundaries are irregular and show evidence of mismatch at the boundaries of individual soil surveys used in compiling 
the final map.  Debris flows occurred in only 8 of the 20 zones, and most were concentrated in only 3 zones.  Most 
zones included multiple underlying rock types despite similarity in soil texture based on grain-size distribution.  Fig. 
1b shows a more detailed map of property zones in a subset of the study area.   
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Table 2. Measured parameters from test sites (Fig. 1a) 

[See Fig. 1a for test and sample locations, EGR, East of Gross Reservoir; NBEH, North Boulder East Hogback; PM, Porphyry Mountain. 
Unified Soil Classification System (USCS) symbols, GM, silty gravel; GP, poorly graded gravel sand mixtures. -- not available] 

Sample number USCS symbol Hydraulic 
conductivity, 
Ks, (ms-1) 
(Mini Disk) 

Inverse capillary 
rise, a (m-1) 

drying, wetting 

Angle of internal 
friction for effective 
stress, f¢, (degrees) 

Cohesion for 
effective stress, c¢ 
(kPa) 

EGR1 GP-GM 9.8 x 10-6 - 1.0 x 10-4 3.5, 8.0 29 4 

NBEH1 ML-SM 8.7 x 10-7 --, -- -- -- 

PM1 GM 1.0 x 10-5 - 3.2 x 10-5 4.1, 7.7 46 0 

PM2 GP-GM 3.9 x 10-6 - 4.8 x 10-5 3.5, 3.5 31-36 11-13 

4.2. Parameter ranges 

Landslide source materials from areas underlain by crystalline rock are primarily poorly sorted, coarse sand to silty 
sand, containing abundant gravel-, cobble-, and boulder-sized rock fragments.  In the USCS (Lambe and Whitman, 
1969; Terzahi et al., 1996), these materials typically classify as poorly graded gravel-sand mixtures (GP) and silty 
gravels (GM). Landslide source materials from areas underlain by sedimentary rock range from medium silty sand 
(SM) to clayey silt (ML), and may contain gravel-, cobble-, and boulder-sized rock fragments. Table 1 lists soil 
classifications and estimated ranges of model parameters for modeling infiltration and slope stability in the study area. 
Values of Ks and qs-qr in Table 1 are reported ranges of soil map units (USDA, 2005) composing each zone.  The most 
common values of Ks for zones 10 and 15 range from 1.4 ´ 10-5–4.2 ´ 10-5 m/s.  Ranges of a are `a ± sa (`a is the 
mean and sa is the standard deviation) tabulated by Carsel and Parish (1988) for representative soil textures. Cohesion 
listed in Table 1 is soil cohesion.  Measured values of Ks in the database fall within the order of magnitude range listed 
in Table 1. Based on previous studies elsewhere, McGuire et al. (2016) estimated apparent cohesion attributable to 
roots in grassland areas of the Front Range at ~1.6–2.1 kPa and ~2.8–6.2 kPa in pine and fir forests on north-facing 
hillsides.  McGuire et al. (2016) measured strength parameters on well-graded sand from sites (Fig 1b) underlain by 
crystalline rock f¢ = 29°–31°, c¢ = 0 kPa.   

 

Fig. 2. (a) Observed landslide depths and slopes.  Boxes outline ranges one standard deviation about the mean.  Points from U.S. Geological 
Survey field measurements and photographic estimates.  Lidar ranges from Anderson et al. (2015).  Symbols, CR, crystalline rock; SR, 
sedimentary rock;  Ss, sandstone; Sh, shale; Si, siltstone. (b) Plots comparing factor of safety FS, to source-area slope and depth for cohesion, c¢, 
and angle of internal friction, f¢, both for effective stress. Upper and lower plots show dry and wet end-members: upper, FS for dry soil, lower, FS 
for saturated soil with the water table at the ground surface and seepage parallel to the slope.  (c) Plot showing fraction of sites where FS > 1 for 
dry conditions and FS < 1 for water table at the ground surface. Yellow line is trend of c¢–f¢ combinations that correctly predict FS for more than 
80% of measured source areas.  (d) Plot of FS for a specific set of parameters and rainfall hydrograph (Coe et al., 2014). 

a b c d 
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4.3. Colluvium depth 

Colluvial deposits in the study area are thin.  Estimates of colluvial thickness obtained from debris-flow source 
areas cluster between 0.4 and 1.3 m (Fig. 2a).  The few deposits thicker than 2 m vertically were on slopes flatter than 
30°.  Central tendencies of measurements obtained by field surveys and lidar were similar (Fig. 2a). 

4.4. Model results 

Model Stage 1 tested 420 combinations of c¢ (1.0–6.5 kPa, in 0.5 kPa increments) and f¢ (25°–45°, in 1° increments) 
for the synthetic terrain described previously. Results for a single combination of c¢ and f¢ is shown in Fig. 2b. These 
tests showed that about one third of the c¢ and f¢ combinations predicted FS > 1 for dry conditions and FS < 1 for wet 
conditions for 70% or more of the observed source-area depths and slopes (Fig 2c).  Combinations that correctly 
predicted more than 80% of the observed values clustered along a line, c¢ = 9 kPa–0.2f¢, 25° < f¢ < 45° (yellow line, 
Fig. 2c). Combinations of low friction angle and low cohesion predicted a high percentage of slopes with FS < 1 for 
dry conditions.  Similarly, combinations of high friction angle and high cohesion predicted a high percentage of slopes 
with FS > 1 for wet conditions; consistent with the findings of McGuire et al. (2016) for apparent cohesion due to roots. 

Model Stage 2, though still preliminary, has narrowed the range of feasible hydraulic parameters from that listed in 
Table 1. Both c¢ and f¢ were held constant (c¢=1.5 kPa and f¢=37°), a combination that correctly predicted more than 
90 percent of observed debris-flow source depths and slopes (Fig. 2c), while Ks and a varied.  Values listed in Table 
1 and the soil map databases (USDA, 2005) for the three zones having the greatest number of debris-flow sources 
(zones 10, 15, and 19) guided selection of ranges for testing Ks (1.4 ´ 10-6–7.0 ´ 10-4 m/s, in uneven increments) and 
a (1.5, 3.8, 7.5, and 11.2 m-1).  For our model, heavy rainfall of varying intensity associated with occurrence of the 
debris flows was represented by a 31-hour hydrograph of hourly rainfall for the Pine Brook gage (Fig. 1a, Coe et al., 
2014).  The model was tested using 12 combinations of Ks and a to explore their limits in predicting debris flow 
initiation for the storm.  Model results showed that combined high values of Ks (> 7.0 ´ 10-5 m/s) and a (³7.5 m-1) 
drained too freely to produce sufficient rise in pressure head to cause instability, whereas reducing a to 3.8 m-1 
produced instability on slopes as low as 28° in a narrow range centered on 0.5 m depth.  Combinations of low values 
of Ks (1.4 ´ 10-6 m/s) and a (1.5 m-1) produced considerable pore pressure rise and instability at depths < 2 m, but 
could not predict instability at depths of 3-5 m (Fig 2b).  Intermediate values, of Ks (2.8 ´ 10-5 m/s) and a (3.8 m-1) 
produced the most successful predictions of slope instability, 85% of the observed debris-flow source depth-slope 
combinations (Fig. 2d). 

5. Discussion and Conclusion

The NRCS soil maps and databases (USDA, 2005) contain sufficient data on soil grain-size distribution, plasticity, 
and soil-water properties to serve as a starting point for defining input parameters for modeling rainfall-induced debris-
flow initiation.  Intersecting soil map units with geologic map units proved useful in extrapolating soil data into areas 
mapped as UWB.  Knowledge gained from fieldwork and laboratory testing of a few specimens from debris-flow 
source areas in locations having a large proportion of exposed bedrock further aided interpretation of soil mapping in 
the UWB areas and assignment of parameter ranges (Table 1).  The property zones provide constraints that can improve 
accuracy in modeling debris-flow initiation.  So likewise, spatially distributed rainfall inputs and improved models of 
soil depth (Baum, 2017) would likely reduce the areas of false positives in model output.  Obtaining sufficient 
measurements of slope and depth of debris-flow sources to have a statistically meaningful distribution is critical to the 
success of our approach to constraining model input parameter ranges.  Agreement between depth distribution obtained 
by fieldwork (including many where depth was estimated from close-range photography) and that obtained by 
differencing pre- and post-event lidar (Anderson et al., 2015) boosts our confidence that the distribution is 
representative of debris-flow sources throughout the study area (Fig. 2b).  

We have developed a simplified approach to defining ranges of input parameters that result in successful predictions 
for modeling landslide and debris-flow initiation.  Preliminary results indicate that using a synthetic depth and slope 
grid to compute FS for possible ranges of parameters and comparing the results with observed source area depths and 
slopes can effectively narrow the range of strength parameters needed to predict debris flow initiation.  Combinations 
that correctly predicted more than 80% of the observed values clustered in a narrow range along, c¢ = 9 kPa – 0.2f¢, 
25° < f¢ < 45° (Fig. 2c).  Likewise, applying this approach to modeling rainfall infiltration and resulting pressure head 
rise and change in factor of safety can effectively narrow the range of soil water parameters.  For our study area, 
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preliminary results cluster in the ranges 1.4 ´ 10-6 £ Ks £ 2.8 ´ 10-5 and 1.5 £ a £ 7.5.  Parameter ranges determined 
by modeling (Fig. 2c, 2d) are consistent with those determined by laboratory testing (Table 2) and estimated based on 
texture for property zones where significant numbers of debris flows initiated (Table 1). 
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Abstract 

Numerous debris-flow inundation models have been applied retroactively to noteworthy events around the world. While such 
studies can be useful in identifying controlling factors, calibrating model parameters, and assessing future hazards in specific study 
areas, model parameters tailored to individual events can be difficult to apply regionally. The advancement of debris-flow modeling 
applications from post-event model validation of individual case studies to pre-event forecasting that can be implemented rapidly 
and at regional scales is critical considering the fatalities and extensive infrastructure damage caused by debris flows that inundated 
a developed fan in Montecito, California, following heavy rain on 9 January 2018. In this study, we evaluated the tradeoffs between 
model accuracy and simplicity in the context of the need for a framework that can be used in conjunction with initiation models 
and storm predictions for rapid, large-scale inundation hazard mapping as a component of post-fire debris-flow hazard assessments. 
We used numerical (FLO-2D) and empirical (LAHARZ) models to simulate debris flows from one of the drainages upstream of 
Montecito that was burned in the Thomas fire in December 2017 and compared model results with field observations and building 
damage assessments collected immediately following the event. Initial testing demonstrated that LAHARZ can simulate 
channelized flow but is not able to replicate flow bifurcations or avulsions, which are critical aspects of flows travelling over 
populated fans. FLO-2D simulations matched well with observed inundation area data, but variably under- and overpredicted 
inundation height, deposit depth, and velocity. We found that FLO-2D and LAHARZ had true positive rates of 0.84 and 0.6, 
respectively, and both models had similar false positive rates (0.3 and 0.35, respectively). Our model evaluation framework allowed 
us to compare model results with detailed field observations and will serve as a platform for more extensive model testing in the 
future.  

Keywords: post-fire debris flows; debris-flow inundation; runout modeling; FLO-2D; LAHARZ 

1. Introduction

The 9 January 2018 Montecito, California, debris-flow event was triggered by a deluge of rain (peak 5-minute
rainfall intensity exceeding 150 mm/hr) over several catchments of the Santa Ynez Mountains that had been burned 
by the Thomas fire several weeks prior (National Weather Service, 2018; Kean et al., in press). Debris flows initiated 
from burned source areas, and major flows ran out along Montecito, Oak, San Ysidro, Buena Vista, and Romero 
Creeks, subsequently inundating communities residing on alluvial fans downstream of the mountain front, causing 23 
fatalities and damaging over 400 structures (Kean et al., in press). While tools exist to quickly assess the likelihood 
and potential volume of debris flows within burned areas (Gartner et al., 2014; Staley et al., 2017), debris-flow runout 
models that can be implemented rapidly over large areas (tens to hundreds of basins) with variable terrain are not 
currently available. Prior to the Montecito debris-flow event, the U.S. Geological Survey (2018) determined that there 
was a high probability of debris flows initiating from the basins upstream of Montecito. However, the large number 
of fatalities and widespread infrastructure damage from debris-flow inundation on the alluvial fan downstream of the 
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source areas burned by the Thomas fire underscore the importance of an operational capability to predict debris-flow 
inundation areas and flow characteristics (e.g., depth and velocity).  

Numerous empirical and physically based runout models exist and have been used to simulate debris flows in 
diverse settings around the world. Runout models are often back-calibrated to well-studied debris flows (e.g., O’Brien 
et al., 1993; Rickenmann et al., 2006; Hungr and McDougall., 2009) and in some cases have been used as forecasting 
tools in regional hazard assessments (e.g., Horton et al., 2013). Complex debris-flow processes are a result of varying 
material composition and water content, physical interactions between the solid and fluid phases of flow, and changes 
in material properties during an event (e.g., Rickenmann et al., 2006; Iverson and George, 2014). Empirical models 
do not inherently capture the physical processes of debris flows, and the complexities of debris flows preclude single-
phase physical models from comprehensively capturing the processes at work. Nevertheless, the success of such 
models at predicting the inundation area and flow characteristics of debris flows renders them useful for practical 
applications (Hungr and McDougall, 2009). A few studies have used runout modeling to assess inundation of post-fire 
debris flows (Bernard, 2007; Cannon et al., 2010; McCoy et al., 2016), but more extensive model testing and 
calibration is needed to meet the need for regional runout forecasting on urbanized fans.   

In this paper, we apply two runout models at Montecito and develop a framework with which to evaluate models 
for use in post-fire debris-flow hazard assessments. As a starting point, we used the empirical model, LAHARZ 
(Schilling, 1998), and FLO-2D, a widely used two-dimensional, finite difference model (O’Brien et al., 1993), to 
simulate debris flows along one of the drainages inundated during the Montecito debris-flow event (San Ysidro Creek). 
We then compared model results with field data collected by Kean et al. (2019) during the first 12 days after the event. 
A wealth of detailed field data provided a unique opportunity to evaluate the ability of runout models to predict 
inundation area, flow depth, deposit thickness, and velocity. We compare results from both models by assessing model 
accuracy and utility for timely and efficient debris-flow inundation forecasting. This paper serves as a starting point 
for more extensive runout model testing and calibration for application to post-fire debris-flow hazard assessments in 
the future.  

2. Setting

Montecito is located 8 km east of Santa Barbara, California on a populated piedmont plain at the foot of the Santa 
Ynez Mountains (Fig. 1a). San Ysidro Creek spans approximately 3 km between the mountain front and the Pacific 
Ocean, intersecting State Route 192 and Highway 101. A topographic high resulting from the Mission Ridge fault 
zone (Fig. 1a) separates steeply sloping alluvial landforms to the north from more gently sloping alluvial landforms 
near the coast (Kean et al., in press). San Ysidro Creek is deeply incised at its intersection with the Mission Ridge fault 
zone but is less confined elsewhere on the piedmont. The basin upstream from the head of the fan at San Ysidro Creek 
covers an area of 7.6 km2 and is characterized by steeply dipping Eocene bedrock units (Dibblee, 1966). During the 
Thomas fire, 85% of the study basin was burned at moderate to high severity (Kean et al., in press; Fig. 1b). Prior to 
the 9 January 2018 rainfall event, the U.S. Geological Survey (2018) predicted a 69% probability of debris flows from 
the San Ysidro Creek basin for a design rainstorm of I15 = 24 mm/hr.  

During the rainstorm on 9 January 2018, debris flows on San Ysidro Creek yielded a total sediment volume of about 
297,000 m3 (Kean et al., in press). Observations of debris-flow source areas by Kean et al. (in press) indicated that 
debris flows initiated from water runoff and hillslope erosion, as is common in post-fire debris flows (Fig. 1b). Debris 
flows inundated the entirety of San Ysidro Creek and avulsed in several places, resulting in a 500-meter wide flow 
path in some areas (Fig. 1a). Large flow avulsions occurred upstream of the Mission Ridge fault zone and at the distal 
end of the fan. Additionally, flow bifurcated approximately 0.7 km downstream of the mountain front and traveled in 
a southwest direction away from San Ysidro Creek, along El Bosque Road (Fig. 1a). Debris-flow deposits consisted 
of large boulders (up to 4.3 m in diameter) supported by a silty sand matrix (Kean et al., in press). Boulders were 
deposited along the entire length of San Ysidro Creek, with an especially high concentration of boulders in the avulsion 
north of the Mission Ridge fault zone (Fig. 1c). The flows on San Ysidro Creek resulted in damage to at least 163 
structures and complete destruction of an additional 92 structures (CAL Fire, 2018).  

Field mapping and observations by Kean et al. (2019) provide a wealth of data to compare with runout model 
results. We used measurements of inundation height from field observations (n=115) and building impact analyses 
(n=157), sediment depth from field observations (n=107), and flow velocity from building impact analyses (n=83) to 
compare with model results. The locations of field measurements (blue) and building damage assessments (red) are 
shown in Fig. 1a.    
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Fig 1. a) Map of the area inundated by debris flows along San Ysidro Creek in Montecito, CA, showing the locations of field observations (blue) 
and damage assessments (red) used for comparison with model results. b) Aerial view of the burned debris-flow source areas above Montecito 
(photo credit: Dennis Staley). c) Boulder-rich debris-flow deposits surrounding a damaged house along San Ysidro Creek (photo credit: Jeffrey 
Coe). The inundation height of debris flows is evident from the mudline on the house.  

3. Methods

To systematically compare model results, we held input data equal for both models whenever possible. As detailed 
in the following sections, this is inherently difficult when comparing multiple models because of differences in the 
input data and parameters required for each. A 5-meter resolution (resampled from 3.05 m) pre-event digital elevation 
model was used as the topographic surface in both models. For each model, we used an input sediment volume of 
297,000 m3. Differing input requirements necessitated us to vary the implementation of a fixed input sediment volume, 
as described in the following sections. Since the purpose of preliminary testing was to compare the strengths and 
shortcomings of each model for use in post-fire debris-flow hazard assessments, we performed initial calibration runs 
for FLO-2D but did not execute exhaustive parameter sensitivity and optimization analyses.   

LAHARZ uses empirical equations for cross-sectional (A) and planimetric area (B) as functions of volume (V) to 
delineate debris-flow inundation areas on a given topographic surface (Schilling, 1998; Griswold and Iverson, 2008). 
Iverson et al. (1998) and Griswold and Iverson (2008) derived sets of empirical equations from statistical analyses of 
lahar, debris flow, and rock-avalanche runout paths. We implemented the empirical equations for both lahars and 
debris flows on San Ysidro Creek by applying a sediment volume of 297,000 m3 at a point location, which we chose 
as the outlet of the San Ysidro Creek basin at the head of the fan (Table 1).  

FLO-2D is a two-dimensional finite difference model that utilizes a quadratic rheologic model to simulate water 
and mudflows over floodplain and alluvial fan surfaces (O’Brien et al., 1993). FLO-2D requires an input hydrograph, 
which is bulked with a given volumetric sediment concentration (Cv) for mud and debris-flow simulations. The timing 
of debris flows closely followed the peak in rainfall intensity (Kean et al., in press), so we modeled the shape of the 
hydrograph based on the observed hyetograph of rainfall intensity. We interpolated 15-minute rainfall intensity data 
from two rain gages that lie to the east and west of San Ysidro Creek (KTYD, 5 km west and Doulton Tunnel, 5.3 km 
east) to estimate the rainfall rate within the study basin. We accounted for infiltration by using a version of the Green-
Ampt infiltration model, as described in Rengers et al. (2016), to extract water from the hyetograph during the 
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storm. To parameterize the infiltration equation, we used a hydraulic conductivity of 15 mm/hr (the geometric mean 
of the saturated hydraulic conductivity obtained from field measurements; Kean et al., in press), a pressure head of 1 
mm (a commonly observed value after wildfire; Ebel and Moody, 2016), and estimated porosity and initial water 
content values of 0.5 and 0.2, respectively. The resulting rainfall intensity time-series, corrected for the estimated 
infiltration rate, was then multiplied by the total basin area to estimate a discharge hydrograph (m3/s). We scaled the 
discharge hydrograph given our prescribed input sediment volume (297,000 m3) and assuming Cv = 0.6 (which is 
consistent with field observations). The resulting input hydrograph, which yields a water volume of 198,000 m3 and a 
total volume (water plus sediment) of 495,000 m3, was applied at the basin-outlet point.  

In FLO-2D, surface roughness is prescribed by Manning’s n-value, which we set as either n = 0.04 or n = 0.1 in 
accordance with recommended values from previous studies (e.g., Bertolo and Wieczorek, 2005; Rickenmann et al., 
2006). For the simulation of debris flows, FLO-2D requires input values for the resistance parameter for laminar flow 
(K), and the specific gravity (SG), yield stress (τy), and viscosity (η) of the water-sediment mixture. τy and η vary with 
Cv and are determined using a set of equations with empirically determined coefficients (O’Brien et al., 1993). As 
recommended, we used K = 2285 for urban areas (FLO-2D Software, Inc., 2017). We calculated SG by using a rock 
density of 2650 kg/m3 and accounting for the proportion of water in the material, as defined by Cv. We performed 
initial calibration runs by varying n and using high, medium, and low values of τy and η from the range of values 
available in literature (e.g., Bertolo and Wieczorek, 2005; Rickenmann et al., 2006). The values of n, τy and η that best 
fit the observed inundation area of debris flows in San Ysidro Creek are listed in Table 1. In addition to inundation 
area, FLO-2D outputs inundation height, deposit depth, and velocity (Table 1). 

Table 1. Model inputs, parameters, and outputs for FLO-2D and LAHARZ, where Cv is volumetric sediment 
concentration, n is Manning’s n-value, K is the resistance parameter for laminar flow, SG is specific gravity, τy is 
yield stress, η is viscosity, A is inundated cross-sectional area, B is inundated planimetric area, and V is volume.  

Model Volume 
configuration 

Input volume Parameters Outputs 

FLO-2D Hydrograph with 
specified Cv 

297, 000 m3 of sediment, 
198,000 m3 of water, Cv = 0.6 

n = 0.04, K = 2285, SG =1.99 
τy = 1000 Pa, η = 100 Pa·s 

Inundation area, inundation 
height, deposit depth, velocity 

LAHARZ 
debris flow 

Point source 297,000 m3 A = 0.1V2/3, B = 20V2/3 Inundation area 

LAHARZ lahar Point source 297,000 m3 A = 0.05V2/3, B = 200V2/3 Inundation area 

4. Results

The area inundated by each model is shown in comparison to the observed debris-flow inundation area along San
Ysidro Creek in Fig. 2. Dark blue represents the area that was correctly predicted by the model (true positive area), 
while light blue represents the area that was falsely inundated by the model (false positive area). Conversely, the area 
that was inundated but is not captured by the model (false negative area) is shown by the striped area. To compare 
between models, we divided the true positive, false positive, and false negative areas by the total observed inundation 
area to obtain the true positive rate (TPR), false positive rate (FPR), and false negative rate (FNR), respectively (Fig. 
2). We also calculated the threat score (TS; e.g., Staley et al., 2017) for each model, which is defined as TPR divided 
by the sum of TPR, FPR, and FNR (Fig. 2).  

In addition to assessing the overall proportion of inundated area captured by each model, we calculated the observed 
and modeled inundation areas in 10 equally sized rectangular zones that encompass the total area inundated by debris 
flows along San Ysidro Creek (Fig. 3a). Observed and modeled inundation areas as a function of downstream distance 
(d) are shown in Fig. 3b, where d was measured as the difference in northing from the basin outlet point to the center 
of each zone. The total runout distance for each model was found by calculating the difference in northing between 
the basin outlet point and the farthest extent of inundation. The resulting root-mean-square errors (RMSE) for runout 
distance (ER) and inundation area (EA) normalized by the total observed runout distance and inundation area, 
respectively, are listed in Table 2. 

We compared measurements of inundation height, deposit depth, and velocity with FLO-2D model results at the 
field observation and damage-assessment points shown in Fig. 1 (Fig. 4). To assess the correlation between 
observations of flow characteristics and model results, we divided the observed inundation area into four zones (Fig. 
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4a). Figs. 4b-d show the correlation between measured and modeled inundation height, deposit depth, and velocity, 
respectively, where the coloration of data points corresponds to the deposit zone in which the measurement was 
located. We assessed inundation height (Fig. 4b) by comparing model results with 115 field observations and 157 
building damage assessment measurements (Kean et al., 2019). Similarly, we used 107 deposit depth field 
measurements and 83 velocity measurements calculated from building damage assessments. The RMSE of FLO-2D 
model results for inundation height (EH), deposit depth (ED), and flow velocity (EV) are listed in Table 2.  

Fig. 2. Modeled inundation area from a) FLO-2D, b) LAHARZ debris flow, and c) LAHARZ lahar, showing the true positive area (dark blue), 
false positive area (light blue), and false negative area (striped) resulting from each model run, in comparison to the mapped inundation area of 
debris flows on San Ysidro Creek (Kean et al., 2019; Fig. 1). True positive rate (TPR), false positive rate (FPR), and false negative rate (FNR) are 
defined as the true positive, false positive, and false negative areas divided by the observed inundation area, respectively. Threat score (TS) is 
defined as TPR divided by the sum of TPR, FPR, and FNR.    

5. Discussion

Debris-flow runout model accuracy is imperative to hazard assessments because of the consequences associated
with either under- or overpredicting both debris-flow inundation and flow characteristics. Receiver operating 
characteristic (ROC) analyses show that FLO-2D models inundation area most accurately (Fig. 2), with the highest 
TPR and TS, and the lowest FPR and FNR. However, a TS of 0.64 indicates that the FLO-2D model could still be 
improved. Our analysis of inundation area as a function of d (Fig. 3) shows that the inundation area modeled by FLO-
2D is underpredicted in the first 300 m downstream of the basin outlet point but is overpredicted elsewhere. 
Nonetheless, the similarity in shape of the FLO-2D and observed series (Fig. 3b), indicates that the model correctly 
predicts relative changes in inundation area with d and the fit could likely be improved with further calibration.  

The LAHARZ debris flow model substantially underpredicts the observed inundation area (FNR=0.93; Fig. 2b) 
and has a runout distance that is only 15% of the observed runout distance. The modeled inundation area from 
LAHARZ lahar fits the observed data better than does LAHARZ debris flow, but the inundation area is still 
substantially underpredicted (FNR=0.4), especially in places where the flow avulses from the main channel (Fig. 4a, 
zones 2 and 4). Additionally, LAHARZ lahar overpredicts the total runout distance (Table 2). The discrepancy between 
the results of the LAHARZ models reflects differences in the coefficients that are used for each flow type, which are 
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derived from empirical data showing that debris flows generally have a higher sediment concentration than lahars 
(Iverson et al., 1998). The underprediction of inundation area highlights the inability of LAHARZ to simulate 
avulsions. Similarly, LAHARZ does not predict the bifurcation of flow at El Bosque Road (Fig. 1a), which is an 
important aspect of debris-flow inundation on populated alluvial fans. The inability of LAHARZ to simulate flow 
bifurcation and avulsions indicates that the use of empirical equations may not be sufficient to accurately represent the 
complex physical process of debris flows traveling through built environments. The discrepancies between the results 
of the LAHARZ models and the observed inundation area demonstrate that, as indicated by previous work (Bernard, 
2007; Magirl et al., 2010), the empirical coefficients used in LAHARZ should be modified if the model is utilized for 
post-fire debris-flow hazard assessments in the future.   

Table 2. FLO-2D and LAHARZ runout (R) and inundation area (A) results, model errors, and runtimes. Errors are 
expressed as the root-mean-square errors of runout distance (ER), inundation area (EA), inundation height (EH), 
deposit depth (ED), and flow velocity (EV). Model results are compared with field data and building damage 
assessments from the Montecito debris-flow event along San Ysidro Creek (Kean et al., 2019). ER and EA are listed 
as percentages of the total observed runout distance and inundation area, respectively. LAHARZ does not output 
inundation height, deposit depth or flow velocity.    

Model R (m) A (m2) ER EA EH ED EV Model 
Runtime 

FLO-2D 3,280 1,076,827 2.0% 2.2 % 0.97 0.65 0.92 41 minutes 

LAHARZ debris flow 493 89,535 85.3% 10.7% -- -- -- 0.5 seconds 

LAHARZ lahar 3,498 890,596 4.5% 4.1% -- -- -- 4 seconds 

The ability to model flow characteristics in addition to inundation area is important because of the implications that 
inundation height, deposit depth, and flow velocity have on the physical harm and damage to infrastructure that debris 
flows can inflict. Furthermore, predictions of flow characteristics are critical for predictive-damage assessments (e.g., 
Kean et al., in press). Comparisons of observed data and modeled inundation height and deposit depth from FLO-2D 
show that, in general, both metrics were underpredicted on the upper half of the alluvial fan (zones 1 and 2) but were 
overpredicted on the lower half of the fan (zones 3 and 4; Fig. 4). Modeled velocities were also overpredicted on the 
lower half of the fan (zone 4; no observed data exist for zone 3), while modeled velocities in zones 1 and 2 were both 
under- and overpredicted. Inconsistent under- and overpredictions in different deposit regions likely indicate 
discrepancies between modeled and actual physical processes and rheological parameters. For example, FLO-2D is 
intended for the modeling of hyper-concentrated sediment flows, and the rheologic model used to simulate debris 
flows does not account for the influence of coarse sediment (gravel, cobbles, and boulders; FLO-2D Software, Inc., 
2015), which, as shown in Fig. 1c, was an important component of debris flows along San Ysidro Creek. 

Fig. 3. a) Diagram showing the 10 zones used to compare modeled and observed inundation area. b) Observed and modeled inundation area in 
each zone plotted as a function of downstream distance at the center of each segment (d). 
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Fig. 4. a) Zones used to assess observed measurements and FLO-2D model results for b) inundation height, c) deposit depth, and d) velocity. 
Velocity measurements were derived from building impact analyses (see Kean et al. (in press) for details). The coloration of points corresponds 
to their location in zones 1-4.  

The San Ysidro Creek basin was one of 1738 basins that were analyzed in the U.S. Geological Survey’s post-fire 
debris-flow hazard assessment for the Thomas fire (U.S. Geological Survey, 2018). In this context, a debris-flow 
runout model that can be used as a predictive tool for post-fire debris-flow hazard assessments must have flexibility 
for use in variable settings (e.g., channelized, urbanized fans), while also being computationally efficient. LAHARZ 
took several seconds to run simulations on San Ysidro Creek, which is over 2000 times faster than the runtime for 
FLO-2D (41 minutes; Table 2). While LAHARZ runs very quickly and could likely be applied efficiently to tens or 
hundreds of drainages, the model is primarily intended for settings where flow is channelized (Schilling, 1998), and 
hence, accuracy is limited in areas with minimal channel confinement. FLO-2D is capable of modeling debris flows 
in both channelized and non-channelized settings and can be customized to simulate infrastructure components (e.g., 
culverts, debris-retention basins) and transient surface properties (FLO-2D Software, Inc., 2017). While this flexibility 
is advantageous, the need to set numerous adjustable parameters requires time-consuming calibration and is difficult 
without a priori knowledge of the parameter values that are valid in certain regional or geomorphic settings. 
Predetermined parameterization and the development of design storms based on robust back-calibration to past events 
in a given area could be used to improve the efficiency of employing FLO-2D for forecasting, but the application to 
large, multi-basin areas would still require substantial computing time and user analysis.   

6. Conclusion

Detailed field data collected after the Montecito debris-flow event enabled us to make comprehensive quantitative
comparisons between observations and modeled results. Preliminary debris-flow runout model testing demonstrated 
that a model applied to post-fire debris-flow hazard assessments must be able to simulate both channelized and non-
channelized flows on fans. Comparisons of observed data and model runs show that LAHARZ does not replicate flow 
bifurcations or avulsions and is not well-suited for use in non-channelized settings. Additionally, new empirical 
coefficients may be necessary for post-fire debris flows in southern California. FLO-2D simulations matched well 
with observed inundation area data, but variably under- and overpredicted inundation height, deposit depth, and 
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velocity in different areas. More extensive model calibration could be used to improve FLO-2D model results, and 
parameterization based on flow characteristics could be used to improve the potential for use in predictive damage 
assessments. In the future, testing should assess the accuracy and efficiency of other widely used runout models that 
could be coupled with existing post-fire debris-flow hazard assessments to better inform local government agencies 
and emergency managers prior to imminent precipitation events.   
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Abstract 

Debris flows are mass movements that develop along drainage networks and involve generally dense fluids, compose of materials 
of different grain sizes, as well as woods and variable amounts of water, identified as natural processes that constitute the 
dynamics and the modeling of the landscape. The areas most susceptible to the occurrence of these processes in Brazil are in the 
foothills of the Serra do Mar, Serra da Mantiqueira and the Serra Geral, and on the north coast of São Paulo State. In 03/18/1967 
there was an important landslide and debris-flows which affected the region of Caraguatatuba and São Sebastião. In this area, 
there is a pipeline network associated with Petrobras Treatment Units, other enterprises, structures and a large urban area in 
growth. The aim of this work is to show the results of the back-analysis of the debris-flow events that occurred in 1967 in a 
mountain area in the Serra do Mar in Caraguatatuba region (São Paulo State, Brazil) with RAMMS numerical simulation, using 
calibrated input parameters. The inputs were viscosity, DEM, landslide scars as release areas, the density of the debris-flow 
material, duration of debris-flow process and orthophoto. The modeling results were compared with the deposit area mapped in 
aerials photos, which was established zones of iso-thickness of the materials. The results showed a good correlation between the 
area and thickness of deposition modeled and observed. Moreover, the fieldwork and the retro-analysis studies revealed that the 
Serra do Mar debris flows have a predominantly granular rheological flow and the modeling results showed that the deposition 
zones are given preferably in regions with slope less than 5º. 

Keywords: Numerical simulation; RAMMS model; Serra do Mar; Brazil 

1. Introduction

Debris flows are rapid downslope, gravity-driven movements of materials behaving as, highly viscous, dense and
concentrated to hyperconcentrated fluids. Debris-flow processes can comprise large volumes of soils, blocks of 
rocks, wood and other plant materials, man-made structures, and varying amounts of water. Often initiated by heavy 
rainfall and/or landslides, debris-flows process commonly develop along steep thalwegs and deposit in flat areas 
(Selby, 1993; Hutter et al., 1994; Takahashi, 2014; Kang and Lee, 2018). They are characterized by the long range, 
high speed, high peak flow, high erosion capacity, impact force and for this they constitute an important risk factor 
for the population (Begueria et al., 2009; Kang and Lee, 2018). 

Mathematically, debris flows can be described as a one-phase fluid composed by an interstitial liquid and by a 
granular fluid that constitutes the solid phase and has proper rheological properties (Iverson, 1997; Rosatti and 
Begnudelli, 2013; Liu et al., 2017). This represents a simplification of a debris-flow process where the main 
components are water and solid material consisting of a wide range of grain sizes (Rickenmann et al., 2006). Thus, 
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several numerical models have been elaborated in the last years, to measure, identify, predict and monitor debris-
flow processes with more accuracy, as FLO-2D, KANAKO 2D and MassMov2D (Pudasaini, 2005; Wu et al., 2012). 
One of these models is RAMMS (Rapid Mass Movement Simulation), which uses a single-phase model, that doesn’t 
distinguish between fluid and solid phases and the material is modeled as a bulk flow. This model describes the 
frictional behavior of debris-flows movement using the Voellmy relation (Christen et al., 2010). 

The most susceptible areas to debris-flow processes in Brazil are located in the southeastern in the SW-NE 
oriented foothills of Serra do Mar, Serra da Mantiqueira and Serra Geral. In the city of Caraguatatuba (São Paulo 
State), one of the most expressive brazilian mass movements event occurred in 1967, triggered by heavy rains. It is 
estimated that a huge volume of earth material and over 30,000 trees descended the Serra do Mar slopes of the and 
reached the city, totally or partially destroying 400 houses, and killing 120 people (Gomes et al., 2008a). 

Studies involving modeling of debris flows both, retro- and forward analysis are still very rare in Brazil. The 
pioneering work of Alvarado (2006) used of the Discrete Element Method (DEM) to simulate debris-flow process 
and in the last years Lopes and Riedel (2007), Gomes et al. (2008b), Polanco (2010), Bueno et al. (2013), Gomes et 
al. (2013), Sakai et al. (2013), Silva et al. (2013), Conterato (2014), Pelizoni (2014), Rocha et al. (2014), Sancho 
(2016), and Silva-Filho (2016) also included in their scope studies of brazilian debris-flow cases involving 
mathematical modeling. 

Thus, the aim of this work is to show the results of modeling of a debris-flow process occurred in 1967 in a 
mountain area in the Serra do Mar in Caraguatatuba region (São Paulo State, Brazil) with RAMMS numerical 
simulation, using parameters calibrated as input, obtained by retro-analysis of the event. In the last years, there has 
been an increase in the occurrence of these phenomena in Brazil, which demands a better understanding of their 
conceptual model. In the Serra do Mar region there is a pipeline network associated with Petrobras Treatment Units, 
roads, industries and a large urban area in growth, which increases the risk factor for debris-flow movements. 

1.1. Study area 

The study area is the Santo Antônio river basin (Fig 1), inserted in the Serra do Mar mountain range, an 
escarpment area on the eastern margin of the Brazilian highlands, which has been known to be the most landslide 
and debris flows prone location in Brazil, due to the local hot and humid climate and its long slopes (Cruz, 1974; 
Lacerda and Silveira, 1992; Cruz, 2000; Cerri et al., 2018). The region has as a humid tropical climate with dry 
season. Rainfall is concentrated during summer, which amounts for 70% of the annual total, while winter months 
(June to August) are characterized as the dry season, with monthly precipitation around 100 mm. The annual 
precipitation ranges from 1,784 to 2,000 mm and the annual average temperature is 27°C (Cruz, 1974; Seluchi et al., 
2011). 

The Santo Antônio river basin, which has an area of 37.5 km2, extending from the Serra do Mar escarpments to 
alluvial and coastal plains, the Caraguatatuba urban area. The most upstream portions of the catchment are 
characterized by particularly steep slopes, while the downstream areas are very flat area (Fig 2), where urbanization 
is still expanding (Sakai, 2014). 

The geology encompasses neoproterozoic rocks, such as to gneisses, migmatites, migmatitic gneisses, granites, 
schists and quartzites, with a predominant NE-SW structural orientation (Almeida, 1964; Chieregati et al., 1982; 
Cerri et al., 2018). The lower section of the Santo Antônio Basin is composed of unconsolidated sediments such as 
sands, silts, clays and fluvial gravels, as well as colluvial sediments and beach, marine and fluvial-marine deposition 
sands (Chieregati et al., 1982). 

1.2. The 03.18.1967 event 

The occurrence of the 1967 event in Caraguatatuba is related to the incidence of high rainfall rates that affected 
the region in March of the same year. So, about 945.9 mm were recorded in this month, from that, 260 mm and 325 
mm were recorded on 17th and 18th, respectively. In the day of the event, 585 mm accumulated in 48 hours (IPT, 
1988). 

Landslides began on the morning of March 18th and were gradually occurring until the afternoon, a period that 
registered its most critical phase, in a generalized and simultaneous manner, particularly on slopes steeper than 22º 
(Cruz, 1990; Gramani, 2001) (Fig 3).  
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Fig. 1. Location map of the study area. The Santo Antônio basin is marked on pink. The A-B section represents the profile path (Fig 2). 

Fig. 2. Topographic profile of Santo Antônio Basin. The relief in the catchment is compartmentalized in upland, escarpment, and plain, whose 
associated features are mamelonized hills, predominantly retilinized slopes, and flat areas, respectively (Cruz, 1974). Adapted from Nery (2016). 

Fig. 3. Landslide scars on the Serra do Mar slopes in the Santo Antônio basin. The photo was taken from a belvedere on the Tamoios Highway, 
main access road of the plateau to the coast, one month after the occurrence of the events of 03/18/1967. Landslide scars are mainly distributed on 
slopes with slopes greater than 22º. Photograph by Cruz (1974). 

A 

B 
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Around 4:15 pm, after the material mobilized by the landslides converged almost simultaneously to the main 
drainages of the mountainous region and were channeled, causing debris-flow process, that transported a great 
amount of earth and biomass. After 5 pm, in the final section of the river, next to the coast, the processes of mud 
flow and mud flood began, so that the material mobilized by these processes accumulated in a bridge of the Santo 
Antônio River and caused its disruption, which promoted a flood in the whole plain of the river with lots of mud and 
logs, reaching the urban area and the beach, where drainage flows into the sea (Cruz, 1974) (Fig 4). In the fieldwork  

Fig. 4. Mud flow, mud flood and debris flows of 03/18/1967 in the Santo Antônio basin in Caraguatatuba. (a) Blocks mobilized during the 
process, near the landslides, in the tributary channels and in the middle section of the main river of the Santo Antônio basin. In the fieldworks, the 
block deposits also were observed in the middle section of the main channel.  (b) Aerial view of the escarpments with the landslide scars and the 
plain with mud flow and mud flood processes. Photographs by Cruz (1974) and municipal archives of Caraguatatuba.  

1.3. The RAMMS model 

RAMMS (Rapid Mass Movement Simulation) is a numerical 2D simulation model developed by the WSL 
Institute for Snow and Avalanche Research SLF and the Swiss Federal Institute for Forest, Snow and Landscape 
Research WSL. The physical model of RAMMS uses the Voellmy-Salm continuous flow model (Salm et al., 1990; 
Salm, 1993) based on Voellmy friction law (1955) and describes debris-flow processes as a continuous model of 
medium depth. This model divides the frictional resistance into two parts: a dry-Coulomb type friction (coefficient 
µ) that scales with the normal stress and a velocity-squared drag or viscous-turbulent friction (coefficient ξ). Thus, 
the friction resistance S (Pa) is defined as  

𝑆 = 𝜇𝜌𝐻𝑔𝑐𝑜𝑠(∅) +
𝜌𝑔𝑈2

ξ

where 𝜌 is the density, g the gravitational acceleration, ∅ the slope angle, H the flow height and U the flow velocity. 
The normal stress on the running surface, 𝜌𝐻𝑔𝑐𝑜𝑠(∅), can be summarized in a single parameter N. RAMMS uses a 
single-phase model, so we cannot distinguish between fluid and solid phases and the material is modeled as a bulk 
flow. Regarding the entrainment of bed materials, the version v1.5 does not consider the erosion effect, so it is not 
possible to predict the increase in volume of the debris-flow material as it travels along the channel. 

The input parameters of RAMMS are the total volume of the debris flow and the resistance parameters µ and Ɛ. 
As output data, the program provides values (for each grid cell) of flow height, flow velocity, flow pressure, impact 
forces, as well as profiles of height, velocity and flow pressure at certain locations for projecting structures (Bartelt 
et al., 2013). 

2. Materials and methods

2.1. Back-analysis studies of the 03/18/1967 debris flows 

The back-analysis studies included the historical retrieval of the variables that involved the debris-flow processes 
in the Santo Antônio basin in March 1967, the extraction of the landslide scars and the mapping of the deposits and 
their respective thicknesses (Gregoretti et al., 2016). The main causes of occurrence of the event were investigated 
through bibliographical research on reference works, including photographic and cartographic registration. 

b 
a 

(1) 

268



Corrêa/ 7th International Conference on Debris-Flow Hazards Mitigation  (2019) 

For the landslides scars extraction aerial photos in 1: 25,000 scale with 1.5 x 1.5 m spatial resolution of the VASP 
(São Paulo Airway) aerial photogrammetric survey were selected for the respective procedures. The extraction was 
performed using photointerpretation techniques in a GIS environment so that the size, the vegetation, the texture and 
shape were the criteria considered to the identification (Loch, 1984; Marchetti and Garcia, 1986; Barlow et al., 2003; 
Guzzetti et al., 2012). The mapping of the debris-flow deposits and their respective thicknesses was also carried out 
in the GIS environment using photointerpretation techniques (Vandine, 1985; Van Steijn, 1996), complemented 
information from bibliographical data and fieldwork.  

2.2. Debris-flow modeling RAMMS 

Prior to numerical modeling in RAMMS, the program input parameters were listed and modified according to the 
model needs. Thus, the topographic data from the DEM was converted to ASCII format. Moreover, the calculation 
domain and the release area were transformed to the shapefile format and the release height was inserted in the 
program/ imported of the shapefile attribute table of the release areas. The information about debris flow duration, 
the material density and µ/ ξ parameters were obtained from bibliographical data (Table 1). 

The modeling step in the RAMMS version 1.5 program was performed through the establishment of a simulation 
routine, based on different release heights, material density, and viscosity (ξ). 

3. Results and Discussion

Before the modelling in the RAMMS program, the input parameters were adjusted according to the its
requirements (Table 1). 

Table 1. Input parameter, data source and numerical parameter required in the RAMMS model 

Input Source Numerical parameter 

Topographic data DEM in 1:10,000 scale, from 1979 Grid of 8 m  

Release area Landslide scars from aerial photos 
(1973) ----------- 

Release height 
Back-analysis (Fúlfaro et al. 1976; 
Massad et al., 1997; Massad, 2002) 
and fieldwork observations 

1.0 m 

1.3 m 

Calculation domain Santo Antônio basin with 600 meters 
buffer ------------ 

Debris flow duration Back-analysis (Gramani, 2001) 45 min (2,700 s) 

Material density Back-analysis (Fúlfaro et al., 1976; 
Listo and Vieira, 2015) 

Fúlfaro et al. (1976) – 1.8 ton/m3 
(1,800 kg/m3) 

Listo and Vieira (2015) – 1,800 
kg/m3, 1,900 kg/m3 e 2,000 kg/m3 

µ (dry-Coulomb type 
friction coefficient) 

Back-analysis / tan(α) (α is the slope 
angle in the deposition zone) 

0,05 [-] (slope angle in the 
deposition zone (2.90) was obtained 
by photointerpretation analysis in 
the debris flow deposit) 

ξ (viscous-turbulent 
friction coefficient) 

Back-analysis (flow characteristics 
described by Cruz (1974), Fúlfaro et 
al. (1976) and Gramani (2001)) and 
empirical tests 

100, 130, 160, 190 and 200 m/s2 

From the presented inputs, the simulations routine conducted in the program was based on the different 
thicknesses of the landslide scars, material density, and viscosity (Table 2). 
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Table 2. Simulation routines in the RAMMS model 

Release height 1 meter Release height 1.3 meters 

ξ (m/s2) 100 130 160 190 200 100 130 160 190 200 

Material 
density 
(kg/m3) 

1,800 S-1 S-2 S-3 S-4 S-5 S-16 S-17 S-18 S-19 S-20 

1,900 S-6 S-7 S-8 S-9 S-10 S-21 S-22 S-23 S-24 S-25 

2,000 S-11 S-12 S-13 S-14 S-15 S-26 S-27 S-28 S-29 S-30 

In general, the simulations of the different scenarios showed that the materials mobilized by the landslides in the 
escarpments of the tributaries of the Santo Antônio river were channeled in the thalwegs and advanced downstream, 
where slopes lower than 5º prevail (Fig. 5). The mud flow and mud flood processes, which occurred after the debris 
flow and caused the rupture of a bridge in the Santo Antônio River, were not simulated. 

Fig. 5. (a) Spatial distribution of the debris-flow deposits produced by the RAMMS model from release height of 1.0 meter vs. 
deposits mapped on 1973 aerial photographs in the retro-analysis step and (b) debris-flow deposits resulting from RAMMS model for release 
height of 1.3 meters. 

The debris-flow fan could not be represented by the simulations due to the Digital Elevation Model used, dating 
from 1979 (IGC, 1979), 12 years after the event. Consequently, the DEM does not represent the conditions of relief 
before the debris flow. Thus, noticeable differences are observed in the Santo Antônio river thalweg, which was 
originally meandering, and after the event, whose date is not precise, underwent a process of channelization. The 
limitation of DEM is because there are no older topographical bases for the place, since the first 
aerophotogrammetric surveys in the region date back to 1974 and correspond to the 1:50,000 scale. It was decided 
not to use them because the elaboration of a DEM from these data would hinder and reduce the quality of the 
simulations in the model. 

Although the mapped deposit considered aerial photographs of 1973, 6 years after the event, it is notorious that 
the debris-flow deposit area that the limitation of the DEM (based on 1979 topographic data) influenced the result 
calculated by the model, especially in relation to the river Santo Antonio in plain area, which was channeled some 

a b 
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years after the 1967 event. Hussin et al. (2012), when performing debris-flow modeling in the French Alps in 2003, 
also verified that changes in channel morphology directly influence the results produced in the simulations in the 
RAMMS. 

4. Conclusions

Even though the simulations have not been able to adequately reproduce the geometry of the debris-flow 
deposits related to the 1967 event in the Santo Antônio basin, they suggest that future debris-flow events are 
unlikely to form debris cones due to the channeling of the Santo Antônio river. Results of the retro-analysis and 
modeling showed that the areas of deposition of the debris-flow process to the place are preferably in regions of low 
slope (<5º). 
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Abstract 

Runup of granular debris flows against slit dams on slopes is a complex process that involves deceleration, deposition and discharge. 
It is imperative to understand the runup mechanism and to predict the maximum runup height for the engineering designs and 
hazards mitigation. However, the interaction between granular flows and slit dams, which affects the runup height significantly, is 
still not well understood. In this study, a numerical investigation of granular debris flow impacting slit dams by the discrete element 
method (DEM) was then conducted. The influence of the opening size of slit dams characterizing by the relative post spacing R=b/d 
(b: post spacing; d: particle diameter) on runup height was studied. Numerical study illustrates that there is a critical value of 
relative post spacing (RC): within the critical value, the maximum runup height is insensitive to the relative post spacing; once b/d 
exceeds the critical value, the maximum runup height decreases rapidly as the relative post spacing increases.  

Keywords: Granular debris flow; soil/structure interaction; discrete element method 

1. Introduction

Granular debris flows comprise a wide range of particle sizes (Jakob et al., 2005), surging down slopes in response
to gravitational attraction (Iverson et al., 1997). Due to the high mobility and huge entrained solid volume (Shen et al., 
2018), granular debris flows can potentially result in disastrous consequences to downstream human lives and facilities 
(Hungr et al., 1984). To mitigate such destructive hazards, slit structures such as slit dams (Watanabe et al., 1980) and 
an array of baffles (VanDine et al., 2012) are often strategically installed along the predicted flow path because such 
structures are effective in impeding flow mobility and dissipating flow energy (Choi et al., 2014a). Granular debris 
flows impact rigid structures and transfer momentum vertically into runup, potentially overtopping the obstacles (Ng 
et al., 2016). Design of structural countermeasures requires estimates of runup height to prevent overtopping 
downstream (Chu et al., 1995). However, runup of debris flows against obstacles is a complex process that involves a 
combination of flow deceleration and redirection that challenges the ability of physically based debris flow models to 
calculate the maximum runup heights accurately (Iverson,2016).  

In this study, a discrete-element investigation of granular debris flows impacting a slit structure under varying 
Froude conditions (NFr) and relative post spacing (b/d) was carried out. The runup mechanisms of granular flows in 
different Froude condition were observed. The influence of flow regime and relative post spacing on runup height was 
elaborated. 
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2. Discrete element method

2.1. Numerical model setup 

The 3-D particulate flow code EDEM (TranscenData, 2007) is adopted to simulate the dynamics of granular flow 
in this study. In the DEM, contact forces and displacements of a stressed assembly of particles are found by tracing 
the movement of individual particles. Discrete elements displace independently of each other and interact at contacts 
between particles and boundaries. The particle motion of each discrete element is calculated from forces acting on it 
by Newton’s law of motion and finite displacements of discrete elements are computed progressively during the 
simulation (Ng et al., 2013). 

Figure 1 show a plan view and a side view of the numerical model setup, respectively. Planar rigid geometry is 
constructed to model the channel bed and the slit dam. The sidewalls adopt the periodic boundaries condition (PBC) 
which is applied along the flow direction and spans the width of the channel (w=200 mm). The PBC is required to 
eliminate the unrealistic particle arrangement at the wall boundary caused by the constraint of particle sizes in discrete 
element simulations (Rapaport, 2004). Slit dam with rigid barriers and an adjustable opening b is positioned 
downstream of the flows. The rigid barriers are set to H=2000 mm in perpendicular height, which is high enough to 
avoid potential overflows so that the maximum runup height can be captured. 

Fig. 1. Numerical model: (a) plan view; (b) side view 

2.2. Input parameters 

The granular flow is composed of an assembly of 30000 rigid spherical particles with a uniform diameter of 0.01 
m. According to the commonly used values in numerical simulations of granular medium, the material density of each
particle is 2630 kg/m3 and the material shear modulus is set to be 24,000 MPa. The contact friction angle of discrete 
elements is set as 35°(Pudasaini et al. 2005; Pudasaini and Hutter 2007; Mancarella and Hungr 2010; Ng et al. 2013; 
Choi et al. 2014b; Law et al. 2015). The interface friction angle is set as 16.6°which is consistent with the values 
adopted by Choi et al. (2016) in laboratory tests. Based on field and laboratory tests (Azzoni and Freitas 1995; 
Robotham et al. 1995; Chau et al. 2002), the coefficient of restitution is set as 0.5. Details of the input parameters are 
given in Table 1. 
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Table 1. DEM input parameters 

Input parameter Value 

Number of discrete elements 30000 

Particle diameter (m) 0.01 

Density (kg/m3) 2630 

Total mass (kg) 41.4 

Shear Modulus (MPa) 24000 

Discrete element/wall friction 0.3 

Discrete element friction  0.6 

Rolling friction coefficient  0.01 

Coefficient of restitution 0.5 

The numerical study is divided into two stages: preparation stage and impact stage. In the preparation stage, a 
steady granular flow with a uniform depth is prepared right behind the slit dam. The initial flow depth ℎ is fixed at 50 
mm, which is 5 times the particle diameter. In the impact stage, initial velocities ranging from 0.38m/s to 5.7m/s are 
uniformly applied to the assembly of particles in order to obtain incoming flows with different flow regimes(Froude 
condition). The Froude number of the approach granular flow is set between the range of 0.5 and 7.5 which is 
consistent with the Froude number range of the reported channelized debris flow ranging from 0.5 to 7.6 based on 
field observations (Hübl et al. 2009; Scheidl et al. 2013;Cui et al. 2015). Gravitational acceleration (9.81m/s2) acts 
downward along the vertical direction. The channel inclination is fixed as 20° to supply the acceleration along the 
flow direction during the runup process. Slit dams with relative post spacings (b/d) ranging from 2 to 12 were 
constructed and the transverse blockage ranged (R) from 10% to 60%. A control test without opening was also 
conducted for reference.  

3. Interpretation of DEM results

3.1. Granular flows runup mechanism 

Froude number (NFr) which indicates the ratio of inertial force to gravitational force can capture the bulk 
characteristics of a flowing medium. Subcritical and supercritical flow conditions are characterised with Froude 
numbers less and greater than unity, respectively (Choi et al., 2015a). Figure 2 shows a side view of the impact and 
runup process of subcritical flow(NFr=0.5) and supercritical flow(NFr=6.5), respectively. At t = 0 s, both subcritical 
and supercritical flows approach the barrier with an identical flow height (Fig.2 a1 and b1). For subcritical flow, a 
typical pile up mechanism can be observed; at t = 0.1s, granular flow impacts the barrier, most particles in front of the 
flow deposits behind the rigid barrier, forming a ramp-like dead zone at the base of the barrier while a small amount 
of particles pass through the opening (Fig.2 a2). As subsequent flow material impacts the existing deposits, the pile 
up continues to develop and the dead zone expands upward (Fig.2 a3). Thereafter, the dead zone continues to thicken 
until the arrest of granular motion for all particles (Fig.2 a4 and a5). Numerical simulation results indicate that the 
subcritical granular flow exhibits a distinct pile up characteristics which is consistent with Armanini et al.(2011) and 
Choi et al. (2015b). 
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Fig. 2. Simulated flow kinematics for subcritical flow (a1-a5) and supercritical flow (b1-b5), b/d=2.0. The color of particles denotes the velocity 
of particles and the darker the color, the lower the velocity. 

Supercritical granular debris flow resulted in a combination of a vertical jet runup and a pileup mechanism. At t = 
0.1 s, a distinct upward jet along the barrier forms as the supercritical flow impacts the slit-dam (Fig. 2 (b2)). Such a 
runup mechanism is more reminiscent of the vertical jet mechanism described by Armanini et al. (2011) and Choi et 
al. (2015b) for liquid flows and is consistent with Ng et al. (2017) for granular flows of large glass particles. 
Subsequently, runup continues to develop and the runup height keeps increasing. Simultaneously, a large number of 
particles discharge the spacing and discharge dispersedly in a downstream jet. (Fig. 2 (b3)). When the maximum runup 
height is reached, the runup process ceases. Concurrently, the pileup process begins: the dead zone keeps thickening 
while its height remains unchanged (Fig. 2 (b4)). The numerical simulation results demonstrate that the runup 
mechanism between subcritical and supercritical granular flows are quite different, subcritical granular flows only 
exhibit a pileup mechanism while supercritical flows show a combination of vertical jet runup and pileup mechanism. 

In this numerical study, the incoming flow is homogeneous, steady and uniform so that the runup height grows 
without intense fluctuation and the secondary wave phenomenon reported by Iverson(2016) is not observed. Figure 
3(a) shows the time series of runup heights in simulations of different flow regimes (Froude numbers). For the flows 
of low Froude numbers(e.g. NFr<3.5), the runup height reaches its peak values rapidly and then almost maintains a 
constant level. For the flows of high Froude numbers s(e.g. NFr>5.5), the runup height increases over time until the 
maximum runup height is reached. This increase is non-linear that the growth rate varies in different periods. At first, 
the runup heights increase rapidly and the growth rate reach its peak value as the flow front impacts the dam. Thereafter, 
the growth rate decreases over time meanwhile the runup process tends to rest gradually. After reaching the peak value, 
the runup heights decrease slowly and then maintains a constant level, indicating that the pile up process is underway.  
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Fig. 3. Evolution of the runup height. (a)b/d=2.0, (b)NFr=4.5, zero time corresponds to the time instance at which the flow front reaches the dam. 

Figure 3(b) shows the time series of runup heights in different relative post spacings. Numerical simulation results 
reveal that the evolutions of runup height in different relative post spacings share the similar tendency: the runup 
height increases over time to peak value then almost keeps a constant level. The relative post spacing controls the 
peak value that the higher the relative post spacing, the lower the maximum runup height. And the runup height in 
higher relative post spacings tend to reach its peak value earlier, indicating that the slit size affect the runup processes 
of granular flows against slit dams. 

3.2. Influence of the relative post spacing on runup height 

Figure 4 shows the relationship between the normalized maximum runup heights and relative post spacings. The 
numerical simulation results are compared with experimental data (Choi et al.,2016), which has the similar 
configurations in channel geometry, granular material property and slit structure type while Froude numbers are no 
more than 2.3. 

In low Froude number conditions, the runup heights of numerical study are very close to the values measured 
by Choi et al. (2016). The results show that the normalized maximum runup height is not strongly influenced by the 
relative post spacing. This is because stable arches can easily form at the slit, provided that the Froude number of the 
incoming flow is low(𝑁𝐹𝑟 ≤ 3.5). In this case, there is no significant difference between slit dams of different slit
sizes since the stable arches can block the outlet and halt the flows. When the Froude number is high, supercritical 
flows with high velocities can break arches easily. Pardo and Sáez (2014) observed that the arch strength evidently 
depends on its length: shorter arch is generally stronger since higher contact stresses can be sustained in constrictions. 
The length of arch is directly related to the relative post spacing and the probability of formation of stable arches 
decreases as b/d increases (Janda et al., 2008). In this case, the relative post spacings affect the runup height 
significantly. In general, the maximum runup height declines as the b/d increases. Numerical results show that there 
is a critical value of relative post spacing (RC): within the critical value, the maximum runup height is insensitive to 
the relative post spacing; once b/d exceeds the critical value, the maximum runup height decreases rapidly as the 
relative post spacing increases. Such a critical value has been studied in many previous works and it is noted that it 
does not exist an exact value for Rc (Zuriguel et al.,2005; Janda et al.,2008). 

As shown in Figure 4, the numerical results can be interpreted by dividing two zones. Zone I (b/d≤RC, in grey): 
the runup heights of granular flows against slit dams maintain a constant level within a critical range of the relative 
post spacing. The Rc decreases with the increase of NFr so that Zone I shrinks as the Froude number of incoming flows 
increases; Zone Ⅱ (b/d≥RC, in white): the relative post spacing has a significant effect on runup heights that the 
maximum runup height decreases rapidly as the b/d increases. Zone Ⅱ expands as NFr increases and eventually spans 
the full range of the relative post spacing(NFr=7.5). In this case, the arching structures no longer work and the runup 
height decreases monotonically as the relative post spacing increases. According to these results, engineers 
anticipating a dense granular debris flow can safely use the principle in this study to estimate the height required for 
the slit-dam to avoid dangerous overtopping. 
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Fig. 4. Relationship between runup height and relative post spacing ( Zone I: gray region; Zone Ⅱ: white region). 

4. Conclusions

A numerical study of granular debris flows impacting slit dams by discrete method was conducted. The 
numerical results were compared with the analytical models and the experimental data. From the initial results, it can 
be observed that the subcritical granular flows resulted in a typical pile up mechanism, whereas supercritical flows 
led to a combination of vertical jet runup and pile up mechanism. The relative post spacing of slit dams could affect 
the runup height. There is a critical value of relative post spacing (RC): within the critical value, the maximum runup 
height is insensitive to the relative post spacing; once b/d exceeds the critical value, the maximum runup height 
decreases rapidly as the relative post spacing increases. 
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Abstract 

Based on a basin scale rainfall runoff model, we proposed a prediction method of debris-flow occurrence on steep mountain slopes 
related to hydrological processes such as the rainfall infiltration, the surface flow and the slope stability. For example, in one case 
that the soil layer is unsaturated and a landslide does not occur in the slope even though the groundwater level rises in the slope 
soil layer during a rainfall event, it is unlikely for a debris flow to occur on the slope. However, if the soil layer is more unstable 
due to fully saturation and a surface flow also takes place on the slope, the possibility of debris-flow occurrence gets much higher. 
According to such a consideration, the slope conditions on hydrological processes during heavy rainfalls were classified into six 
patterns. For these patterns, the possibility of debris-flow occurrence was investigated qualitatively. Then, SiMHiS (Storm Induced 
Multi-Hazards Information Simulator) by Yamanoi and Fujita was employed as a rainfall runoff model. A slope stability model 
has been already installed in SiMHiS.  Therefore, this model can simulate the time variations of the safety factors for landslides as 
well as the saturation degrees and the hydrographs of the surface flow for the slopes. SiMHiS was applied to the sediment disasters 
due to a heavy rainfall in July 2017 in the Akatani river basin to examine the occurrence patterns of debris flow. Also, the differences 
in the occurrence patterns were shown for other two rainfall events. Using the simulation result on the safety factor, the saturation 
degree and the surface flow discharge, it was noted whether debris flows took place or not, and the debris-flow occurrence patterns 
on the slopes in the basin could be identified. 

Keywords: debris flow; rainfall runoff model; baisn scale; occurrence process of debris flow; sediment disaster 

1. Introduction

An empirical approach to predicting debris-flow occurrence is a standard method for practical applications. A 
warning system based on a critical rainfall is used worldwide for road risk management for sediment disasters and a 
warning alert for the debris-flow occurrence is issued using a rainfall monitoring system. There are also theoretical 
approaches, but the theoretical research has so far focused on the mechanisms of debris flows and has not discussed 
the debris-flow process as one of the components in a rainfall runoff system. Therefore, the critical rainfall for debris-
flow occurrence cannot be found from a previous theoretical research. Because debris flows as well as floods in a 
basin are typical phenomena in the hydrological process in the basin, they should be analyzed with a basin scale rainfall 
runoff model 

Previous studies on debris flows have shown that there are several processes of debris-flow occurrence. The 
sediment deposits in a steep channel with a gradient of more than 15 degrees could be an original source of debris 
flows. In a steep mountain slope, sediment movement such as landslides and slope erosion could initiate debris flows. 
The debris flow occurs related to the variables in the hydrological process on the slope such as the slope stability, the 
saturation degree and the surface flow. The processes of debris-flow occurrence are thought to be different depending 
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on the features of hydrological processes. At a heavy rainfall event, the time variations of the safety factor on landslide 
in the slopes as well as the time variations on the saturation degree and the surface flow discharge on the slopes are 
different each other. The different hydrological processes create different patterns of debris-flow occurrence. In this 
paper we focus on this point and try to classify the debris-flow occurrence patterns into six typical cases. For each 
case, the possibility of debris-flow occurrence is discussed qualitatively. Although this method cannot provide a 
triggering condition such as a critical rainfall, the risk of debris-flow occurrence can be evaluated on the basin scale. 

The above-mentioned idea is specifically indicated for the Akatani river basin which had severe sediment disasters 
in July 2017. To analyze hydrological process on the slopes, SiMHiS (Storm Induced Multi-Hazards Information 
Simulator) by Yamanoi and Fujita was employed. A slope stability model as well as a rainfall runoff model is installed 
in this model.  Therefore, this model can simulate the time variation of the safety factors on landslides, the saturation 
degrees and the surface flow discharges in the hydrological processes for the slopes. Using the simulation result, we 
can note whether debris flows take place or not in the basin and identify possible occurrence patterns.  

2. Patterns of Debris-Flow Occurrence

2.1. Indices on debris-flow occurrence 

It is well known that the critical slope for debris-flow occurrence is around 15 degrees and there are several 
processes of debris-flow occurrence. An initiation of debris flow on a slope is generally a massive movement of slope 
soil layer such as a landslide. This initial massive movement transitions into a debris flow by erosion of the slope soil. 
This is one of the typical processes of debris-flow occurrence. Safety factor (SF) on massive movement (landslide) 
expresses the stability of slope soil layer. If the soil layer is stable (SF > 1), debris flows unlikely occur. If SF =1, the 
soil layer on the critical sliding surface is in a critical unstable situation. If SF <1, the slope soil on the critical sliding 
surface is accelerated to the downstream. If a critical condition of landslide is reached before the slope soil is fully 
saturated with water, after this stage the soil layer on the critical sliding surface could be accelerated because the 
subsequent rainfall decreases the safety factor more. It is thought that these situations have a different potential for 
debris-flow occurrence. The safety factor decreases with an increase in a ground water level. As a result, the landslide 
occurrence risk changes with the ground water level. However, even though a surface flow occurs on the saturated 
slope soil layer, the surface flow only slightly lowers the safety factor because the surface flow is rather shallow. This 
means the safety factor of the slope soil layer with a surface flow is almost kept at the safety factor for the full saturation 
condition without surface flow. 

A hydrograph (Qsur) of surface flow on the slope and the saturation degree of the slope soil (Sr) are important 
factors on the erosion of slope soil. If the surface flow discharge is large and the saturation degree is almost 100%, the 
erosion is very active. This means these two variables are other factors related to the potential of debris-flow 
occurrence. According to the above-mentioned consideration, the safety factor (SF), the saturation degree of the slope 
soil on the critical sliding surface (Sr) and the surface flow discharge (Qsur) are used as the indices that influence the 
debris-flow occurrence. 

2.2. Process of debris-flow occurrence and the patterns 

Each slope has a different time variation of SF, Sr and Qsur during a heavy rainfall event. Therefore, the timing when 
the slope soil layer enters an unstable condition and the timing when the slope soil layer is fully saturated with water 
are different for every slope. Also, the hydrograph of the surface flow at full saturation is different for every slope. 
Considering the features of the variations, the slope conditions on the hydrological process are classified into six cases 
as shown in Fig.1.  

In Fig.1 two stages during a rainfall event are shown. Pattern 1 shows that the slope soil layer is stable during the 
rainfall event even if the ground water level rises in the soil layer. No debris flow takes place under this condition. 
However, if the soil layer is saturated (right figure) and a surface flow occurs, gully erosion easily takes place. Pattern 
2(a) shows that the soil layer is saturated with water around at the peak rainfall (Sr =1.0) and at the same time SF 

decreases to around 1.0. The critical sliding surface appears and the soil layer on the critical surface is attained in 
unstable. A surface flow simultaneously appears on the slope, but SF is not significantly reduced because the surface 
flow depth is rather shallow. However, the possibility of debris flow is high because the erosion by the surface flow 
is more active than Pattern 1. Pattern 2 (b) is similar with Pattern 2(a), but the critical condition of landslide appears 
after the peak rainfall. The surface flow discharge, therefore, is small and the possibility of debris-flow occurrence is 
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lower than Pattern 2(a). Pattern 3 shows that Sr is less than 1.0 even at the critical condition of landslide and Sr remains 
less than 1.0 during the rainfall event. In this case the unsaturated slope soil layer is accelerated, but it is thought that 
the unsaturated soil is difficult to fluidize and cannot transition to a debris flow. Pattern 4(a) shows that the safety 
factor reaches to 1.0 even at Sr <1.0. After this stage, the increase in Sr due to the subsequent rainfall reduces the safety 
factor more and the soil layer is accelerated. In this case a surface flow acts on the surface of the soil layer fully 
saturated with water. The potential of debris-flow occurrence is thought to be very high because the surface flow acts 
on the accelerated and saturated soil layer. Pattern 4 (b) is similar with Pattern 4(a). However, a surface flow on the 
saturated soil layer is very small. The possibility of debris flow is lower than Pattern 4(a), but higher than Pattern 
2(b) because the saturated soil layer is accelerated. The occurrence of these patterns is dependent on the slope angle, 
the properties of the soil layer and rainfall condition, but the possible patters could be qualitatively classified.   

Comparing six patterns, Pattern 4 (a) has a highest potential of debris-flow occurrence. Pattern 2(a) has a second 
highest potential. Then, Pattern 4(b) and Pattern 2(b) follow Pattern 2(a). Pattern 3 has rather low potential of debris-
flow occurrence. This is a quantitative evaluation and a qualitative model is necessary to obtain the criteria on debris-
flow occurrence. 

Fig.1. Occurrence patterns of debris flows 

3. Employed Model

3.1. SiMHiS (Storm Induced Multi Hazard Information Simulator) 

Fig. 2. Outline of SiMHiS 

 The time variations of SF, Sr and Qsur in slopes are necessary to detect whether a debris flow occurs or not, and to 
identify which occurrence pattern takes place in the slope. Yamanoi and Fujita (2014) have developed SiMHiS that 
analyzes rainfall runoff, slope stability and sediment transport on a basin scale. SiMHiS consists of a basin model, a 
landslide model and a rainfall-sediment runoff model and so on as shown in Fig.2. The basin model creates a network 
consists of unit slopes and unit channels using a DEM. This model has been proposed by Egashira and Matsuki (2000). 
Fig.2 shows a schematic view of channel network. A unit channel is a straight uniform channel between a confluence 
and the next confluence. A unit slope is assumed a rectangular inclined plane. The angle is calculated as an averaged 
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yi 

Unit channel 

Catchment area 

Slope unit 

Unit slope 
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angle of the actual slopes and the area is determined so that those projection areas to plain are equal. Rainfall runoff 
is simulated for the channel network with unit slopes by means of a kinematic wave model. Unit slopes have rather 
large scales for landslide simulation. Therefore, Chen and Fujita (2014) have divided a unit slope into several slope 
units with a real slope scale and proposed the following landslide model. In the model, a critical water content of 
landslide in a slope unit, Wcr, is determined beforehand based on a seepage analysis and a slope stability analysis. A 
water content in each slope unit, W, is calculated by the seepage flow analysis. If W > Wcr in a slope unit, it is identified 
that a landslide occurs on the slope unit at the location and the timing. The safety factor (SF=Wcr/W) is calculated with 
such a physical based simple method. SiMHiS can provide also the saturation degree of each slope unit, Sr, and analyze 
the surface flow discharge Qsur. SiMHiS can also simulate the sediment runoff after the landslide, but in this study, 
we only simulate the landslides and the rainfall runoff in a basin. 

3.2. Application basin 

A heavy rainfall occurred on the north part of Kyushu Island, Japan in July 2017. The cumulative precipitation 
was more than 800 mm in a local area. A large number of landslides occurred in the basins and a large amount of 
sediment resulted in the severe sediment deposition in the downstream area. The sediment deposition made the flood 
inundation much larger. In the mountain area the debris flows caused severe sediment disasters. Fig.3 shows the 
Akatani river basin which suffered from severe sediment disasters and the locations of landslides and the inundation 
area investigated by Geospatial Information Authority of Japan. Landslides occurred almost in all mountain areas and 
the inundation extended very widely along the Akatani River. Because a large cumulative precipitation as well as a 
high intensity affected the basin, almost all the landslides were carried downstream as debris flows. A few landslides 
remained near the slope. 

Fig.3. (a) Akatani river basin and the location of landslides due to the rainfall in July 2017(Geospatial Information Authority of 
Japan), (b) Simulation result of the landslides 

It is assumed that the thicknesses of soil layers of the unit slopes and the slope units are 2 m and 1m, respectively, 
and the permeability of slope soil layer is 3.5x10-5m/s. The porosity of the slope soil material is 0.5. The rainfall 
intensity distribution (Rain A) provided by Japan Meteorological Agency was used for the simulation. The rainfall 
conditions at Slope 1 to 6 in Fig.3 (a) are shown in Fig.4 (a) to (f). Other two rainfalls were used to compare the 
difference in the landslide occurrence and the debris-flow occurrence pattern. Rain B has a same rainfall duration as 
Rain A, but with half the intensity. Rain C has a same rainfall intensity, but the duration is half of Rain A. 

This model has several parameters such as permeability of the soil layer, the porosity and the friction angle of the 
soil to be identified, but it is difficult to adjust the values to explain the actual phenomena. In this paper a standard 
value for each parameter or surveyed value is used as mentioned above and the critical safety factor is adjusted to 
express the actual landslide locations. As a result, the critical safety factor SFcr is found to be 0.925. Fig.2(b) shows 
the distribution of simulated landslide locations. The number of landslides looks larger than the actual one, but the 
agreement between the locations of simulated landslides and the actual ones is acceptable. 

(a) (b) 
Asakura City, Fukuoka Pref. 

Chikugo River 

33°21‘32.49”N, 130°48’57.88” E 

Landslide 
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4. Results and Discussion

4.1. Simulation results 

Fig.4. (a)-(d) Time variations of rainfall intensity, safety factor, saturation degree and surface flow discharge (Slopes 1, 2,3 and-4) 

(a) Slope 1 (b) Slope 2 

(c) Slope 3 (d) Slope 4 
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Fig.4. (e)-(f) Time variations of rainfall intensity, safety factor, saturation degree and surface flow discharge (Slopes 5 and 6) 

Fig.4 (a) shows the simulation result on the change of SF, Sr and Qsur with time at Slope 1 in Fig.3 (a). SF is larger 
than SFcr during Rain A. This is a typical case of Pattern 1. After the peak rainfall intensity, the slope soil layer is 
saturated with water and the surface flow takes place on the slope. It is predicted that gully erosion is active. Fig.4 (b) 
shows the simulation result for Slope 2. SF reaches to SFcr after first peak of rainfall intensity but before second peak. 
At the same time the slope soil layer is saturated with water. Both conditions of SF=1.0 and Sr=1.0 are satisfied at the 
same time before the peak of the rainfall intensity, and the surface flow discharge is large. It is evaluated that this is a 
case of Pattern 2(a) with high potential of debris-flow occurrence. Fig.4 (c) shows the simulation result for Slope 3. 
SF reached to SFcr after the peak of rainfall intensity. At that time the slope soil layer was saturated with water. The 
timing when SF reached 1.0 is later than at Slope 2. Also, the surface flow discharge on the slope is very small. This 
is a typical case of Pattern 2(b) with the third highest potential of debris-flow occurrence. Fig.4 (d) shows the 
simulation result for Slope 4. This situation indicates Pattern 3 where the unsaturated soil is accelerated. The 
possibility of debris-flow occurrence is rather low. Fig.4 (e) shows the simulation result for Slope 5. SF reaches to SFcr 
before the peak of the rainfall intensity. At that time the slope layer is not saturated with water, but fully saturated 
after two hours. The surface flow with large water discharge acts on the saturated soil layer. This is a typical case of 
Pattern 4(a) with a highest potential of debris-flow occurrence. Fig.4 (f) shows the simulation result for Slope 6. SF 
reaches SFcr after the peak of rainfall intensity. This situation indicates Pattern 4(b) where the unsaturated slope soil 
is accelerated and is saturated in 3 hours, but the surface flow discharge is low. The possibility of debris flow is high. 

4.2. Distribution of debris-flow occurrence patterns 

Fig.5 (a) shows the distribution of debris-flow occurrence patterns in the Akatani river basin for Rain A. Pattern 
4(a) with highest potential of debris-flow occurrence occupied 13.3 % of the land area. Percentages of Patterns 2(a) 
and 4(b) with the second highest potential are 2.6% and 21.1%, respectively.  These two patterns occupied 23.7% of 
the land area. Percentage of Pattern 2 (b) with the third highest potential is 62.0%. Percentage of Pattern 3 is 1.0%. 
The traces of landslide mass movement in an aerial photograph show most landslides seem to have transitioned into 
debris flow. A few landslides remained near the slope. Therefore, it is thought that Patterns 4(a), 2(a), 4(b), 2(b) 
generate debris flows. 

(e) Slope 5 (f) Slope 6 
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Rain B has a same rainfall duration with Rain A, but the intensity is half of Rain A. Fig.5(b) show the distribution 
of debris-flow occurrence patterns for Rain B. A few landslides occur because lower rainfall intensity reduces the 
landslide occurrence. Rain C has a smaller cumulative precipitation than Rain A, but the rainfall intensity is same as 
Rain A. Therefore, many landslides occur as shown in Fig.5(c). However, the debris-flow occurrence patterns are 
dominantly Pattern 3and Pattern 4 (b). Particularly, half of the landslides has Pattern 3. The slope soil layer become 
unstable and accelerated, but it can be saturated with water because of lower cumulative precipitation. 

Fig.5. (a)-(c) Distributions of debris-flow occurrence patterns for Rain A, B and C 

5. Conclusion

     Debris flows occur from hydrological processes on mountain slopes such as rainfall infiltration and surface flow 
on the slopes. The slope stability is also related to the initiation of debris flow. Therefore, the time variations of the 
saturation degree and the safety factor of slope soil layer, as well as the hydrograph of surface flow on the slopes, are 
very important indices. In this study, the difference of the features of the variations was investigated, and the patterns 
of the variations were clarified. Considering the relation between the patterns and debris-flow occurrence, the 
possibilities of debris-flow occurrence were qualitatively evaluated. A rainfall runoff model was applied to an actual 
river basin that experienced severe sediment disasters to verify effectiveness of this idea. The changes of the safety 
factor and the saturation degree and the hydrograph of surface flow were simulated to identify the patterns. Because 
the actual rainfall was very heavy, it was evaluated that most of the landslides transited into debris flows. This result 
agreed with the actual situation. It was evaluated that half of the landslides did not transit into debris flows if the 
duration of the rainfall was reduced to half of the actual rainfall with the same rainfall intensity. Using this method, it 
may be possible to identify the processes of debris-flow occurrence after landslides. However, in order to confirm the 
effectiveness of this method, it is necessary to apply this method to other sediment disasters.  
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Abstract 

Numerical simulations of hazard cascades downstream from moraine-dammed lakes commonly must specify 
linkages between models of discrete processes such as wave overtopping, dam breaching, erosion, and downstream 
floods or debris flows.  Such linkages can be rather arbitrary and can detract from the ability to accurately conserve 
mass and momentum during complex sequences of events.  Here we describe an alternative methodology in which 
we use high-resolution lidar topography and 2-D, two-phase conservation laws to seamlessly simulate all stages of a 
hazard-cascade that culminates in a debris flow. Our simulations employ our depth-integrated numerical model D-
Claw to evaluate hazards from prospective breaching of a moraine dam that impounds Carver Lake on the eastern 
flank of South Sister volcano in central Oregon, USA.  We simulate a “worst-case scenario” sequence of events that 
begins with a hypothetical 1.6 million m3  landslide that originates near the summit of South Sister and enters Carver 
Lake. Wave generation and displacement of lake water then leads to dam overtopping, breach erosion, and a 
downstream debris flow that funnels into Whychus Creek and eventually reaches the community of Sisters, Oregon, 
about 20 km away.  Notably, our simulations predict that much of the debris is directed away from Sisters as a result 
of natural avulsion and flow diversion that occurs near the head of a low-gradient alluvial fan upstream from Sisters.  
Consequently, predicted hazards to downtown Sisters are less severe than those predicted by 1-D shallow-water 
simulations of a Carver Lake dam breach that were performed in the 1980s. 

Keywords: debris-flow modeling; lake-outburst floods; two-phase modeling; Carver Lake; South Sister volcano. 

1. Introduction

D-Claw is a software package that we developed primarily for simulating landslides and debris flows, but it can
also be applied to a wider class of problems that involve water bodies as well as grain-fluid mixtures. The depth-
averaged model describes the temporal and spatial evolution of flow thickness, velocity, solid and fluid volume 
fractions, and basal pore-fluid pressure (Iverson and George, 2014; George and Iverson, 2014). However, in the limit 
of vanishing solid volume fraction, D-Claw's model equations reduce to the shallow water equations, allowing the 
simulation of water waves or overland flooding in a way similar to that of models developed specifically for those 
applications (e.g., Berger et al., 2011). We have recently exploited this property and used D-Claw to simulate cascading 
natural hazards, such as tsunamis generated by subaerial landslides (George et al., 2017), glacial lake-outburst floods, 
and overland floods that entrain debris. For these applications we can seamlessly employ D-Claw without needing to 
specify interaction terms or couple disparate models and software. This approach ensures accurate conservation of 
mass and momentum throughout the cascade of processes.  
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Figure 1. Southwest-looking Google Earth imagery showing the location of the community of Sisters, Oregon, in relation to Carver Lake and 
South Sister volcano. 

In a recent study, we used D-Claw to model a hypothetical outburst flood from a moraine-dammed lake on the east 
side of South Sister volcano near the town of Sisters, Oregon, USA.  The hypothetical landslide begins near the summit 
of South Sister and enters Carver Lake, where it generates large waves that overtop the moraine dam. Because D-Claw 
can model the erosion and entrainment of basal sediment, the subsequent dam breaching process occurs spontaneously, 
leading to lake drainage and downslope floods and debris flows. Owing to spreading and avulsion of the modeled flow 
in a system of distributary channels on the alluvial fan upstream from Sisters, the predicted hazard to the community 
is less severe than was predicted by 1-D shallow-water computations performed in the 1980s (Laenen et al., 1987), as 
the 1-D modeling does not make possible the direct modeling of stream bifurcation, but rather requires the primary 
flood  channel to be chosen a priori. 

2. Hazards Downstream from Carver Lake, Oregon

Carver Lake is a moraine-dammed lake on the eastern flank of South Sister volcano in central Oregon, USA
(Figures 1 and 2). The lake sits approximately 20 km upstream from the community of Sisters, Oregon, located in the 
valley below. The outlet channel of Carver Lake is a small tributary of Whychus Creek, which flows through 
downtown Sisters.  
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Figure 2. Map showing the location of Carver Lake (near southwest corner) and Sisters, Oregon. 

In the 1980s, concern was raised regarding the flooding risk posed to the Sisters community, should a moraine-
dam failure lead to an outburst flood from Carver Lake. Modeling conducted at the time utilized 1D shallow-water 
equations and suggested that, in the event of complete lake drainage, the flooding hazard could be substantial (Laenen 
et al., 1987). Because of recent advances in flood and debris-flow modeling capabilities, there has been interest by 
community members to reassess this hazard with more sophisticated methods.   
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Figure 3. West-looking oblique perspective of the failure and evolution of the simulated landslide mass which inundates Carver Lake and 
generates waves that overtop the moraine dam. The wave action at the dam begins to erode channel material. Shading indicates the solid volume 
fraction, m, which varies from 0 (pure water) to ~ 0.6 (dense granular-fluid mixture). The area depicted is ~ 3 x 3 km2. 

Figure 4. North-looking oblique perspective of wave generation, overtopping and erosion of the moraine dam that leads to a downstream debris 
flow. Shading indicates the solid volume fraction, m, which varies from 0 (pure water) to ~ 0.6 (dense granular-fluid mixture).  The evolving 
values of m reveal the mixing and nature of the downstream flow. Area shown is ~ 1.5 x 1.5 km2 . 

There is consensus among geologists and engineers who have visited Carver Lake (e.g., Laenen et al.,1987; O’Connor 
et al., 2001) that the moraine dam appears stable to spontaneous failure, and that a failure would most likely require 
overtopping waves generated by a landslide entering the lake. We therefore used D-Claw to simulate scenarios in 
which a landslide originates on the slopes of South Sister above Carver Lake. All subsequent processes (e.g., wave 
generation, dam overtopping, erosion, downstream flooding and debris flows) were simulated seamlessly. That is, 
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dam failure and flooding were not specified by the model set-up. Assumptions only about the landslide size and 
location and the erodibility of the dam material were explicitly prescribed.  

3. Modeling

3.1 Model Set-Up 

D-Claw simulations were performed on a large domain (approximately 50 km by 50 km), which included the 
summit of South Sister in the southwest corner and extended northward beyond the community of Sisters. High-
resolution lidar topography (approximately 1 m ) from 2017 was available throughout the domain, but required some 
manual modifications due to recent channel alterations near Sisters, which occurred as part of an ecological restoration 
project. Due to D-Claw's use of adaptive mesh refinement (AMR), model resolution varied dynamically as flows 
evolved, but 1 m resolution was retained in the valley surrounding Sisters. 

A hypothetical landslide source geometry encompassing 1.6 million cubic meters of material was constructed by 
first creating transects running longitudinally along the length of the hypothetical basal failure surface, in the form of 
logarithmic spirals, near the summit of South Sister volcano and extending downslope toward Carver Lake. A 
continuous basal surface was then constructed by interpolating the transects with a triangulated network. The transects 
were constructed such that the failure surface had prescribed scarp and toe inclination angles. The specific geometry 
was chosen with the goal of creating a large enough landslide to significantly displace the water in Carver Lake, yet 
conform reasonably to the local topography. Computations were initialized in D-Claw with a solid volume fraction, 
m=0.62, within the landslide source area and throughout the rest of the computational domain, except for within Carver 
Lake (Figure 3). 

Our DEM was modified to include Carver Lake bathymetry collected in the field in 2016. The D-Claw simulation 
was initialized with pure water (m = 0) above the bathymetry of Carver Lake, and below a horizontal lake surface with 
an elevation determined from field surveys. This resulted in a lake volume of 1.4 million cubic meters.  

A region beginning near the upstream face of the moraine dam and extending downstream from the lake outlet was 
initialized with potentially erodible material occupying depths approximately 20 meters below the current DEM 
topography, and extending for approximately 300 meters downstream along the drainage channel. The erodible 
material was assumed to be a saturated granular-fluid mixture with the same material properties as the surrounding 
material, but was subject to entrainment under the physical constraints identified by Iverson and Ouyang, 2015, where 
the basal stress jump and a tunable coefficient is used to define the entrainment rate. The channel geometry was chosen 
based on current topography and slope gradients.  

3.2 Model results 

At the start of the D-Claw simulation, the pore-fluid pressure acting on the base of the landslide mass was manually 
raised until failure commenced locally at the weakest location. The manual manipulation then ceased and D-Claw's 
evolution equations dictated the failure process and coupled evolution of pore pressure.  

After failure commenced, the landslide material became nearly liquefied and accelerated downslope, eventually 
inundating Carver Lake (Figure 3). The model equations led to mixing of material and generation of impulse waves 
in the lake. The waves eventually overtopped the crest of the dam, eroding bed material in the process, leading to 
channel excavation. The positive feedback loop of dam and channel erosion led to further flooding and lake drainage. 
After approximately 5 minutes simulated time the lake evacuation stabilized, leading to a mixture of landslide material 
and fluid stranded in the lake bed (Figure 3). The flow downstream of the dam had the characteristics of a debris flow, 
with m = 0.5 - 0.6 (Figure 4). 

The D-Claw simulation continued to resolve the downstream flood and debris flow as it  descended the lower flanks 
of South Sister volcano. By utilizing AMR, grid efficiency was greatly enhanced by only resolving parts of the domain 
with active flow (c.f. (Berger et al., 2011)).  

The debris flows and flooding were primarily confined to the Wychus Creek drainage for an approximately 15 km 
reach downstream of Carver Lake, where the creek is deeply incised for much of its path.  
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Figure 5. D-Claw results showing the flood and debris-flow inundation in the alluvial fan surrounding Sisters. Shading indicates the maximum 
depth observed at any location for the duration of the simulation. 

Several kilometers upstream of the community of Sisters, Whychus Creek debouches onto an alluvial fan 
with low relief and a system of (now dry) distributary channels. When the modeled flow reached this point after 
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approximately 1 hour, it immediately overtopped the low banks of the main branch of Whychus Creek, spreading into 
the distributory channels. The flow continued to spread widely across the alluvial fan, eventually inundating Sisters 
(Figure 5). However, due to the spreading, the depth of the flow in the main channel was reduced significantly, 
presumably lessening the flood risk posed to the more densely populated area of Sisters adjacent to the main channel. 
The results contrasted with early 1-D simulations performed in the 1980's, which assumed that most of the flow was 
confined to the channel. 

4. Conclusions

Dam-break outburst floods and other phenomena that involve grain-fluid mixtures (e.g., landslides, debris flows,
dam breaches and bed-material entrainment) interacting with bodies of water, pose modeling challenges due to the 
multi-physics nature of the cascading hazards. Coupling disparate models together is less than desirable, due to 
implementation difficulties and model inaccuracy from ad hoc, non-conservative, coupling assumptions. 

We used D-Claw to seamlessly model a hypothetical landslide and the resulting cascade of lake inundation, wave 
generation, dam overtopping, breach growth and downstream debris flow. The modeling approach requires only  initial 
conditions and material parameters for the landslide material, water, and erodible bed material with no explicitly 
specified coupling assumptions. Obtaining high-resolution results with such simulations also requires use of high-
resolution digital topographic data, such as the lidar data we utilized in this study. 

Compared to earlier studies employing 1-D equations and coarse topography, our modeling suggests a strikingly 
different result for our test case involving inundation near Sisters, Oregon. Owing in part to the use of 2-D equations 
as well as high-resolution lidar topography, our results suggest that flow avulsion and diversion on the alluvial fan 
surrounding Sisters would lead to a less severe flood hazard to the community. 
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Abstract 

When debris flows occur, bridges in mountainous streams may become dangerous when blocked by woody debris. When bridges 
are blocked with accumulated woody debris, high flow depths can cause the flow to spread widely. However, not all bridges become 
blocked with woody debris. Many studies have examined bridges blocked with woody debris for gentle slopes, but few studies 
have been conducted on steep mountain streams with supercritical flow. To better understand the interaction of woody debris and 
bridges across steep streams, we conducted laboratory experiments using one-pier bridge model and considered factors for the 
blockage of bridges by woody debris. We used straight rectangular channel flume 7 m in length, 0.3 m width, and with a variable 
slope. We supplied steady water from upstream end. We supplied woody debris model to the upstream end of the flume at approx.1 
second.  We set the bridge model 1.5 m upstream from the downstream end of the flume. We used ABS plastic material with a 
specific weight of 1.05 for the experimental woody debris. We varied the flume slope, water discharge, supply of woody debris, 
length of wood, height of bridge piers and Froude number. When the woody debris reached the bridge model, the total time of 
woody debris to pass through became longer from the supplied upstream condition due to rotational motion and diffusion. Because 
the total time changed, the amount of woody debris per unit time at the bridge was smaller than supplied condition. When examining 
the blocking conditions, we applied the woody debris condition at bridge model. From the results, we proposed methods to estimate 
the threshold condition of woody debris blocking at bridge from dimensional analysis. We applied parameters combining the 
experimental conditions of the bridge model, woody debris model, and hydraulic conditions, as well as the amount of woody debris 
per unit time required for bridge blocking. 

Keywords: woody debris, channel experiment, bridge, accumulation, dimensional analysis 

1. Introduction

It is known that woody debris enhances the damage of sediment-related disasters when it accumulates and blocks
bridges (Abbe and David, 2003; Bilby and Ward, 1991; Ishikawa et al., 1989). In Japan, hillslope works consisting of 
steel pipes have been installed to trap woody debris (Mizuyama et al., 1991). However, compared to sediment 
countermeasures, such as the widely constructed sabo dams in Japan, countermeasures for woody debris are 
insufficient. Furthermore, it has been reported that closed type sabo dams, especially which have been filled with 
sediment, hardly capture woody debris. Therefore, even on channels with sabo dams, the transport and potential 
damage by woody debris must be considered. 

Previous studies on woody debris have focused on mild slope sections with subcritical flow conditions (e.g., Adachi 
and Daido, 1957; Nakagawa et al., 1994). However, few studies have been conducted on steep sections of mountain 
rivers with supercritical flow. Understanding the accumulation processes requires consideration of the three-
dimensional motion of woody debris. Numerical simulation is suitable for predicting flood damage caused by woody 
debris accumulation. Recently, discrete particle methods and horizontal two-dimensional analysis methods have been 
proposed to model the dynamics of woody debris (e.g., Gotoh et al., 2007; Shimizu and Osada, 2007). Both types of 
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studies track the movement of woody debris using Lagrangian methods. However, those models focus on a limited 
domain in time and in space, and practical models for analyzing the long reaches of mountain rivers have not yet been 
developed. 

The blocking of bridges by woody debris is similar to the blocking of open steel sabo dams by debris flows. The 
blocking of sabo dams by sediment is a complicated three-dimensional process, which often requires stochastic 
methods to represent. However, Satofuka and Mizuyama (2005) have proposed a practical model describing a open 
steel sabo dam’s sediment trap function with an approximate equation. Here, we aim to develop a similar practical 
model describing the accumulation and blocking of bridges by woody debris. To propose a practical model, we need 
to identify the necessary conditions for woody debris accumulation and bridge blocking. It is known that the woody 
debris accumulation on bridges is influenced from the amount of wood per unit time arriving at bridge, but few studies 
have been conducted (Braudrick et al., 1997). In this study, we conducted channel experiments on woody debris 
accumulation and bridge blocking, and also applied dimensional analysis to identify the critical conditions of bridge 
blocking.  

2. Experimental Outline

We conducted experiments using a rectangular channel 7-m long and 0.3-m wide. We attached approximately 0.7-
mm diameter uniform particles on the riverbed to create a rough surface. We observe the flow conditions on the right 
side of the channel. The bridge model was placed 1.5 m from the downstream end of the flume. The pier of the bridge 
was placed in the center of the channel. We used three different bridge heightd Hb (0.05, 0.07, 0.09 m height from 
river bed to bridge girder. The girder width was 0.2 m, the girder thickness was 0.02 m, the handrail height was 0.03 
m, the pier diameter was 0.02 m, and the spacing between the pier and channel side wall was 0.14 m. Water was 
supplied at a steady state. We adjusted the water discharge to achieve a uniform flow depth at the bridge that did not 
exceed the depth of the bridge deck. Experimental woody debris was made from ABS resin with specific gravity of 
1.05. 

We modeled woody debris as a log and did not consider roots and branches. We used cylindrical round bars of 
length l 0.15, 0.175, 0.2, 0.3 m and diameter 0.03 m. Woody debris was supplied to the flow 5.5 to 6.0 m upstream 
from the bridge model in 1 second. The amount of supplied woody debris Qd1 condition at upstream was changed from 
20 to 250 logs/s with10 logs/s interval. The initial pulse of woody debris diffused as it flowed downstream. But it 
flowed almost in a steady state within the range of 1-m upstream from the bridge. From experimental observations, 
we identified the process by which woody debris accumulated and blocked the bridge. First the frontal part of woody 
debris arrived at the bridge, and the following woody debris within the range of 1-m upstream from the bridge caused 
blocking. We measured the number of woody debris pieces and the average woody debris velocity in the range of 1-
m upstream from the bridge. The amount of woody debris per unit time, Qd2, was obtained from the moving volume 
and speed of the woody debris. In this experiment, Qd2 was considered as the supply amount. We counted and measured 
woody debris from the video. The discharge of woody debris varied slightly with time. We defined Qd2 as discharge 
when more than half of the woody debris was within the 1-m reach upstream of the bridge. As a result, Qd2 ranged 
from 6.5 to 130.1 logs/s. Fig.1 shows the outline of the experimental channel and bridge model. Fig.2 shows an image 
of the experimental channel and woody debris blocking the bridge. Table 1 lists the experimental conditions. We 
conducted the experiment multiple times under the same conditions, for a total of 359 experimental runs. 

Fig. 1. (a)Outline of the experimental channel and (b)bridge model 

(a) (b) 
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Fig. 2. (a)Experimental channel and (b)woody debris blocking at bridge 

Tabel 1. Experimental conditions and cases 

3. Experimental Results

3.1. Woody debris discharge and other factors effecting bridge blocking 

Fig.3 shows the results of woody debris accumulation and bridge blocking. The “o” symbol in the figure indicates 
woody debris that passed the bridge without accumulating, and the “x” symbol indicates woody debris accumulated 
at the bridge and caused a dam-up on the upstream side. We eliminated the case when woody debris was caught 
temporarily on the bridge and flowed out. 

Fig.3a shows the relationship between the channel slope i and the amount of woody debris per unit time (hereafter, 
call as woody debris discharge) Qd2. Fig.3b shows the relationship between the flow velocity v and woody debris 
discharge Qd2.  Fig. 3a and 3b shows Case 1-1 to 1-3. In steep slope cases, the Qd2 required to cause accumulation was 
large. Cases 1-1 to 1-3 were conducted in same flow depth, and Qd2 required to accumulate at the bridge increased as 
the velocity increased. The minimum Qd2 for woody debris to accumulate at the bridge was linearly related to the 
riverbed gradient and to flow velocity.  The required Qd2 to accumulate at the bridge varied in steep slope conditions.  

Fig.3c (Case 2-1 to 2-3) shows the relationship between the supplied water discharge Q and the woody debris 
discharge Qd2. When water discharge was large, Qd2 required to cause accumulation was large. In the same slope 

Case Channel 

slope i 

Discharge 

Q (m3/s) 

Woody debris 

length l (m) 

Woody debris discharge 

from upstream side 

 (logs /s） 

Bridge Height 

Hb (m) 

Fr 

1-1 1/20 0.0141 0.2 20～250 0.05 3.09 Compare at the same 

depth, different flow 

velocities 

1-2 1/30 0.0115 2.52 

1-3 1/40 0.0099 2.17 

2-1 1/40 0.0047 0.2 0.05 2.07 Compare at different 

water depth, flow 

velocity 

2-2 0.0099 2.17 

2-3 0.0141 2.20 

3-1 1/40 0.0141 0.15 0.05 2.20 Compare at different 

woody debris length 3-2 0.175 

3-3 0.2 

3-4 0.3 

4-1 1/40 0.0141 0.2 0.05 2.20 Compare at different 

pier height 4-2 0.07 

4-3 0.09 
* Case1-3 and Case2-2 or Case2-3 and Case3-3 and Case4-1 are same condition 

(a) (b) 
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Fig. 3. Results on woody debris accumulation and bridge blocking 

conditions, the flow depth became high when discharge was large, and the clearance Hcl between the flow surface and 
the bridge girder became small. The clearance Hcl was 0.014 m in maximum water discharge condition and was 0.032 
m in minimum water discharge condition.  However, the diameter D of the woody debris was 3 mm is small compared 
to the clearance. Therefore, in this study, the effect of clearance Hcl seemed to be rather small. The required Qd2 to 
accumulate at the bridge varied in maximum water discharge conditions.  

Fig.3d  (Case 3-1 to 3-4) shows the relationship between the woody debris length l and the woody debris discharge 
Qd2. When the length l was long, the probability that woody debris was caught by bridge pier increased. Therefore, 
accumulation seemed to occur in smaller woody debris discharge conditions compared to shorter length conditions. 
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The ratio of the opening width of the bridge (distance between bridge pier and side wall: w) and woody debris length 
l, was related to the accumulation results due to wood length difference. This trend matched the recent studies.  The 
required Qd2 to accumulate at the bridge varied in shorter woody debris length conditions.  

Fig.3e (Case 4-1 to 4-3) shows the relationship between the bridge pier height Hb and the woody debris discharge 
Qd2.  Compared to other factors, we could not identify a significant trend. But when pier height Hb was shorter, the 
required Qd2 to accumulate at the bridge became slightly smaller. Recent studies reported that woody debris 
accumulation and blocking at bridges in steep slope mountainous rivers was affected by three-dimensional motion of 
the wood. Therefore, ratios Hb/(h+D) or Hcl/D appear to be related to the probability that woody debris caught by the 
bridge pier and and accumulates on bridge.  The required Qd2 to accumulate at the bridge varied in shorter bridge pier 
height conditions.  

3.2. Threshold conditions for bridge blocking by woody debris 

Based on the trends in experimental results, we considered that the following three conditions affect bridge blocking 
by woody debris: (1) hydraulic conditions described by parameters Q, h and i; (2) the probability that woody debris 
would be caught by the bridge pier, which is described by the parameter w/l; and (3) the probability that woody debris 
would be caught by bridge girder, which is described by the parameters Hb/(h+D) and Hcl/D.  Therefore, we examined 
variables combining the three conditions’ parameters.  Furthermore, we found that woody debris discharge Qd2 also 
effects the bridge blocking, so we proposed new variables that have the same dimension with Qd2. Here, we should 
take into account for cases when woody debris was caught temporarily on the bridge and flowed out, because those 
cases help identify the boundary between blocking occurrence and non-occurrence conditions.  We also defined the 
temporal blocking condition as blocking and found the smallest woody debris discharge Qdlim to cause blocking in 
each condition. When multiple results exist in same case, we used the average value.  

From the experiments results, we considered the variables w/l∙Q∙Hb/(h+D) and w/l∙Q･Hcl/D. Fig.4 shows the
relationship between Qdlim and the variables w/l∙Q∙Hb/(h+D), w/l∙Q･Hcl/D,  w/l∙Q∙Hb/(h+D)∙i , and w/l∙Q∙Hb/(h+D)∙i0.5.
The straight line in the figure shows the boundary of accumulation at bridge. The line in each figure was drawn by 
least squares method. 

Comparing the variables w/l∙Q∙Hb/(h+D) and w/l∙Q･Hcl/D, w/l∙Q∙Hb/(h+D) showed good relation to the boundary
line. Focusing on variables w/l∙Q･Hcl/D, D became small value for Hcl, and Hcl/D showed less influence than w/l and
Q. Therefore, conditions with large Hcl deviated from the boundary line. In Fig.4a, results for steep conditions also 
deviated from the boundary line. To take into account of the effects of slope, next we considered the variable 
w/l∙Q∙Hb/(h+D) multiplied by slope. Here, only the i=1/20 condition deviated from the boundary line. Therefore, in 
order to reduce the slope influence and achieve a better linear relationship, we multiplied the variable w/l∙Q∙Hb/(h+D) 
by i0.5. This combination of variables resulted in the closest relation to the boundary line. We obtained the relation 
Qdlim=α∙w/l∙Q∙Hb/(h+D)∙i0.5 as the threshold of  woody debris discharge Qdlim required to accumulate on the one-pier 
bridge with two spans. Here, α is an experimental coefficient, 0.11 in this experiment. 

Fig.5 shows the relationship between the woody debris blocking threshold Qdlim/(Q+Qdlim) and the blocking safety 
factor for woody debris discharge  Qd2/Qdlim. Results showed that most of the blocking occurred when the safety factor 
was equal or larger than 1. And the boundary of occurrence and non-occurrence of the bridge blocking were shown to 
be around a safety factor of 1. However, some results had blocking occur when the  safety factor was less than 1, and 
it is important to understand what the factors were that caused this condition.  From experimental observations, we 
found several factors. There were some conditions in which there were a large number of pieces of woody debris 
oriented nearly perpendicular to the flow direction. In these situations, there were a large number of pieces of woody 
debris that collided with the bridge pier. And there were also conditions that during the experiment, in which woody 
debris was concentrated for a short time.  We need to consider how these conditions have affected for blocking 
boundary in future studies.  
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Fig. 4. Relationship between the variable and woody debris discharge: the boundary line in each figure was drawn by least squares method using 
the result plots 

Fig. 5. Relationship between the woody debris concentration and the threshold for blocking  

0

0.5

1

1.5

2

2.5

3

0 0.005 0.01 0.015 0.02 0.025

Q
d2

/Q
dl

im

Qdlim/(Q+Qdlim)

Non-accumlation
Accumlation

R² = 0.8098

0

0.1

0.2

0.3

0.4

0 5 10 15 20 25

Q
dl

im
×

10
-3

(m
3 /s

)

w/l・Q・Hb/(h+D)×10-3(m3/s)

0

0.1

0.2

0.3

0.4

0 50 100 150 200

Q
dl

im
×

10
-3

(m
3 /s

)

w/l・Q・Hcl/D×10-3(m3/s)

R² = 0.7502

0

0.1

0.2

0.3

0.4

0 0.2 0.4 0.6 0.8 1

Q
dl

im
×

10
-3

(m
3 /s

)

w/l・Q・Hb/(h+D)・i×10-3(m3/s)

R² = 0.982

0

0.1

0.2

0.3

0.4

0 0.5 1 1.5 2 2.5 3

Q
dl

im
×

10
-3

(m
3 /s

)

w/l・Q・Hb/(h+D)・i0.5×10-3(m3/s)

(a) (b) 

(c) (d) 

Hb: 0.07cm 

Hb: 0.09cm 

R2=0.444 i: 1/20 

i: 1/30 

i: 1/20 

299



Hasegawa / 7th International Conference on Debris-Flow Hazards Mitigation  (2019) 

4. Conclusion

In this study, we conducted channel experiments focusing on the amount of woody debris per unit time and 
examined the necessary conditions for wood accumulation at bridges. The diffusion of woody debris may have been 
due to the rotation of logs caused by the cross-stream variation in flow velocity. It seemed to happen due to rotation 
and flow velocity distribution at transverse direction. Using the results, we identified the necessary conditions for 
woody debris to accumulate at bridges from the relationship between the amount of woody debris per unit time and 
combinations of the following variables: the woody debris length, diameter, pier height, distance between the pier and 
sidewall, water depth, flow velocity, and slope.  

We did not clearly find a relation between the bridges clearance and the diameter of woody debris in this study. 
The specific gravity of coniferous trees is different from broad-leaved tree. Therefore, the type of wood may cause a 
different trend for accumulation at bridges and relationships between bridge clearance and log diameter.  

Although we focused on a bridge model with one pier, bridges with no piers or two piers are common. We will 
consider bridge geometries in the future studies. Furthermore, we obtained a method to estimate woody debris 
accumulation and bridge blocking, but there is some variability around the threshold for woody debris accumulation. 
Therefore, we need to analyze the results and the process in more detail. Finally, when considering countermeasures 
for woody debris, the most important condition will be the amount of woody debris. However, it is difficult to estimate 
and know the exact amount at the present time.  Recently, we are able to obtain and apply high resolution DEM or 
Lidar data in a mountainous area. Therefore, we can apply those data and also analyze data from field observations to 
estimate the accumulation of woody debris in a natural river. Combining our results with other studies may eventually 
lead to methods to predict woody debris hydrographs and design effective countermeasures. 
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Abstract 

In stony debris flow, it has been considered that the gravels move like laminar flow, but the interstitial water behave as turbulent 
flow. Moreover, fine particles can behave with the interstitial water as fluid and many previous studies call this process of fine 
sediment as shifting solid phase to fluid phase, “phase-shift”. Phase-shifted sediment affect the fluidity of debris flow. Therefore, 
it is necessary to consider fine sediments behavior to describe run-out processes of debris flow. However, the hydraulic 
conditions that fine sediment can behave as a fluid are not well understood. Here, we analyzed this hydraulic condition through 
flume experiments and numerical simulations. We examined effects of grain size distribution on the equilibrium sediment 
concentration, which has been defined as the sediment concentration that in which there is neither erosion nor deposition on the 
experimental flume bed. We found that for the same hydraulic conditions the equilibrium sediment concentration differed due to 
variations in the grain size distribution. Based on these experimental results, we tested the following three models for describing 
the conditions that fine sediment can behave as a fluid. First, we fixed fine sediment concentration in interstitial fluid (Model 1), 
then, we fixed the maximum diameter of phase-shifted sediment (Dc) (Model 2). In Model 3, Dc is assumed to be variable 
according to the ratio of the friction velocity to the settling velocity of Dc. As the result, the experimental relationship between 
grain size distribution and longitudinal gradient of deposited sediment surface under steady-state condition can be described by 
using the Models 2 and 3, but Model 1 could not describe.  

Keywords: debris flow, simulation model, fine sediments 

1. Introduction

Debris flow is a mixture of water and high concentrations of sediment. It can cause serious damage to
downstream houses and human lives. It is important to predict the area of inundation and depth of sedimentation for 
mitigating debris-flow disasters. Numerical models tested with flume experiments can be used to help make these 
predictions. In stony debris flow, it has been considered that the gravels move like laminar flow, but the interstitial 
water behave as turbulent flow (Takahashi, 2004). Moreover, fine particles mixed with the interstitial water can 
behave as a fluid (Takahashi, 1977). We call the process of fine sediment shifting from a solid phase to a fluid phase, 
“phase-shift”. Phase-shifted sediment affects the fluidity of debris flow. Therefore, it is necessary to consider the 
effects of fine sediments on the run-out processes of debris flow.  

In the previous numerical analyses considering phase-shift sediment, a method of setting the interstitial fluid 
density to a certain fixed value larger than the pure water and a method of setting the maximum diameter of phase-
shifted sediment (Dc) (Nishiguchi, 2014) has been used. It is necessary to set the interstitial fluid density and the 
particle diameter of Dc at which phase-shift occurs so that the calculation result fits the actual result. On the other 
hand, studies using flume experiments have shown that the grain size distribution affects the equilibrium 
concentration of debris flow (Hasegawa et al., 2013) and Dc is larger as the ratio of friction velocity of debris flow to 
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settling velocity of Dc (Nakatani et al., 2018). However, the hydraulic conditions that fine sediment can behave as 
fluid are not well understood. Here, we analyzed this hydraulic condition through flume experiments and numerical 
simulations. 

2. Hypotheses

2.1. Hypotheses about phase-shift 

It is assumed that the phase-shift of the fine sediments occurs because some of the sediment in the debris flow is 
incorporated into the interstitial fluid by the turbulent stress of the interstitial fluid. In this study, we defined that 
phase-shifted sediment is “fine sediment”. The maximum diameter of the fine sediment is “Dc”, and we assume that 
all sediment smaller than Dc flows as part of the interstitial fluid. Then, the interstitial fluid density of the debris 
flow is expressed by the equation (1).  

𝜌𝑚 = 𝜎
𝐶𝑓

1−𝐶𝑐
+  𝜌𝑤 (1 −

𝐶𝑓

1−𝐶𝑐
) (1) 

𝐶 = 𝐶𝑓 +  𝐶𝑐 (2) 

where 𝜌𝑚 is interstitial fluid density of the debris flow, 𝜎 is mass of sediment, 𝐶𝑓 is fine sediment concertation, 𝐶𝑐 is
coarse sediment concertation, 𝜌𝑤 is water density, 𝐶 is total sediment concertation.

We use three models to describe sediment phase shift. In Model 1, the interstitial fluid density, i.e., the fine 
sediment concentration in interstitial fluid, assumed to be constant, regardless of grain size distribution of the debris 
flow. In Model 2, the maximum diameter of phase-shifted sediment (Dc) remained constant in time and space. This 
assumption is based on the concept proposed by Nishiguchi (2014). Thus, the interstitial fluid density varied with 
grain size distribution and total sediment (coarse and fine sediment) concentration. In Model 3, we assumed that Dc 
varies with the ratio of the friction velocity of the debris flow to the settling velocity of Dc. Dc increases as the ratio 
of the friction velocity of the debris flow to the settling velocity of Dc increases (Nakatani et al., 2018). Thus, in 
Model 3, the interstitial fluid density varied with not only grain size distribution and total sediment concentration, 
but also hydraulic condition.  This relationship is described by the following three equations: 

𝑢∗ = 𝑎 𝑤𝑠 (3) 

𝑢∗ = √𝑔 ℎ 𝑡𝑎𝑛𝜃𝑤 (4) 

𝑤𝑠 = (√
2

3
+

36𝜈2𝜌

𝑠𝑔𝐷𝑐
3(𝜎−𝜌)

− √
36𝜈2𝜌

𝑠𝑔𝐷𝑐
3(𝜎−𝜌)

) √(
𝜎

𝜌
− 1) 𝑔𝐷𝑐 (5) 

where 𝑢∗ is friction velocity, 𝛼 is coefficient, 𝑤𝑠 is settling velocity, 𝑔 is gravitational acceleration, ℎ is flow depth,
𝑡𝑎𝑛𝜃𝑤 is water surface gradient, ν is kinematic viscosity coefficient, σ is mass density of sediment.

2.2. Numerical simulation model 

We used the debris-flow simulator, Kanako LS (Uchida et al., 2013) to describe the relationship between grain 
size distribution and longitudinal gradient of deposited sediment surface of flume experiments under steady-state 
condition (see section 3.1). We used the three different models to set the interstitial fluid density in Kanako-LS. In 
this numerical simulation model, the equilibrium concentrations of the debris flow and immature debris flow are 
calculated by the equations (6) and (7). 

𝐶∞ =
 𝜌𝑚𝑡𝑎𝑛𝜃𝑤

(𝜎−𝜌𝑚)(𝑡𝑎𝑛∅−𝑡𝑎𝑛𝜃𝑤)
(6) 

𝐶∞ = 6.7 {
 𝜌𝑚𝑡𝑎𝑛𝜃𝑤

(𝜎−𝜌𝑚)(𝑡𝑎𝑛∅−𝑡𝑎𝑛𝜃𝑤)
}

2

(7) 
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where 𝐶∞ is equilibrium concentration, ∅ is friction angle.

3. Methods

3.1. Experiment and analysis methods 

We analyzed the results of previous debris-flow flume experiments (Shima et al., 2014). The experimental flume 
is a straight rectangular channel with a width of 10 cm and a length of 7 m. The gradient of the flume can be 
adjusted from 5 degrees to 15 degrees. Coarse sediments are supplied from the upstream end of the flume by a 
hopper and water and fine sediments are circulated by a pump for circulation to constantly supply water and 
sediments (Fig. 1a). A plate with a height of 20 cm is installed at the downstream end of the flume. Moreover, the 
supplied sediment was deposited upstream from the plate, and we measured water surface gradient to clarify the 
longitudinal gradient of the deposited sediment surface was measured by the ultrasonic sensor. Using 4 types of 
mixed particle size materials (fig. 1b), 56 cases with different flume gradient (5-15 degrees), flow rate (0.75-2.5 ℓ
/sec) and sediment concentration (6.2-29.8 %) were conducted. 

In this study, we assumed that once the deposited sediment surface became steady-state condition, the sediment 
concentration in debris flow became the equilibrium concentration that in which there is neither erosion nor 
deposition on the experimental flume bed. So, we hypothesized the sediment concentration of debris flow can be 
calculated using the equilibrium concentration theories of (1), (2), (6) and (7). We set 𝐶𝑓 to describe relationship
between total sediment concentration and water surface gradient using equations (6) and (7). 

3.2. Calculation conditions 

Calculation conditions, such as supply flow rate, grain size distribution of materials, supply sediment 
concentration, flume gradient, width and length, were set to the same values as the experimental conditions. The 
simulation was run until the plate installed at the downstream end of the flume filled up and the flow upstream 
stabilized. Furthermore, reproducibility was evaluated for each model by comparing the observed and calculated 
longitudinal gradient of the deposited sediment surface under steady-state condition. 

We set fluid density, Dc-diameter, and  in equation 3 set for Models 1, 2 and 3, respectively. We used several 
values for each parameter (Table 1).  

Fig. 1. (a) Grain size distribution and (b) flume of the experiments of Shima et al. (2014) 

Table 1. Calculation conditions 

Model Method Setting value 

1 fixing interstitial fluid density (ρm) ρm =1.05, 1.10, 1.15 g/cm3 

2 fixing the maximum diameter of phase-shifted sediment (Dc) Dc= 0.2, 0.425, 0.9 mm 

3 Varying Dc according to the ratio of friction velocity of flow to settling velocity of Dc (α) α=3 
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4. Results

4.1. Analysis results of experiments 

The interstitial fluid density estimated by equations (6) and (7) increased from Material A to Material D (Fig. 2). 
Dc estimated by grain size distribution of the materials, equations (1) and (2) roughly decreased from Material A to 
Material D (Fig. 2). However, the estimated values of the interstitial fluid density and Dc fluctuated even same 
material. This result shows that the condition of the phase-shift does not depend only on the grain size distribution of 
the debris flows. 

Next, the relationship between Dc and the ratio of friction velocity during experiment to settling velocity of Dc is 
shown in Fig. 3. Dc tends to decrease as the ratio of the friction velocity to settling velocity of Dc is larger, and the 
friction velocity and settling velocity of Dc are distributed in the range of approximately 2 to 13. Furthermore, in the 
range where Dc is larger than 0.3 mm, the ratio of the friction velocity to settling velocity of Dc is 2 to 4 regardless 
of grain size distribution of materials.  

4.2. Calculation results 

As a result of calculation in Model 1, the gradient of deposited sediment surface in the equilibrium state is 
roughly 0.8 to 1.6 times (correlation coefficient 0.29) with respect to the experiment result in the case of 𝜌𝑚=1.05
g/cm3, 0.7 to 1.5 times (correlation coefficient 0.61) in the case of 𝜌𝑚=1.10 g/cm3, 0.6 to 1.3 times (correlation
coefficient 0.54) in the case of 𝜌𝑚=1.15 g/cm3 (Fig.4). When the density was set to 𝜌𝑚=1.10 g/cm3, the experiment
result could be relatively well reproduced by calculation, however it is not possible to express the difference in the 
grain size distribution of debris flows, so the concentration of fine sediments can not be calculated appropriately. 

Second, as a result of calculation in Model 2, the sediment gradient in the equilibrium state is roughly 1.0 to 1.3 
times (correlation coefficient 0.63) with respect to the experiment result in the case of Dc=0.2 mm, 0.9 to 1.2 times 
(correlation coefficient 0.91 ) in the case of Dc=0.425 mm, 0.7 to 1.1 times (correlation coefficient 0.78) in the case  

 
 
 
 
 

Fig. 2. (a) Estimated result of interstitial fluid density; (b) estimated result of Dc based on analysis results of experiments 

Fig. 3. The relationship Dc and the ratio of friction velocity to settling velocity of Dc 
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of Dc=0.95 mm (Fig.5). When the density was set to Dc=0.425 mm, the experiment result could be well reproduced 
by calculation. 

Third, in Model 3, the gradient of deposited sediment surface in the equilibrium state is roughly 0.9 to 1.2 times 
(correlation coefficient 0.91) with respect to the experiment result (Fig. 6). Model 3 was able to reproduce the 
experiment result better by calculation. 

Fig. 4. Relationship between observed and calculated longitudinal gradient of deposited sand surface using Model 1: (a) ρm=1.05 g/cm3; (b) ρm 
=1.10 g/cm3; (c) ρm =1.15 g/cm3 

 

Fig. 5. Relationship between observed and calculated longitudinal gradient of deposited sand surface using Model 2: (a) Dc=0.2 mm; (b) 
Dc=0.425 mm; (c) Dc=0.95 mm 

Fig. 6. Relationship between observed and calculated longitudinal gradient of deposited sand surface using Model 3 
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5. Conclusion

We tested following three models for describing condition that fine sediment can behave as fluid through the
comparison between results of flume experiment and numerical simulation. First, we assumed constant fine 
sediment concentration in interstitial fluid (Model 1). Then, we fixed the maximum diameter of phase-shifted 
sediment (Dc) (Model 2). In Model 3, Dc is assumed to be variable according to the ratio of the friction velocity to 
the settling velocity of Dc. As the result, the experimental relationship between grain size distribution and 
longitudinal gradient of deposited sediment surface under steady-state condition can be described by using the 
Models 2 and 3, but Model 1 could not describe. In particular, Model 3 is expected to be versatile simulation model 
because it does not depend on the change in Dc due to the scale and the particle size of debris flow. 
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Abstract 

Five machine learning techniques─  classical nonlinear regression (NLR), multi-layer perceptrons (MLP), support vector 
machines (SVM) with radial-basis function (RBF) kernel, k nearest neighbour (kNN) and decision tree (DT) schemes─ were  
applied for regression of velocity distribution along the depth of debris flows by using experimental data of steady uniform open-
channel flows. Programs coded in Python and package scikit-learn were developed for machine learning analyses. Experimental 
results of two cases conducted and published by Matsumura and Mizuyama (1990) were adopted for training and prediction 
curves of the velocity distributions using the five different machine learning techniques. Three theoretical formulas were 
employed for comparison and investigation, the power-law derived by Takahashi (1978) based on Bagnold dilatant flow, theory 
modified by Matsumura and Mizuyama (1990), and the two-region formula derived by Su et al. (1993). R-squared scores for each 
case were calculated to check the fitness of the machine learning results to the experimental data and then to verify the fitness of 
the theoretical formulas to the machine learning predictions. The quantified results revealed that machine learning schemes 
provide powerful approaches for building prediction models for velocity distribution of debris flows.  

Keywords: data analysis; debris flows; machine learning; nonlinear regression; velocity distribution 

1. Introduction

Disasters caused by debris flows often occur in Japan, Taiwan and elsewhere in the world (Takahashi, 1977; Jan,
2000).  Development of the disaster prevention techniques is based on the understanding and analysis of the 
mechanical characteristics of debris flow. Debris flows are inherently non-Newtonian flows from the viewpoints of 
fluid mechanics, in which the rheological behavior is highly nonlinear and complicated.  

 Many flow models have been proposed for analysis of the mechanical characteristics of debris flows. Among 
them, the following models are useful and significant: the dilatant fluid model initiated by Bagnold (1954) and 
extended by Takahashi (1977, 1978); the Bingham fluid model, and the pseudo- or generalized visco-plastic fluid 
models proposed by Chen (1986), O’Brien and Julien (1988), Chen et al. (1991), and Julien and Lan (1991); the 
Prandtl mixing-length model employed by Matsumura and Mizuyama (1990); the modified turbulent flow model 
proposed by Yu and Chen (1990); the mixed-layer model proposed by Su et al. (1993); and the two-layer model, 
proposed by Ho (1997) in which an inertia sub-region and a viscous sub-region exist.  
    Conversely, machine learning and artificial intelligence technologies have been developed widely during the past 
decades (Muller and Guido, 2017; Bonaccorso, 2017). Among these schemes the supervised learning algorithms 
employed for regression can be applied for the prediction of flow velocity profiles.  

In this study we applied five machine learning schemes, i.e., classical nonlinear regression (NLR), multi-layer 
perceptrons (MLP), support vector machines (SVM) with radial-basis function (RBF) kernel, k nearest neighbour 
(kNN) and decision tree (DT) schemes to predict the velocity profiles of debris flows using the experimental data 
from the study of Matsumura and Mizuyama (1990). Two objectives were emphasized in this investigation: (1) to 
check the fitness of the five machine learning techniques to the experimental data; and (2) to compare the fitness of 
three theoretical formulas to the machine learning predictions. 
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2. Some Supervised Machine Learning Techniques for Regression

The prediction of velocity profile for a debris flow is in general a nonlinear regression problem due to the inherent
non-Newtonian characteristics of the debris flow. Regression problems pertain to supervised learning because of the 
existence of targets of value type for training data. The relationship between velocity (the target), u, and depth (the 
data), y, can be expressed as follows: 

)(yfu = (1) 

where f is in general a non-linear function. Some researchers have attempted to derive the relationship based on 
mechanics of debris flows, including the equations of continuity, momentum, energy and the kinematics of non-
Newtonian flows in which some special term such as Bagnold stress term was introduced (Takahashi, 1978; 
Matsumura and Mizuyama, 1990; Su et al., 1993). However, there are some parameters that make theoretical 
analyses difficult to be applied to practical cases, for example, the constant a in three theoretical formulas and 
mixing lengths present in the turbulence flow models. 
     In the following sections we summarize the five machine learning techniques used in this study for regression of 
Eq. (1) that is obtained from experimental data, especially those developed and provided in scikit-learn package 
(Scikit-learn.org, 2018): 

2.1. Nonlinear Regression (NLR) 

In this scheme a power-law form of the nonlinear relation can be expressed as 

nycyu =)( (2) 

This equation can be transformed into a linear one by taking the natural logarithm on both sides. Then we obtain 

BYAyncu +=+= lnlnln (3) 

After the linear regression analysis we can obtain the two parameters: Bnec A == , . The approach is direct and 
simple and the obtained value n in the power-law can be compared with theoretical results.  In the scikit-learn 
package, LinearRegression class can be imported to solve Eq. (3). 

2.2. Neural Network Using MLPs 

Multi-layer perceptron (MLP), such as the MLPRegressor class in scikit-learn package, can be employed for 
conducting regression of a nonlinear function by training from input data to target values by constructing a specific 
neural network topology along with, input, output and hidden layers using different activation (transfer) functions. 
The errors are resolved using the back-propagation scheme. Some activation functions usually employed are as 
follows: (1) sigmoid (logistic); (2) tanh; and (3) relu. Parameters such as the learning rate, momentum factor, and 
iteration number can be adjusted. 

2.3. SVM with RBF Kernel 

An SVM is a powerful tool that is employed for classification and regression problems (linear or nonlinear). The 
concept is to search for the separation boundary for classification problem and the fitting curve for regression 
problem based on the so-called supporting vectors. Various kernel functions can be used, among which the Gaussian 
(RBF) kernel function is often employed. In the scikit-learn package, the SVR class can be employed for regression 
analysis. 
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2.4. kNNs 

The kNN, such as the KNeighborsRegressor class in the scikit-learn package, is a non-parametric technique in 
which the predicted value of a point is obtained by taking the simple average or weighted average using inverse of 
distance of values of the k nearest neighbors. This algorithm is very simple. 

2.5. DT 

A DT is also a famous non-parametric supervised learning scheme that is used for classification and regression. In 
this method, the dataset is continuously partitioned into smaller subsets as the size of a tree is increased, and the 
final result is a tree with decision nodes and leaf nodes. The partitioning process is repeated until the criterion is 
satisfied. The aim is to create a model that predicts the value of target by learning simple decision rules inferred 
from the data features. In the scikit-learn package, the DecisionTreeRegressor class can be imported for analysis. 

2.6. Pros and Cons 

The pros and cons of the above five machine learning techniques are summarized and compared in Table 1 when 
they are applied for nonlinear regression. Moreover, the coefficient of determination, R2 , used for  measurement 
index for all machine learning algorithms,  is defined as follows: 

total
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SS

R −= 12 ,)( 2
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=
 2
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i
res uuSS −= 

=
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Here R2 is a statistical measure that represents the portion of the variance for a dependent variable that is explained 
by an independent variable. The value of R2 approaches 1.0 implies good fitness. 

Table 1. Summary of the pros and cons of the five machine learning techniques employed in this study 

NLR MLP SVM kNN DT 
Pros  non-linear models 

 can obtain analytical 
curve 

 Capability to learn 
non-linear models 

 Memory efficient 
 Versatile in usage of 

kernel functions 

 non-parametric 
method 

 simple 

 Data scaling not 
required. 

 Simple 
 Robustic 

Cons  requires to assume 
the form of function 

 Local minimum 
problem 

 Including Many 
parameters 

 Scaling sensitive 

 SVMs do not directly 
provide probability 
estimates 

 Prediction curve is 
not smooth 

 May be unstable  
 Prediction curve is 

not smooth 

3. Typical Theoretical Formulas for the Velocity Profiles of Debris Flows

(1) Takahashi (1978): Based on the dispersive stress concept proposed by Bagnold, the velocity can be
expressed as 
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(5) 

(2) Matsumura and Mizuyama (1990): By adding the Reynolds turbulent stress to the theory provided by 
Takahashi, the following can be obtained: 
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(3) Mixed-layer theory (Su et al., 1993): Considering two layers, visco-layer and inertia layer, exist in the profile, 
the velocity distributions in each layer and interface can be derived as follows: 

(a) Within the visco-layer: 
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(b) On the interface: 
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(c) Within the inertia layer: 
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In the above equations, the height of the visco-layer can be deduced as follows: 
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Some important parameters are defined in Table 2. 

4. Application of Five Machine Learning Techniques to Regression of the Velocity Profiles for Debris Flows

4.1. Collection of Experiment Data 

We used the experimental results of the study conducted by Matsumura and Mizuyama (1990) and summarized 
by Su et al. (1993) as listed in Table 2. Matsumura and Mizuyama (1990) employed natural sand ( 3/65.2 cmgS = ) 
and conducted the flow experiments on a channel with dimensions  ).(500307 LHWcmcmcm   

Table 2. Data for debris-flow experiments conducted by Matsumura and Mizuyama (1990) 

Case Material Characteristics Experimental Conditions Mixing Layer Parameters 

Density 
3/ cmg

Internal 
Friction 
Angle 
 (deg) 

50d
(cm) 

Bed 
Slope 

(deg) 

Debris-
Flow 
Height 
(cm) 

Averaged 
Concentration 

Shear 
Velocity 

*U
(cm/s) 

 a

(VL) 

a 

(IL) 

VLh

1-1 2.65 38 0.30 15 3.5 0.348 21.4 4.32 0.15 0.15 0.55 
1-2 2.65 38 0.30 15 3.4 0.348 21.3 4.21 0.08 0.07 0.57 
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4.2. Nonlinear Regression Using Machine Learning Techniques 

In this study, we used Python 3.6 and the associated package scikit-learn for conducting regression of 
experimental data of the debris flows. The training data are presented in Table 3. The imported and called functions 
employed in each machine learning schemes are presented as follows: 

 LinearRegression(),\ 
 MLPRegressor(hidden_layer_sizes= (20,), activation='logistic',solver='adam',alpha=0.001,batch_size='auto',\ 
   learning_rate='constant',learning_rate_init=0.01,max_iter=5000,random_state=0,tol=0.0001, momentum=0.),\ 
 SVR(kernel="rbf",gamma = 1.0, C=1),\ 
 KNeighborsRegressor(5),\ 
DecisionTreeRegressor(max_depth=3)] 

Table 3. Training data using machine learning techniques for debris-flow experiments conducted by Matsumura and 
Mizuyama (1990) 

Case 1-1  (N = 34) 
Training 
Data (X) 

Depth
hy /

0.18; 0.16; 0.21; 0.18; 0.20; 0.22; 0.32; 0.24; 0.34; 0.41; 0.37; 0.38; 0.48; 0.40; 0.50; 0.53; 0.52; 0.54; 0.56; 
0.65; 0.63; 0.82; 0.82; 0.64; 0.66; 0.67; 0.92; 0.76; 0.82; 0.86; 0.87; 1.00; 0.98; 0.97 

Target (y) Velocity
*/Uu

1.20; 1.40; 1.40; 1.50; 1.60; 1.70;  2.00; 2.50; 2.90; 3.20; 3.20; 3.40; 3.50; 3.90; 4.00; 4.30; 4.40; 5.00; 5.10;  
5.80; 5.80; 5.80;  6.00; 6.50; 6.50; 6.60; 7.50; 7.50; 7.60; 7.70; 8.00; 8.30; 8.40; 8.50 

Case 1-2 (N = 38) 
Training 
Data (X) 

Depth
hy /

0.16; 0.18; 0.20; 0.22; 0.26; 0.23; 0.20; 0.26; 0.27; 0.29; 0.29; 0.40; 0.38; 0.37; 0.48; 0.44; 0.52; 0.46; 0.53;  
0.48; 0.54; 0.60; 0.70; 0.71; 0.76; 0.77; 0.70; 0.76; 0.82; 0.83; 0.80; 0.79; 0.84; 0.98; 0.94; 0.84; 0.99; 0.88 

Target (y) Velocity
*/Uu

1.00; 1.20; 1.60; 1.60; 1.60; 1.80; 2.00; 2.00; 2.10; 2.00; 2.80; 3.00; 3.20; 3.30; 3.60; 3.70; 4.00; 4.40; 4.40; 
4.60; 4.90; 5.80; 5.80; 6.00; 6.10; 6.30; 6.40; 6.80; 7.00; 7.30; 7.40; 7.50; 7.70; 8.00; 8.20; 8.40; 8.80; 8.90 

   The regression results obtained using the five schemes are plotted in Fig. 1 and Fig. 2 for case 1-1 and case 1-2, 
respectively. In these plots the R2 scores are presented (in the upper left corner) to depict the measure of fitness of 
the machine learning results to the experimental data. In the NLR scheme the value of the power law n was obtained. 
The value of n was 1.07 and 1.13 for case 1-1 and case 1-2, respectively, and the theoretical value was n = 3/2 = 1.5. 
Moreover, all the results predicted by the five machine learning schemes fit well with the original data because their 
R2 scores are all near one. Note that although we can adjust some parameters in each scheme to obtain higher scores 
over-fitting should be avoided. The first row of Tables 4 and 5 present the averaged R2 scores. 

4.3. Comparative Study on the Prediction of Velocity Profiles Using the Theoretical Formulas 

We attempted to employ the five machine learning schemes to compare the fitness of velocity predictions by 
using the three theoretical formulas, Eq. (5), (6) and (7a-d). Here the reference bases are the machine learning results 
because they have been verified to have good fitness to the experimental data and can be considered to be valid 
velocity profiles for case 1-1 and case 1-2. The R2 scores 222 ,, SLCMM RRRT  shown in the bottom left corners depict 
the measure of fitness of theoretical formulas obtained from Takahashi (1978), Matsumura and Mizuyama (1990), 
and Su et al. (1993), respectively. In the second, third and fourth row of Table 4 and Table 5, the values for each 
machine learning scheme and averaged R2 scores are also summarized. We can see that all these values depict good 
fitness. However, among them, formulas proposed by Matsumura and Mizuyama (1990), Eq. (6), and by Su et al. 
(1993), Eq. (7a-d), present relatively higher fitness than that by Takahashi (1978), Eq. (5). However, we should 
emphasize that these analysis results are obtained based on the experimental data set we used. 
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(a) 

(b) 

Fig. 1. Velocity profiles of debris flow in case 1-1 (a) experimental data and theoretical predictions; (b) experimental data and machine learning 
predictions 

Table 4. R2 score of the experimental data and the three theoretical results predicted by the five machine learning 
algorithms 

Algorithms NLR MLP SVM 
(RBF) 

kNN 
(k=5) 

DT Ave. 

Experiment 0.96 0.95 0.94 0.95 0.97 0.954 
Takahashi (1978) 1.0 0.94 0.93 0.88 0.86 0.922 
Matsumura & Mizuyama (1990) 1.0 0.93 0.94 0.92 0.91 0.94 
Su et al. (1993) 0.99 0.98 0.90 0.89 0.88 0.928 
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(a) 

(b) 

Fig. 2. Velocity profiles of debris flow in case 1-2 (a) experimental data and theoretical predictions; (b) experimental data and machine learning 
predictions 

Table 5. R2 score of the experimental data and the three theoretical results predicted by the five machine learning 
algorithms 

Algorithms NLR MLP SVM 
(RBF) 

kNN 
(k=5) 

DT Ave. 

Experiment 0.97 0.97 0.95 0.97 0.98 0.968 
Takahashi (1978) 1.0 0.9 0.94 0.84 0.82 0.90 
Matsumura & Mizuyama (1990) 1.0 0.93 0.94 0.91 0.91   0.938 
Su et al. (1993) 0.99 0.99 0.92 0.88 0.92 0.94 
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5. Concluding Remarks

Data analysis was conducted on using five machine learning technologies, namely, NLR, MLPs, SVM with RBF 
kernel, kNN and DT schemes, to predict debris-flow velocity profiles of the experimental data presented by 
Matsumura and Mizuyama (1990). The results are: 
(1) Machine learning schemes offer systematic and convenient ways to predict the velocity profile of debris flow by 

using experimental data. The schemes can achieve good fitness without requiring any physical characteristics 
and assumptions that are usually employed in the derivation of a theoretical formula. This is a process of 
description and prediction of data from data.  

(2) In the NLR analysis we obtained the power-law values n to be 1.07 and 1.13 for case 1-1 and case 1-2, 
respectively. Both these are smaller than those used in theoretical formulas (n = 3/2 = 1.5). The NLR model can 
be revised using more experimental cases, and some assumptions in theoretical formulas can be re-examined. 

(3) The three theoretical predictions depicted good fitness. Among them, the results by Matsumura and Mizuyama 
(1990) and Su et al. (1993) presented relatively higher fitness than that by Takahashi (1978) in the analysis of 
the data sets used in this study. 
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Appendix A. Nomenclature 

u : Velocity of debris flow 
u : Averaged value of velocity of all samples 

iu : Velocity of the  i-th sample point
iû : Predicted velocity of the i-th sample point 

X : Training data in machine leaning schemes 
y : Depth of debris flow; target value in machine learning schemes 
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2.1. Experimental flume, hydraulic and sediment condition 
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Abstract 

Rheological characteristics are important information for understanding or simulating debris-flow movement. Debris-flow 
movements involves complex and heterogeneous material with grain size distributions ranging from silt to large rocks. 
Conventional rheometers are usually limited to measure the rheological parameters of debris-flow of fine particles. Slump-tests has 
been used to evaluate the flow behaviour of fresh concretes which allow the tested concrete slurries to have larger particles.  In this 
study, the relationship between the parameters obtained from rheometer measurements and slump tests for debris-flow slurries 
with/without big particles were investigated.   At the initial stage, we used fine-sediment slurries to conduct rheological experiments 
to find the relationship between the parameters obtained from the rheometer measurements and slump tests. The rheological 
parameters of slurries were measured using the ‘Brookfield DV-III rheometer’. The rheological behavior of the slurry samples used 
in this study follow the Bingham fluid model. Rheological parameters (i.e., yield stress and viscosity) are affected by the 
concentration of slurry, indicating that the higher the concentration, the greater the value of the rheological parameters. Slump test 
was then conducted using the same material samples prepared for rheometer test and the slumped height and spreading diameter 
of the tested sample were measured. The result shows that the slump height ratio and spreading ratio of the tested slurry decrease 
with the increase of slurry sediment concentration. Experimental sediment slurry samples were prepared by mixing coarse sands 
of about 1 mm in diameter. Our results show that the parameters obtained by rheometer measurements are closely related with 
those by slump tests for the slurries used in this study, indicating that there is a high potential to evaluate rheological parameters of 
debris-flow using a slump test as an alternative method.  

Keywords: Slump test; Bingham model; rheological parameters; and slump parameters. 

1. Introduction

Rheology is a science that deals with the study of fluid and deformation behavior of fluid. When an external force
is applied to a body (solid, liquid or gas), it leads to the movement of the body from its original position towards the 
down slopes or cause a change in its original shape (Malkin and Isayev, 2006). The study of rheology is important in 
debris-flow as well as in many industries such as paints, polymers, printing inks, paper coatings, ceramics, cosmetics, 
food systems, pharmaceutical and agrochemical formulation, concrete related constructions company, and liquid 
detergents (Tadros, 2010). The researchers have been suggested numerous techniques to measure the rheology of 
concrete, concentrated suspensions, thickened tailings and paste fill, which behave as viscoplastic fluids (Bird et al., 
1983; Utracki, 1988; Nguyen and Boger, 1992; Schramm, 2000). Nguyen and Boger (1992) mentioned two main 
methods of rheology measurements; namely direct and indirect methods. In the indirect methods, yield stress can be 
obtained from the shear stress vs. shear rate graph by extrapolating and in the direct methods the yield stress can be 
obtained under static conditions (which also known as true yield stress). Debris-flow is usually treated as the 
movement of a continuum for simplicity, in spite of the existence of solid particles in it. To simulate the debris-flow 
both in field and in laboratory, we use partial differential equations with some rheological parameters. Selecting 
suitable rheological model and its associated parameters are very important in debris-flow simulation (Arattano et al., 
2006, Jan and Shen, 1997). Iverson (2003) observed that the debris-flow behavior can changes with the changes of 
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particle concentration in the mixtures. He also mentioned that Coulomb mixture theory is a good alternative which 
can represent the inconstant solid-fluid interaction in a heterogeneous mixture.   

The rheological behaviors of sediment-slurry mixtures are depended on sediment concentration, sediment type, and 
particle size distribution. Many researchers have shown that the high concentration slurry mixture could be treated as 
a Bingham fluid having yield stress and viscosity parameters (Chu, 1983; Fei, 1981 and 1983; Iverson, 2003; Jan et 
al., 2009, 2011, & 2018; Major and Iverson, 1999; Wu, 1981). Most poorly sorted, naturally debris-flow mixtures are 
composed of a fluid phase of water and fines (clay and silt), and a granular phase of sand and gravel (Rodine, 1974; 
Hampton, 1975; Pierson, 1981). The clay and much of the silt are considered to be an intrinsic part of the fluid because 
they usually will not settle out of suspension during a natural flow event (Tan, 1985; Davies, 1986); sand and gravel, 
on the other hand, might or might not be carried in suspension by a particular flow. With increasing amounts of silt or 
clay, sediment-slurry mixtures may acquire a yield strength. Mixtures that contain largely silt acquire a yield strength 
in the range of 30-35% of volume concentration (Qian et al., 1980). Clay-rich mixtures may exhibit yield strength at 
volume concentrations as low as 10% or less (Hampton, 1975; Wan, 1982; Yang and Zhao, 1983). Conventional 
rheometers are usually limited to measure the rheological behavior parameters of debris-flow with fine particles. 

The slump measurement using slump test is widely used for measuring the workability of concrete due to its 
simplicity. In this test, the concrete will collapse or flow if the yield stress is exceeded and will stop when the stress 
is below the yield stress. Therefore, the slump test is associated to the measurement of yield stress (Ferraris and Larrard, 
1998) and spreading distance. Some researchers have used the finite element method to simulate the slump test (Mori 
and Tanigawa, 1992) assuming that concrete follows the Bingham model. The slump heights were used to measure 
the viscosity and workability of the mixtures. When the slump height is large, the mixtures holds a small yield stress, 
and small slump height specifies a large yield stress of the mixture. In this paper, efforts were given on the potential 
of application of slump test to measure the rheology of sediment-slurry mixtures.  

The applicability of slump test to measure rheological parameters of kaolin slurry, slurry with added coarse particles 
were studied and found a linear relation between rheological parameters and slump parameters (Jan et al., 2009, 2011, 
2018). In the present study, the experiments were conducted in two phase: firstly, sediment mixture was used as the 
tested material and a traditional rheometer was used to measure its rheology. In the second stage, the same sediment 
mixture was used as the testing materials and its flow behavior were measured by a slump cone instead of a rheometer. 
The main objective of this study objective is to find the correlation between the rheological parameters and slump 
parameters, so as to evaluate the potential of using slump test to assess the rheological parameters.  

2. Materials and methods

In this study, the tested slurries were the mixtures of fine sediments taken from a reservoir deposition. The sediments
have a median diameter of 0.0036 mm and the particle size distribution is shown in Fig. 1. We proportioned those 
sediment materials into five kinds of slurries having sediment concentrations of 25%, 27.5%, 30%, 32.5% and 35%, 
respectively.  The slurry of sediment concentration 30% was used to mix with different amounts of coarse particles 
having diameter approximately 1 mm to form five kinds of slurry-gravel mixtures having total sediment concentration 
of 30%, 40.5%, 44%, 47.5% and 51%, respectively. Those fine-sediment slurries and the slurries with coarse particles 
(simply named slurry-gravel mixtures herein) were used in the rheological experiments and slump tests. 

Fig. 1.  Particle size distribution of fine-sediment slurry 
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Rheological experiments in this study were conducted to understand the variation of shear stress of sediment-slurry 
mixtures with different volume concentration under low shear rates (i.e., < 20 s-1). Based on the measured shear stress, 
the yield stress and viscosity coefficient of sediment material were calculated to investigate the relationship between 
the yield stress and viscosity coefficient under the varying concentration of sediment-slurry mixtures. The details 
experimental procedure and considerations has been described elaborately by Jan et al. (2011 and 2018) 

3. Methodology

In this study, the Bingham fluid model, having two parameters (i.e., the yield stress and viscosity), was used to
simulate the rheological behavior of the slurries and the slurry-gravel mixtures, 

𝜏 = 𝜏𝐵 + 𝜇𝐵�̇�  (1) 

where 𝜏𝐵 is the yield stress and 𝜇𝐵 is the Bingham viscosity, and �̇� is the shear rate. The rheological curves of slurries
were measured using the ‘Brookfield DV-III rheometer’ and were shown in Fig. 2b. 

The slope of each trend line in the shear stress vs shear rate graph represents the coefficient of viscosity. The plots 
of Bingham viscosity vs volume concentration and the yield stress vs volume concentration have been constructed as 
shown in Figs. 3a & b. Later on the rheological parameters will be compared with slump parameters obtained from 
the slump tests to find the correlation.  

A self-made cylindrical slump cone (mould) having top inner diameter of 50 mm, bottom inner diameter of D0=100 
mm, and height of H0=150 mm was used in the slump tests and slump heights and spreading diameters under different 
conditions of slurries were measured. The experimental setup is shown in Fig 2c. The slump height and spreading 
diameter were normalized as the ratio of the slump height to the initial height of tested sample (it equals the height of 
slump cone), and the ratio of the spreading diameter to the bottom inner diameter of the mould. The normalized terms 
are known as slump height ratio (Hr) and spreading diameter ratio (Dr), which are shown in equations 2 & 3.  

0/rH H H    (2) 

0/rD D D   (3) 
Using the above calculated values the correlations of shear stress and viscosity with the slump height ratio and 
spreading diameter ratio were determined, respectively. After having the rheological parameters and slump parameters 
from the experimental results, the plots between the rheological parameters (the yield stress and viscosity) and slump 
parameters (the slump height ratio and spreading diameter ratio) were compared to assess their relationships.  

4. Results and discussion

4.1. Rheological parameters 

As shown in Fig. 2b, it is clear that the shear stress is linearly related with the shear rate, and this phenomenon 
indicates that the slurries used in the present study can be treated as Bingham fluids. The shear rate of the reservoir 
sediments is 20 s-1 or less than 20 s-1 (Fig. 2b) and the shear stress is about 7.5 to 10 Pa for sediment volume 
concentration of 25%. Similarly, the range of shear stress at volume concentrations of 27.5%, 30%, 32.5% and 35% 
are 14~19.1 Pa, 21.9~28.9 Pa, 35.9~50.9 Pa, and 47.4~85.3 Pa, respectively, as shown in Fig. 2b.  

The experimental results in Fig 3a, explain that when coarse particles are present in the fine sediment slurry, the 
yield stress of that slurry become less compared to that mixtures of only fine sediment under same sediment 
concentration. This phenomenon was also observed by Philips and Davies (1991) and Major and Pierson (1992). The 
viscosity coefficient of slurry gravel mixtures also shows the similar trend as shown in Fig 3b. The reason behind this 
characteristic could be the development of stress and viscosity in sediment slurry containing coarse particles is much 
slower than the development in fine sediment slurry due to high frictional resistance (Major and Iverson, 1999). 
Therefore, the rheology of the sediment slurry could vary widely depending on the particle size present in the slurry.  
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a). The Brookfield DV-Ⅲ rheometer 
setup b). Shear stress vs shear rate 

c). Cylindrical slump cone  

4.2. Slump test 

The slump height ratios and spreading diameter ratios of the results of slump tests under different slurry conditions 
were presented in Figs. 4a & b. As shown in these figures, the slump height ratio and spreading diameter ratio sharply 
decreases with the increase of slurry sediment concentration. When different amounts of coarse particles mixed with 
the fine-sediment slurry of concentration 30% to form slurry-gravel mixtures, the decreasing rates of both ratios of 
slump height and spreading diameter against total sediment concentrations of the slurry-gravel mixtures are much 
smaller than those obtained from the fine sediment slurries. This indicates that fine sediments (clays) and coarse 
particles (sands or gravels) play different roles in the rheology of sediment slurries. The former provides friction and 
cohesion, while the latter majorly provides friction only. The content of fine sediments plays more sensitive roles in 
the rheological behavior of slurry due to cohesions between fine particles.  

4.3 Correlation between rheological and slump parameters 

The rheological parameters (the yield stress and viscosity) obtained from rheometer measurements, slump 
parameters (slump height ratio and spreading diameter ratio) obtained from slump tests for fine-sediment slurries, and 
slurry-gravel mixtures used in this study were compared as shown in Fig. 5. In the above rheological and slump 
parameters models analysis, the values of R2 for the relation of parameters of fine-sediment slurries ranges from 0.85 
to 0.99. The R2 values greater than 0.7 are considered as strongly correlated (Moore et al. 2013), as a result it implies 
that the rheological parameters are strongly related to slump parameters.  

a b 

 
Concentrations 

Fig. 3: Relationships of rheological parameters and sediment concentrations of slurries 

Fig. 2: Rheometer and cylindrical mould used in this study 
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Fig. 4. (a) Slump height ratio vs. concentrations; (b) Spreading ratio vs.  concentrations 

Fig. 5.  (a) Yield stress vs. slump height ratio; (b) Yield stress vs. spreading diameter ratio; (c) Viscosity coefficient vs. slump height ratio;  
(d) Viscosity coefficient vs. spreading diameter ratio. 

a b

b 

d 

a

c 
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Table 1: Relations among the rheological and slump parameters of fine-sediment slurries 

Relation model Model coefficients (a, b) 
Coefficient of 

determination R2 

 𝜏𝐵 = 𝑎 + 𝑏𝐻𝑟
185.78, -187.18   0.97 

 𝜏𝐵 = 𝑎 + 𝑏𝐷𝑟
51.92, -9.8    0.96 

 𝜇𝐵 = 𝑎 + 𝑏𝐻𝑟
16.07, -16.58   0.99 

 𝜇𝐵 = 𝑎 + 𝑏𝐷𝑟
4.71, -1.05   0.85 

5. Conclusions:
This study conducted rheological experiments and slump tests of sediment slurries that have Bingham fluid

behaviour, to explore the correlation between the rheological parameters and slump parameters. Looking at the 
experimental results, we conclude: 
1. The slurry-gravel mixtures and fine-sediment slurry mixtures at low shear rates (< 20 s-1) exhibit the

characteristics of Bingham fluid.
2. The rheological parameters (the yield stress and Bingham viscosity) are affected by the sediment concentration

in the slurry as well as by sediment size distribution. The higher the concentration, the greater the value of
rheological parameters.

3. With increasing the sediment concentration of the tested slurry using slump test, the values of slump height ratio
and spreading diameter ratio are gradually decreasing. Under the same total concentration, the slurry mixed with
coarse particles spread slower and shorter than fine sediment slurry.

4. Among the slump parameters, spreading of slump or slump diameter is more sensitive to rheology measurement.
5. The rheological parameters are well related with slump parameters, and this indicates that there is a high potential

to evaluate rheological parameters of debris-flow using a slump test as an alternative method.
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Abstract 

Mountainous regions of Brazil, especially where rural families live, need to be assessed for debris flow. Though debris flows 
rarely occur in this country, they have caused serious damages including human losses. Computational modeling of debris flows 
is an important tool to develop hazard maps and to improve the understanding of debris-flow mechanisms, since observed 
occurrences are rare. Therefore, the objective of the present study was to evaluate the potential for debris flows in a small rural 
basin (0.712 km2), in the municipality of Alto Feliz, Rio Grande do Sul state (Brazil), by using the Kanako-2D model which was 
calibrated with another debris flow in the same region. We simulated three scenarios by altering the debris volume and 
consequently the hydrograph (peak flow and peak time). All the scenarios show that debris flows would impact an existing rural 
house, even with the smallest potential debris volume. The modeled erosion and deposition areas along the debris flow are 
similar, with the magnitudes (depths) of erosion and deposition being different among the scenarios. In general, in each 
transversal section, the most pronounced point of erosion or deposition is almost always at the thalweg location. Along the stream 
channel, deposition was greatest upstream of an abrupt reduction in slope. The formation of a natural dam is observed at the 
channel junctions where erosion and deposition alternatively took place. Because of the investigation of the potential of debris 
flows, the simulation results were not compared with the actual occurrence in the present study. However, the present study could 
show that computational modeling of debris flow is very important for localities where debris flow occurs and that the debris-
flow hazard map is useful for land-use planning. 

Keywords: Debris flows; Kanako-2D; Southern Brazil.  

1. Introduction

In Brazil, ecotourism, construction of small hydropower plants, and establishment of water supply systems in
headwater areas, have caused increased infrastructure development in mountainous regions. Increased occupation of 
mountain regions without adequate management has caused an increase in the frequency and magnitude of debris-
flow disasters, especially in the last decade (Kobiyama et al., 2019). Under these circumstances, preventive measures 
based on scientific investigations are necessary to reduce the disasters. Numerical modeling is a useful tool for 
investigating the mechanism of debris flow and measures, such as hazard mapping and alert system implementation 
that can improve safety (Jacob and Hungr, 2005; Takahashi, 2007). 

Debris flows usually occur in mountains regions and are rarely observed. Since they occur suddenly, it is very 
difficult to monitor and record them. After the scientific observation with continuous photos reported by Okuda et al. 
(1977), many photos and videos of debris flows have been captured around the world. However, the number of these 
materials that demonstrate debris flows in Brazil is small. 

Hence the investigation of debris flow with numerical models should be carried out in Brazil. Among various 
computational models in the world, the Kanako-2D (Nakatani et al., 2008) has been applied to several areas and 
situations. The Kanako-2D was initially developed to evaluate the check-dams´ influences on debris flow 
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propagation. However, it has been increasingly used for mapping areas susceptible to these events. Its good 
performance was confirmed by Michel and Kobiyama (2016), Paixão and Kobiyama (2017) and Kobiyama et al. 
(2018) that constructed hazard maps and visually compared with real occurrence of debris flows. Therefore, the 
objective of the present study was to investigate the potential of debris flows in a rural area of the Alto Feliz 
municipality, Rio Grande do Sul state, Brazil, by using this model calibrated by Kobiyama et al. (2018) that 
investigated a large debris flow which occurred in this region in December 2000. Note that at that time the debris 
flow caused the deaths of four peoples. In this municipality there are many places susceptible to debris flows, which 
has increased the worries of local inhabitants about the debris flows. Thus, it is thought that the investigation of the 
potential of debris flow by using the calibrated numerical model is useful for understanding the future disasters. 

2. Materials and methods

2.1. Study area 

The study basin (0.712 km²) is located within the Jaguar basin which is a rural area of Alto Feliz municipality, 
southern Brazil (Fig. 1). Elevation ranges from 290 m to 670 m. The Alto Feliz region has historically suffered from 
hydrological disasters, including flash flood and mass movement. In 2000 the Jaguar basin was damaged by an 
extreme rainfall event, which triggered several landslides that became debris flows (Michel, 2015). 

Fig. 1. Location of the study area 

The study area is characterized by a mountainous landscape with steep hillslopes and vegetation consisting of 
native forest and eucalypt reforestation. Geologically it is located on the escarpment of the Serra Geral formation 
(basalt) (Viero and Silva, 2010). The predominant soils on hillslopes and near river networks are entisols and 
ultisols, respectively (Flores et al., 2007). 
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2.2. Kanako-2D 

Kanako-2D (Nakatani et al., 2008) is a physically-based computational model and has a graphical interface, 
which allows the graphical modification of input parameters. The basic equations of the model are based on the 
theory established by Takahashi and Nakagawa (1991) and are shown below: 
 Continuation equation for the total volume of debris flow:

𝜕ℎ

𝜕𝑡
+

𝜕𝑢ℎ

𝜕𝑥
+

𝜕𝑣ℎ

𝜕𝑦
= 𝑖 (1) 

 Continuation equation for determining the debris flow of the k-th grade of particle i:
𝜕𝐶𝑘ℎ

𝜕𝑡
+

𝜕𝐶𝑘𝑢ℎ

𝜕𝑥
+

𝜕𝐶𝑘𝑣ℎ

𝜕𝑦
= 𝑖𝑘𝐶∗ (2) 

 Equation of momentum in x and y-axis:
𝜕(𝑢,𝑣)

𝜕𝑡
+ 𝑢

𝜕(𝑢,𝑣)

𝜕𝑥
+ 𝑣

𝜕(𝑢,𝑣)

𝜕𝑦
= 𝑔 sin𝜃(𝑤𝑥,𝑤𝑦) − 

𝜏(𝑥,𝑦)

𝜌ℎ
(3) 

 Equation to determining change in bed surface elevation:
𝜕𝑧

𝜕𝑡
+ 𝑖 = 0 (4) 

where h is the flow depth; u and v are the velocities in the x and y-axis, respectively; Ck is the k-th sediment 
concentration by volume; z is the bed elevation; t is the time; i is the erosion/deposition velocity; ik is the k-th 
erosion/deposition velocity; g is the gravitational acceleration; 𝜌 is the interstitial fluid density; 𝜃𝑤𝑥 and θwy are the 
flow surface gradient (in x and y-axis respectively); C* is the sediment concentration in movable bed layer; τx and τy 
are the riverbed shearing stresses in the x and y-axis, respectively. 

2.3. Input data 

The present study considered three different scenarios for a debris flow simulation. There is a landslide scar 
mapped by the CPRM in the study area and this scar’s area was used to construct Scenario 1. Scenario 2 adopted the 
mean area between Scenarios 1 and 3, for comparison. Scenario 3 considered that all areas determined as unstable in 
the basin by Michel (2015) collapse at the same time. Thus, it can be said that Scenario 3 is the largest possible event 
for the basin. According to Michel (2015) which carried out the field survey, the mean soil depth in this basin is 2 m. 
Then, this value was adopted and considered constant for all scenarios. Table 1 shows the values of the input 
parameters common to all scenarios. These values are similar to those used by Kobiyama et al. (2018) that calibrated 
this model to one debris flow whose locality is very near to the present study area. 

Table 1. Kanako-2D input parameters common to all simulations 

Parameter Unity Value 

Mass density of bed surface kg/m³ 2650 

Mass density of fluid phase kg/m³ 1000 

Concentration of movable bed m³/ m³ 0.65 

Manning’s roughness coefficient s/m1/3 0.03 

Coefficient of erosion rate - 0.0007 

Coefficient of deposition rate - 0.05 

Diameter of material m 0.45 

Internal friction angle º 37 

Minimum flow depth m 0.01 

Minimum depth at the front of debris flow m 0.01 

Concentration of material m³/ m³ 0.5 
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The debris flow propagation input is a hydrograph which is set at the upper part of channel (1D system). This 
hydrograph was constructed by following the triangle hydrograph theory of Whipple (1991), where the ascension 
duration is 1/3 of the total time. The hydrograph peak discharge was calculated using the formula proposed by 
Rickenmann (1999). The values of input parameters in each scenario are shown in Table 2. Scenario 1 supposed that 
the smaller unstable area (930 m2) marked in Fig 1 suffers from shallow landslide and causes debris flow. Scenario 3 
considered that the total unstable area (44062 m2) marked in Fig. 1 generates landslide. Then Scenario 2 treated half 
of volume of Scenario 3. Therefore, three scenarios have the same hydrograph-form but the different magnitudes. 

Table 2. Parameters variation in each case 

Parameter Unity 
Value 

Scenario 1 Scenario 2 Scenario 3 

Sediment volume m³ 1860.01 44,062.05 88,124.1 

Peak discharge  m³/s 52.9 738.7 1,316.02 

Peak time s 23.3 39.8 44.7 

One of the main bases for the debris flow propagation in the model is topographic data, which were extracted 
from a digital elevation model (DEM) with a spatial resolution of 2.5 m, obtained from the Brazilian Geological 
Survey (CPRM). Since the present study treated the potential of debris flow, the year of the DEM construction is out 
of question. 

2.4. Model application 

According to Nakatani (2008), Kanako-2D simulates debris flow in the channel with one-dimensional equations 
(1D) and propagation and deposition with two-dimensional equations (2D). The outputs of simulations were: flow 
depth, material concentration, velocity in the two dimensions, bed surface altitude and deposition thickness, in each 
configured time interval. The present study focused on changes in deposit thickness with time. 

The simulation result is limited, because the limit of the matrix size that can be used as the elevation model is 
restricted to 500 x 500 pixels. In the present study, the time interval for calculation was 0.01 s and the simulation 
time was one hour, in order to ensure that at the end of the simulations there would be no further changes on the bed 
of the modeled area.  

In the study basin, the possible propagation channel was not observed on field. It implies the possibility to have 
various courses. Hence, the propagation area in one-dimension was minimized (only two pixels with 5m x 5m) and 
the two-dimension calculation area was maximized, because of the restricted pixels. 

3. Results and discussion

Fig. 2 shows the results of three simulated scenarios, which allows the comparison between the flow propagation
in each case. The whiter color presents the larger thickness of the deposition layer, meanwhile, the blacker the more 
erosion in all the scenarios. Due to the model spatial limitation, the flows propagated to exceed the maximum 
simulation area. However, it did not cause the difficulty to analyze the phenomena, because the very small volume 
reached the final pixel of simulations.  

Scenario 1 represents propagation of the smallest volume, which results in a smaller deposit extent and also a 
smaller difference between the maximum erosion and maximum deposition (Fig. 2a). In Scenario 3, which has a 
volume of material that is 47 times than Scenario 1, the difference between the maximum erosion and the maximum 
deposition is approximately 10 m (Fig. 2c). All the scenarios indicate that an existing house inside the study basin 
would be affected by a debris flow, regardless of the propagated volume. It is noted that the largest depth of erosion 
was 2 m due to the fact that this was the maximum depth of soil configured in the model. 

Fig. 2d shows the locations at which the cross sections were made along the longitudinal profile of the debris flow 
travel path. Fig. 3 shows the longitudinal profile along the river thalweg before and after the debris flow occurrence 
in Scenario 3. In the upstream portion the largest change in the riverbed was a deposition of 7.98 m. This large 
deposition resulted from the entrance of debris in the channel in the upper part of the thalweg and also from the 
abrupt change of slope of the thalweg that is present approximately at the altitude of 400 m (Fig. 3). 
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Fig. 2. Results of simulations: a) Scenario 1; b) Scenario 2; c) Scenario 3; and d) cross-sections localities. 

It is apparent along the longitudinal profile that there is a semi-regular occurrence of erosion and deposition of 
debris, which are presented in agreement with the abrupt or smooth variations of channel slope, respectively. The 
portions of the flow with higher deposition are in the intervals with lower slope along the channel.  

Other accumulation points of material are in sections 6 and 8. These two sections are located in a neatly 
embedded channel and there is accumulation of material, even with the propagation of a low volume in the debris 
flow. Precisely for this reason, these places possess the potential for natural dams to form. 

Fig. 3. Debris flow longitudinal profile. After and before Scenario 3. 

Fig. 4 shows changes in profiles at 8 cross- sections, whose locations are indicated in Fig. 3, before and after 
debris-flow occurrence of Scenario 3. The profiles are distributed along the river, perpendicular to the thalweg. Note 
that the profile is viewed in the upstream direction. Deposition occurred at cross-sections 1, 3, 4, 6 and 8, while 
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erosion occurred at cross-sections 2, 5 and 7 (Fig. 4). At cross-section 4 the arrow indicates the location of a 
residence near the channel, demonstrating that the residence is susceptible to debris flow impacts in the future.  

The deposition forms a normal pattern, with higher deposition rates upstream, and lower rates further 
downstream. Besides, the deposition surface is approximately parallel to the horizontal line. The surfaces formed by 
erosion present a “V” shape. 

Fig. 4. Transversal sections to debris flow. After and before at the Scenario 3. 

Near cross-section 6 there is a confluence (Fig. 2). Fig. 5 demonstrates the erosion and deposition dynamics at the 
confluence during different time steps. Just after the confluence point, the deposition process is more predominant 
meanwhile just before the confluence erosion dominates. After reaching the confluence point, the debris flow 
propagation generated a backwater processes in the direction of the affluent upstream. At the time step 1800 s, the 
influence area along the affluent stream reached about 100 m. As the debris flow dynamics is very complex at the 
confluence, more detailed analyses should be numerically done in a future study. Though the simulation results are 
nor confirmed on field, the local inhabitant should recognize the possibility that at the confluence point a part of 
debris flow go upstream. 

Fig. 5. Detailed results of simulation at the confluence: a) 180 s; b) 480 s; c) 780 s; and d) 1800 s. 

In case of the context of the alert system, it is very important to know the speed of the debris flow. In order to 
observe this speed, the flow propagation features at the different time-steps are demonstrated in Fig. 6. By using 
each runout map in Fig. 6, the mean speeds of the debris flow through its evolution on time were estimated (Table 
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3). Though the speed is slightly reduced along the downstream displacement, the reduction rate is not exactly linear 
to the time or to displacement. 

Fig. 6. Temporal evolution of the debris flow: a) 0 s to 60 s; b) 60 s to 120 s; c) 120 s to 180 s; d) 180 s to 240 s; e) 
240 s to 300 s; f) 300 s to 360 s; g) 360 s to 420 s; and h) 420 s to 480 s. 

Table 3. Displacement and speed variations of the debris flow over the time. 

Time interval (s) L (m)
(horizontal variation) 

ΔS (m) 
(vertical variation) Displacement (m) Mean spead (m/s) 

0 - 60 242.69 42.91 246.45 4.11 

60 - 120 306.92 59.29 312.59 5.21 

120 - 180 198.36 47.32 203.93 3.40 

180 - 240 190.4 24.25 191.94 3.20 

240 - 300 151.03 20.16 152.37 2.54 

300 - 360 91.87 4.44 91.98 1.53 

360 - 420 79.85 3.13 79.91 1.33 

420 - 480 144.27 2.39 144.29 2.40 

4. Conclusions

Computational modeling of the debris flows is an important tool to make hazard maps of this phenomenon and
also to comprehend its occurrence mechanism. This importance should be emphasized in countries which have rare 
occurrence of debris flow and suffer from large damages due to this phenomenon. Therefore, the present study 
applied the Kanako-2D model to a small basin, the majority of which is covered by forest and characterized by the 
mountains environment in the municipality of Alto Feliz, southern Brazil.  
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By changing the debris volume and consequently the hydrograph (peak discharge and peak time), three scenarios 
were simulated. Regardless of the scenarios, the hazard maps generated with all scenarios show that the debris flow 
would destroy an existing rural house. Though the localities of erosion and deposition in the stretch of the debris 
flow are similar among the scenarios, their magnitudes (depths) of erosion and deposition were different among 
them. In general, at each cross-section, the most pronounced local of erosion or deposition is almost always the 
thalweg location.  

Numerical modeling research allowed the recognition of debris flow dynamics at confluence as well as flow 
speed. Though the comparison between numerical simulation results and field observation of actual occurrences is 
essential for debris-flows studies, only computational investigation also has its own importance because the 
phenomenon is comparative rare. In this sense, the Kanako-2D model remains very useful especially in Brazil. 
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Abstract 

Debris flows with high velocity may have enormous impact forces on obstacles in their flow paths. It is necessary to install 
protective structures, such as check dams that slow down or interrupt the debris flows from affecting adjacent infrastructure and 
residential communities. The impact forces of debris flows on check dams are an essential factor in hazard mitigation evaluation 
and design of check dams. To accurately evaluate the impact force of debris flows on the check dams, a numerical model that takes 
into account the fluid-solid interactions is needed. In this study, the large deformation analysis, which is the coupled Eulerian-
Lagrangian (CEL) technique, was applied to evaluate the behavior of the debris flows and the impact force on the check dams, 
simultaneously. The numerical method was validated using published data on laboratory experiments. A series of numerical 
analyses were performed to evaluate the significant influencing factor on the dynamic impact force of debris flows, such as the 
flow velocity and the thickness of sedimentation. Based on the results of these analyses, it was observed that the dynamic impact 
force of debris flows on the check dams is significantly dependent on the velocity of the debris flows. In addition, the debris flows 
are gradually accumulated towards the top of the check dams after the debris flows first contacts the check dams, thereby the 
position of the dynamic load acting on the check dams is increased.  

Keywords: Debris flows; Check dams; Impact force; Large deformation analysis 

1. Introduction

Debris flows are one of the most catastrophic natural hazards because of the high economic losses and human
casualties that they cause. Debris flows with a large mass and high velocity can apply tremendous impact forces on an 
obstacle in its flow path. The magnitude of debris-flows impact depends primarily on the velocity, height of debris 
flows and the sediment. In order to protect humans and infrastructures against debris flows, two different types of 
debris-flow models, process and impact model, are necessary (Proske at. al., 2011). The initiation of debris flows can 
occur through a variety of processes as they descend the watershed by entraining sediment, mobilization of separate 
landslides and high concentration of surface water flow (Godt and Coe, 2007). As shown in Fig. 1, to reduce the 
immediate risk of both hazard and vulnerability, two different types of debris-flow models which are process model 
and impact model are necessary.  

Fig. 1. Combination of process model and impact model for debris flows 
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In this study, large deformation analysis for debris flows was conducted by using coupled Eulerian- Lagrangian 
(CEL) technique in ABAQUS. This rigorous FE analysis method can indicate both, the potential influence of debris 
flows and the estimation of dynamic impact force on check dams. This method could be used to hazard mitigation 
evaluation and the design of the check dams. 

2. Numerical method

2.1. Coupled Eulerian and Lagrangian method 

The coupled Eulerian-Lagrangian (CEL) analysis, one of the large deformation analysis method, combines the 
advantages of the Eulerian and Lagrangian methods to model large-deformation problems in geomechanics (Qiu et 
al., 2011). There is no limit to the range or on terrain, so it is suitable for evaluating the movement of debris flows at 
high velocity. In Lagrangian analysis, the nodes of the Lagrangian mesh move together with the material. The main 
advantage of a Lagrangian formulation is that the interface between the two parts is precisely defined and traced. 
However, large deformations within the target region will lead to hopeless mesh tangling in a Lagrangian reference 
frame. In Eulerian analysis, a Eulerian reference mesh which remains undistorted is required to trace the motion of 
the material in the Eulerian domain. The materials can move freely through the Eulerian mesh. The Eulerian reference 
frame prevents the mesh distortion on the target. However, loses the precise interface description provided by the 
Lagrangian formulation. The coupled Eulerian-Lagrangian (CEL) method captured the advantage of the Lagrangian 
and Eulerian methods. A significant benefit of the coupled Eulerian-Lagrangian method is that there is no requirement 
to generate a conforming mesh for the Eulerian region. The general contact algorithm does not require contact between 
the Eulerian elements and Lagrangian elements. The Lagrangian part can move through the Eulerian region without 
resistance until the Eulerian element filled with the material (Qiu et al., 2011). Numerical stability is guaranteed by 
the introduction of the critical time interval size that is approximately proportional to the smallest element length and 
inversely proportional to the square root of the elastic stiffness of the material. A convergence study of the combined 
effects of mesh density and velocity is needed into a well-designed verification for each particular problem to achieve 
a suitable compromise between accuracy in the quasistatic response and computational efficiency (Wang et al., 2015). 
High-quality results require a fine mesh due to the difficulties in modeling interfaces between materials. The 
movement of the material properties within the Eulerian region can be determined as the volume ratio, the Eulerian 
volume fraction (EVF) of each element. Each Eulerian element has represented a percentage, which the portion of that 
element filled with a material. As shown in Fig. 2, when the Eulerian elements filled with a material, EVF is 1, whereas 
when there is no material in part, EVF is 0. 

Fig. 2. Eulerian volume fraction (EVF) 

2.2. Geometry and boundary condition 

The analysis of the debris flows is composed of the soil layer, bedrock, structures which are dams or building, and 
void area. Lagrangian elements are applied to relatively hard bedrock components and structures. Eulerian elements 
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are applied to the erodible soil layer and the debris flows. A typical 3D coupled Eulerian-Lagrangian (CEL) analysis 
geometry for the dynamic impact force on check dams is depicted in Fig. 3. The initial debris-flow volume was 3 m3 
(3 m × 1 m × 1 m) and 35 ° in inclination angle, and the transportation area was defined as 10 m in length and 20 ° in 
inclination angle. The deposition area was set to 5 m to confirm the arrival velocity and shape of the debris flows. The 
thickness of bedrock was defined as 0.5m. The dams were modeled as 1.5 m high, 1 m wide, and 0.5 m thick. This 
interpretation consists of the Lagrangian part and Eulerian part. The Eulerian area is divided into three parts: the initial 
debris flows, the erodible soil layer, and the void layer where the debris flows. The check dams and bedrock were 
considered as a Lagrangian domain. The boundary conditions of the check dams are defined only on the bottom, and 
the displacements in all directions are fixed. The only loading condition considered in this analysis was gravity in the 
z-direction. 

Fig. 3. Idealized numerical model for impact on debris-flows barrier 

3. Validation of numerical technique

3.1. Numerical modeling 

The applicability of the coupled Eulerian-Lagrangian (CEL) method to the analysis of debris flows was verified in 
comparison with laboratory tests. Some researcher conducted flume experiment to investigate the behavior of debris 
flows and impact forces acting on check dams. To verify the proposed method for the debris flows analysis with 
dynamic impact force, the laboratory tests (Moriguchi et al., 2009) was chosen. The analytical results were compared 
with the velocity and shape of the debris flows as well as the impact force measured by the load cell. The physical 
laboratory modeling of debris flows was performed at different slopes and measure the impact force exerted by this 
material on a fixed rigid wall. Fig. 4 shows a schematic view of the flume with a sand box and impact force measuring 
instrument. The surface of the flume was coated with the same sand to provide surface friction. The flume was 
designed with a length of 1.8 m and a width of 0.3 m, and the slope was designed to be adjustable from 45° to 65°. In 
this study, 45°, 55° 60° and 65° experiments were selected for validation. The geometry of the analysis is depicted in 
Fig. 5. The Flume and measurement instrument were modeled using Lagrangian elements and the initial volume of 
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debris and are were modeled using Euler elements. In this analysis, only gravity in the z-direction is defined as the 
only loading condition. The dry sand is suddenly released at t = 0 s, and then it slides down the slope hitting the rigid 
wall. Boundary conditions were set on the floor space to fix all displacements in the x, y, and z directions and for the 
size space to fix only displacements in the x, and y directions. The mesh of the debris flows and flume domain consists 
of 8-noded Eulerian brick elements (EC3D8R) and 8-noded Lagrangian brick elements (C3D8R), respectively. The 
mesh dimensions of both the Lagrangian element and the Eulerian element were set to 0.01 × 0.01 × 0.01 m.  

The constitutive behavior of sand is modeled with an elastic-perfectly plastic model with Mohr-Coulomb failure 
criterion. The properties required for the analysis used the values given in the reference paper (Moriguchi et al. (2009). 
In order to the analysis, the necessary properties were estimated based on the proposed property values, and the values 
required for the analysis were estimated based on the given values. 

Fig. 4. (a) Schematic illustration of slope model; (b) impact force measuring instrument (Moriguchi et al., 2009) 

Fig. 5. Geometry used in 3D FE analysis (Moriguchi et al., 2009) 
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3.2. Compare with laboratory and analysis results 

Fig. 6 shows the experimentally and numerically observed free surface configurations on a flume inclined at θ = 
45° at different time instants (T = 0.4 sec, T = 0.8 sec, T = 1.2 sec, T = 1.6 sec). To make the free surface more visible, 
a red outline was drawn on the surface of the sand at each snapshot. The last two snapshots show the debris flows 
overtopping the wall. The debris-flow accelerates and elongates while descending the slope. When debris flows reach 
the load cell, the debris flows are deviated upwards, parallel to the wall, with the formation of a bulge, and it 
subsequently decelerates. The simulated results capture the experimentally observed flow behavior which flows 
velocity and shape of debris flows. 

In the CEL analysis, the total impact force is the value of the contact force at the contact surface between the 
Lagrangian part and Eulerian part. The total impact force was calculated as the sum of the normal forces on the 
structure (0.3 m × 0.3 m). Fig.7 compares the experimental and numerical results with the time-varying impact force. 
In an experiment with a slope angle of 60, the impact force on the measuring instrument increases rapidly to the 
maximum value of 0.42 kN at t = 0.85s, and after the peak, the force decreases to the quasi-static value which is the 
maximum value of the experiment with the slope angle of 45 degrees. The simulated results firmly agree with the 
laboratory test results, which indicates that the applied method is appropriate for simulating debris-flow impact force 
on check dams. 

Fig. 6. Analysis results of the height and shape of the debris flows (Moriguchi et al., 2009) 

Fig. 7. Comparison between laboratory experiments and simulated impact force 

0.4 sec

0.8 sec

0.4 sec

0.8 sec

1.2 sec

1.6 sec

1.2 sec

1.6 sec

0.0 0.5 1.0 1.5 2.0

0.0

0.1

0.2

0.3

0.4

0.5

0.6

Im
pa

ct
 fo

rc
e,

 k
N

Time, sec

 Lab45
 Lab60
 CEL45
 CEL60

350



Lee / 7th International Conference on Debris-Flow Hazards Mitigation  (2019) 

4. Numerical analysis

4.1. Velocity 

The impact force exerted by a debris flows on a fixed structure depends on the debris-flow height and velocity, as 
well as on the density of the flowing mixture. In this study, a series of analysis was conducted to confirm the effect of 
the velocity of debris flows on the impact force acting on the check dams. The inclination angle of slope was 
determined as 10, 15, 20, 25°. Fig. 8 presents the results of the shape and velocity vector of debris flows in the analysis. 
The debris flows from the initial part flowed down onto the ground layer. Fig.9 shows the time histories of impact 
force for each of the four inclination angle of slope. It can be seen that the peak and residual force are similar for the 
angle of slopes 10 º and 15 º. However, in the angle of slopes 20 º and 25 º, maximum forces are generated by debris 
flows and then converge to residual values. As a result, the increase in the magnitude of the debris flows reaching the 
check dams is causing more damsage. 

Fig. 8. Velocity vectors for debris-flow impact without entrainment 

Fig. 9. Time history of impact force for various inclination angle 
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normal to the barrier after the initial dynamic impact. The total impact force consists of a dynamic impact force from 
the moving debris flows and a static force from the deposited debris-flow material acting as earth pressure due to the 
gravity. The deposited materials behind a barrier play an essential role in the dynamic load transfer process (Tiberghien 
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et al. 2007). As shown in Fig. 10 (a), to confirm the influence of the deposited debris, a series of numerical analysis 
were carried out with sediment thicknesses of 0.0 m, 0.5 m, 1.0 m, and 1.5 m. Fig. 10 (b) shows result of numerical 
analysis. The debris-flow momentum was delivered to the check dams during the first impact, and immediately 
forming a deposited static zone directly behind the barrier. The remaining debris flows over the deposited material 
and collides with the check dams at a higher elevation after a run-up process. This result agrees with the experimental 
results obtained by Tiberghien et al. (2007). Therefore, various loading conditions should be considered to verify the 
stability of check dams. 

Fig. 10. (a) Case study of sediment thickness; (b) Depositional shape of debris flows 

5. Conclusions

In this study, the impact force of debris flows on check dams was evaluated by using Coupled Eulerian-Lagrangian
(CEL) take into account the fluid-solid interactions. A series of rigorous numerical analyses were performed to 
examine the significant influencing factor on the dynamic impact force of debris flows. The results of this investigation 
are summarized below. 

1) The primary objective of this study was to analyzed the behavior of debris flows with impact force on check
dams using the large deformation FE analysis technique of a coupled Eulerian-Lagrangian (CEL) technique. The 
analytical method was validated using published data on laboratory experiments (Moriguchi et al. 2009). This study 
clearly shows that the analysis result is in good agreements with the chosen laboratory data. 

2) Based on the analysis results, it was observed that the dynamic impact force of debris flows on check dams is
significantly dependent on the inclination angle and the thickness of sedimentation. In the analysis taking into account 
the effects of slope, the peak and residual force are similar for the angle of slopes 10 º and 15 º, but in the angle of 
slopes 20 º and 25 º, maximum forces are generated by debris flows and then converge to residual values. 

3) The debris flows are progressively impounded upstream of the check dams after the first contact of the debris
flows to the check dams. The debris-flow momentum was transferred to the check dams during the first impact, 
instantly forming a deposited static zone immediately behind the barrier. The remaining debris flows then rode over 
the deposited material to hit the check dams at a higher elevation after a run-up process. Therefore, various loading 
conditions should be considered to verify the stability of check dams. 
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Abstract 

The design of countermeasures such as barriers and filter dams needs an accurate estimation of the impact load. However, debris 
flows typically contain poorly sorted grains, whose size can span several orders of magnitude. Large grains can induce impulsive 
loads on a barrier, and potentially clog the openings designed to induce self-cleaning after an event. The current modeling 
techniques, mostly based on continuum-based depth-integrated approximations, cannot accurately describe these mechanisms, and 
analytical approaches often fail to tackle this complexity. In an effort to reproduce a realistic impact load, a sample flow composed 
of grains is reproduced with a three-dimensional model based on the Discrete Element Method (DEM). The mass impinges upon a 
barrier with a prescribed velocity. The barrier design is inspired by a monitored dam built on a catchment located in the Italian 
Alps, which features multiple outlets. The grains can clog the outlets, forming frictional arches. The load pattern on the barrier is 
analyzed in terms of single-grain impact and of collective behaviors. The impulse transferred by the granular mass to the structure 
is then used as input for a structural analysis of the barrier through a Finite Element analysis. The results highlight how frictional 
chains can induce loads that are substantially different from those determined by standard analytical approaches. 

Keywords: Debris flow; Discrete element method, Flow-structure interaction; Hazard mitigation  

1. Introduction

One of the methods to reduce risk associated with flow-like landslides is the construction of baffles (Law et al.,
2015), deflectors (Ng et al., 2017b), or slit dams (Zhou et al., 2018). When installed immediately downstream from a 
catchment area, barriers are effective in breaking the energy of the flow early on, reducing its erosive power and 
effectively controlling the volume of large sediments transported. When sediments of different size are present, as is 
typical in debris flows, the barrier should retain the largest sediments (Piton and Recking, 2016). However, it is often 
preferable to avoid complete obstruction of the channel, in order to allow the regular flux of small sediments to occur 
in normal conditions. This is achieved by prescribing one or more outlets in the barrier (Marchelli et al., 2018a), whose 
size is designed as a function of the dimension of the minimum grain that should be retained. 

A more rational evaluation of the impact force is a long-standing problem for the design of retention structures 
(Hungr and Jakob, 2015). The single cost of an experiment discourages the exploration of multiple geometries or 
conditions, and small-scale physical modeling suffers from scaling issues (Iverson, 2015). A cost-effective approach 
is to apply monitoring stations on existing barriers, in order to evaluate their performance, possibly both in 
vulnerability reduction and in robustness of the barrier design (Kwan et al., 2014). 

The test case in exam is the sectional dam shown in Fig. 1(a), located in the municipality of St. Vincent, eastern 
Italian Alps. It consists of a concrete wall with multiple steel beams protruding from the top. Each beam has an IPE-
type section (c), and is equipped with a strain gauge (a,c) to monitor the dam by recording the strain at the base of the 
steel beams. The dam is hit every summer from multiple stony debris flows, and is designed to retain the coarsest 
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fraction of the grains. After every major event, the reservoir behind the dam is emptied in order to restore functionality. 
The dam dramatically collapsed during an event occurred in 2014, see Fig. 1(b). A discussion followed on the actual 
reason that induced the collapse. When activated by an impact, the sensors typically record compression (negative 
strain). However, it is not uncommon for sensors to record positive tension. This is puzzling, as it was originally 
believed that all sensors would only register compression when activated, since they are located on the side of the 
beam that does not face the flow. 

In order to give an interpretation to the signals recorded on site, we use in this work the discrete element method 
(DEM). We evaluate the type of load exerted on the barrier, assuming the barrier itself is hit by a single surge of 
monodisperse grains. The output is plugged into a finite-element model (FEM) of the barrier as a time-history of 
external actions. A dynamic analysis is then performed, studying how the bending moments at the base of the beams 
evolve. The strain at the base is then compared to the site recordings. 

2. Numerical model

The numerical procedure is outlined in Fig. 2(a). The debris flow is modelled with the DEM, which allows to obtain
a time-history of load patterns on the barrier. The barrier itself is modelled as an elastic body with a FEM model, where 
the forces recorded in the DEM simulation are used as a set of external loads. This allows to compute the stress and 
strain fields on the barrier, and compare them to the data obtained from the monitored dam. 

2.1. Discrete load model with DEM 

We compute the load on the barrier using a simplified approach, where the debris flow is simulated as a collection 
of spherical particles of mean diameter 𝑑𝑑𝑓𝑓 = 0.2 m. Moreover, the actual material composition is complex, including 
grains with different size and shape immersed in a liquid (Kaitna et al., 2016; Leonardi et al., 2018). 

The debris flows recorded in St. Vincent are frequently multi-surge events. These surges can occur within minutes 
or separated by few hours. As a consequence, it is common that a second surge impacts the barrier before the first is 
removed. They impinge on the lowest portion of the barrier with a relatively high speed and belatedly on the upper 
portion, usually with a lower speed due to the barrier having already reduced the momentum of the flow at that point. 
In the DEM model, we simplify this scenario by considering only the upper half of the barrier, i.e. only the metal bars 
plus a portion of the concrete dam, for a total height of ℎ = 2.5 m. We simulate only a total width of 𝑤𝑤 = 3𝑖𝑖, where 
𝑖𝑖 = 2.5𝑑𝑑𝑓𝑓 = 0.5 m is the spacing between two beams. We further consider that the particles reach the upper portion 
of the barrier with a homogeneous speed (Calvetti et al., 2018), see the example of Fig. 2(b). In spite of these 
assumptions, the model is able to capture many relevant aspects of the problem, as will be apparent in the following 
chapters. 

 (a)  (b) (c) 

𝐼𝐼𝑥𝑥𝑥𝑥 =  420 · 104 𝑚𝑚𝑚𝑚4
𝐼𝐼𝑦𝑦𝑦𝑦 =  5790 · 104 𝑚𝑚𝑚𝑚4 

 strain 
gauges

Fig 1. Illustration of the sectional dam used as study case, respectively before (a) and after (b) the collapse happened on 20/07/2014; (c) the cross 
section of the steel beams. The pictures are courtesy of Regione Autonoma Valle d’Aosta. 
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The DEM model employed for this study is implemented in the code by Leonardi et al. (2015; 2016). A Herzian 
contact model is used in the normal direction and the tangential contact model presented in Marchelli et al. (2018b) 
reproduces frictional effects. The numerical parameters used in this work are collected in Table 1. For their physical 
and numerical explanation, please refer to Marchelli et al. (2018b). The barrier is represented using an agglomeration 
of fixed spheres of constant diameter 𝑑𝑑𝑏𝑏 = 0.135 m, overlapping by 𝑑𝑑𝑏𝑏/2. This greatly simplifies the computation of 
contact forces, as the same algorithm managing contact dynamics between the grains can be used to track the 
interactions with the barrier too. 

Table 1. Parameters for the DEM flow model 

DEM parameters Value 
Density 𝜌𝜌 [kg/m3] 2630 
Diameter 𝑑𝑑𝑓𝑓 [m] 0.2 
Young modulus E [Pa] 1.2 ⋅ 109 
Poisson ratio 𝜈𝜈 [-] 0.2 
Restitution coefficient 𝜉𝜉 [-] 0.8 
Tangential damping coefficient 𝛼𝛼𝑡𝑡 [-] 0.5 
Friction coefficient 𝜇𝜇s [-] 0.6 
Rolling coefficient  𝜇𝜇r [-] 0.07 
Mean particle diameter 𝑑𝑑 [m] 0.2 

Each of the barrier spheres registers a time-history of forces transmitted by the flow. Three samples of typical 
records are shown in Fig.3. The force is initially transmitted by quick impulsive loads (type A, red), whose direction 
is mainly aligned with the channel longitudinal direction, x. However, the grain size is large enough to induce jamming 
at the outlets. Therefore, immediately after the dynamic phase has finished, the grains jam and the load reduces to the 
transmission of the grains self-weight. However, the formation of the deposit is not immediately stable, and multiple 
ruptures and reorganization of the grains are observed for a relatively long period of time. This progressive clogging 
of the barrier causes a type of load that is semi-permanent (type B, blue), with every contact between barrier and grains 
transmitting a portion of the deposit weight through a frictional arch. The arches transmit a load both in direction 𝑥𝑥 
and in direction 𝑦𝑦. Therefore, strong force components 𝐹𝐹𝑦𝑦 are registered at this stage. The deposit instabilities cause 
oscillations of the load, and also additional sharp impulses. Finally, after jamming is complete, some sensors register 
a final stationary load in both direction, due to the attainment of a stable jamming configuration of the deposit (type 
C, green). 

Fig. 2. (a) outline of the DEM-FEM model; (b) initial setup of the DEM simulation, with the discretization of the dam using spherical particles. 
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2.2. Dynamic analysis of barrier response with a FEM model 

The dynamic response of the barrier is obtained by assembling an FEM model (ABAQUS, www.3ds.com). The 
concrete basement is modelled using 3D brick elements, and the metal bars using 1D beams. The beams, as in the 
actual barrier, continue inside the basement for 1 m. Along this length, the beams lie embedded within the bricks, i.e. 
displacement of the beams is limited by the stiffness of the host material (Tabatabaei et al., 2014). Rotational degrees 
of freedom are instead simply constrained. The beams section is an IPE270, as in St.Vincent. The forces recorded with 
the DEM using the barrier sensors are given to the FEM model as point loads with a time-history of intensity. 
Therefore, 30 point loads are active for each beam. The concrete basement is modeled with fixed joint constraints on 
the base and edges. The material parameters are given in Table 2. 

The stress-strain evolution over time is obtained through an explicit dynamic analysis with the central-difference 
rule. The system is overdamped, with damping factors set in order to reproduce the effects of the surrounding flow. 
During impact, the beams are surrounded by stony debris, which quickly dissipate the inertial load due to dynamic 
effects. Every 0.05 s the state of the system is saved for postprocessing. 

Table 2. Parameters for the FEM model 

FEM parameters Value 
Materials Concrete Steel 

Density 𝜌𝜌 [kg/m3] 2500 7850 
Young modulus E [Pa] 3.0 ⋅ 1010 2.1 ⋅ 1011 

Poisson ratio 𝜈𝜈 [-] 0.15 0.3 
Damping factor 𝛼𝛼 [-] 100.0 100.0 
Damping factor 𝛽𝛽 [-] 1.0 ⋅ 10−8 1.0 ⋅ 10−8 

3. Reconstruction of the load patterns

Though the numerical workflow described in the previous section, the reaction in the barrier can be directly linked
to specific stages of the interaction. Three instances are described in Fig. 4. In the first row, the stress field on the steel 
beams is reconstructed, and the beams themselves are depicted at the deformed state, with a displacement 
magnification of 2.5 ×. The second row shows the velocity of the particles close to the outlets, which allows to infer 
the dynamic state of debris mass at the same instant. Finally, the third row shows the in-plane component of the forces 
transmitted by the flow to the structure at that instant.  

The beams have a much higher moment of inertia in direction 𝑥𝑥, see Fig. 1(c), and therefore exhibit reduced bending 
when loaded normally to the dam. The moment of inertial resisting bending in direction 𝑦𝑦 is lower, therefore even a 
small in-plane force induces a significant bending, as can be observed at 𝑡𝑡 = 0.3 s and 𝑡𝑡 = 19.0 s. The first column in 
the figure corresponds to the dynamic impact (t=0.3s). At this instant jamming is not complete. There is a diffuse 

Fig. 3. Three sample loads registered at different locations on the barrier: (a) streamwise component Fx; (b) transversal component Fy. 

357



Leonardi / 7th International Conference on Debris-Flow Hazards Mitigation  (2019) 

outflow of material, but the central outlet already sees the formation of two granular arches that induce diverging loads 
on the beams (highlighted with red boxes in the figure). Therefore, the bending moments 𝑀𝑀𝑥𝑥 at the base have opposite 
signs. Note that the bending moments 𝑀𝑀𝑦𝑦, conversely, are always positive. 

On the second column is the interaction at 𝑡𝑡 = 0.5 s. At that instant, jamming has completed and the lowest portion 
of the grains is not moving. The system is however not stable yet, and collapses are still occurring. Specifically, the 
figure shows that the central outlet is active, while the lateral ones are stable (Marchelli et al., 2018a). Consequently, 
the lateral outlets have more active arches than the central one (see the multiple red boxes in the figure), and exert a 
stronger in-plane load to the beams. This leads to a switch of the sign of 𝑀𝑀𝑥𝑥 compared to the previous instant, which 
induces a converging deformation of the beams.  The final, stationary configuration is shown at time 𝑡𝑡 = 19.0 s on the 
third column. Here, the statistical process of particle rearrangement has terminated with strongest loads in the central 
outlet, overall similar to the one of the first column, and with diverging moments on the beams. 

4. Interpretation of the strain signals measured on site

(a) t = 0,3 s (b) t = 0,5 s (c) t = 19,0 s 
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Fig. 4. Schematic of the mechanism of force transmission to be barrier, and corresponding strain field on the beams. A few granular arches are 
highlighted with red boxes. 
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The 3D nature of the barrier-flow interaction determines spurious stresses, which had not been accounted for in the 
barrier design. This observation provides an interpretation for the counterintuitive stresses recorded on the 
instrumented dam. Assuming the only actions are the bending moments on x and y, the strain at the instrument location 
can be estimated by using the simple formula for asymmetric bending  

𝜀𝜀𝑧𝑧𝑧𝑧 = 𝑀𝑀𝑥𝑥
𝐼𝐼𝑥𝑥
𝑑𝑑𝑥𝑥 + 𝑀𝑀𝑦𝑦

𝐼𝐼𝑦𝑦
𝑑𝑑𝑦𝑦, (1) 

where �𝑑𝑑𝑥𝑥 ,𝑑𝑑𝑦𝑦�   is the distance of the gauges from the section centers, see Fig. 1(c). The recorded moments are shown 
in Fig. 5(a). The moments in 𝑦𝑦 are always positive and induce a compression (negative) strain. On the other hand, the 
moments in 𝑥𝑥 do not have a preferential direction, and often switch from positive to negative and vice versa during 
the simulation. This corresponds to the statistical configuration of the in-plane loads due to the frictional arches, as 
shown with Fig. 4. 

The bending moments in the two directions have the same order of magnitude, however the inertia moment in 𝑥𝑥 is 
much smaller than the one in 𝑦𝑦. Therefore, the main factor that determines amplitude and sign of εzz is Mx, rather than 
My. This is confirmed by the FEM computations of εzz, shown in Fig. 5(b). The figure also shows three typical signals 
taken from the recording at St.Vincent. Notwithstanding the many simplifications adopted in the procedure, the model 
is able to capture the order of magnitude of the recorded strains. Moreover, it is able to explain the positive components 
registered by some sensors, e.g. Gauge 2 in Fig. 5(b). 

5. Conclusions and outlook

We apply a numerical framework for the estimation of impact forces, and resulting reaction, exerted by a debris
flow on a retention barrier. The framework employs the DEM for the simulation of the flow, and for recording the 
load pattern over the whole barrier. A FEM model processes the recorded load and perform a dynamic analysis of the 
structure response. The model describes how the flow interacts with the barrier though the formation and ruptures of 
frictional arches. This determines a type of load in the barrier that has a strong in-plane (transversal) component in 
addition to the more intuitive component orthogonal to the wall. The results are in excellent agreement with the type 
of signal recorded on site. 

The analysis leads to two prescriptions for the design and monitoring of this type of barrier. Firstly, an effective 
monitoring system should be designed to give information at two locations on the same section, in order to infer the 
actual load from strain measurement. Most importantly, the stiffness of the structural element should always be 
prescribed as symmetrical, in order to cope with the in-plane component of the load. Assuming the load on the barrier 
to be orthogonal, as suggested by multiple codes and guidelines, might lead do grossly under designed barriers. 

In this work, a simple one-way coupling has been implemented for the computation of forces. However, the large 
deformations of the beams probably alter the jamming mechanisms (Marchelli and De Biagi, 2018). To assess the 
feedback mechanism, a two-way coupling will be implemented in the future. 

Fig. 5. Time-history of (a) the bending moment registered at the beam junction with the concrete basement, and (b) corresponding strains registered 
at the location where the strain gauges are installed. 
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Abstract 

Debris flows in mountainous regions are of great concern because they present a serious threat to the residents and infrastructures 
in downstream areas as a result of their long runout distances. However, the mechanisms of debris-flow runout are still unclear 
because of many factors influencing debris-flow mobility. This study focuses on two major factors, namely, particle size and 
slurry viscosities. A series of experimental model tests were conducted in a rectangular inclined flume connected to a final 
horizontal plain. Results reveal that the debris-flow mobility is significantly influenced by the slurry viscosities. The runout 
distance initially increases and then decreases as the slurry viscosities increase. Also, runout distance for debris flows contain 
large particle sizes is longer than that of debris flows contain small particle sizes. The depositional widths are almost unchanged 
in the experimental test, which suggests that the debris flows are constrained by the fixed channel boundaries. The results of this 
study can improve the understanding the behavior and the deposition features of debris flows. 

Keywords: Debris flow; Flume experiments; Runout distance; Fluid viscosity; Grain size 

1. Introduction

Debris flows are reported to destroy infrastructures and surrounding environment and threaten the local 
residents in mountainous areas (D’Agostino et al. 2013; Kim and Paik 2015). Given that the dynamics processes of 
debris flows are difficult to predict (Iverson, 1997), as an alternative, debris-flow deposit was used to infer debris-
flow mechanisms. Thus, the debris-flow deposit is critical to enhance the mitigation of debris flows and to protect 
downstream facilities (Iverson et al. 2010; Shu et al. 2015). 

Flume experiments are widely adopted in the development of debris-flow research, as reproducible experiments 
can be carried out with specific boundary conditions, relatively cheaply and quickly. Quantitative flume modelling 
studies have been conducted to predict debris-flow runout distance. These researches were mainly focused on 
topography (i.e., the length, width and slope; e.g., Hürlimann et al., 2008; D’Agostino et al., 2010; Scheidl and 
Rickenmann, 2010), volume of mass (e.g., Iverson et al., 1998; Berti and Simoni, 2007; Zhou et al. 2016), and 
sediment composition (e.g., Major and Iverson, 1999; Hürlimann et al., 2015; Haas et al., 2015). However, the effect 
of grain sizes and viscosities on debris-flow deposit morphology was less investigated, although they have a 
profound effect on debris-flow dynamics and runout distance. Haas et al. (2015) reported that sediment composition 
is a key variable that influenced the runout distance, deposition area, levee height, lobe height, and lobe width of the 
deposited sediments. Although debris-flow deposits have been studied for many years, the deposition mechanisms 
and morphology are still poorly understood. 

Therefore, an improved understanding of the factors control deposit morphology is essential for significant 
progress in deposition mechanisms of debris flows. This work aims to address this need by undertaking laboratory 
experiments exploring this phenomenon. Here, a series of flume tests were carried out to discern the effects of 
particle sizes and interstitial fluid viscosities on the deposit length and width. 
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2. Experimental Method

2.1. Flume modelling 

The laboratory experiments were conducted in a flume 0.30 m wide and 0.35 m deep, with a flow travel 
distance of 5 m over a fixed roughness bed on an inclined angle of 30° to the horizontal (Figure 1). The flume slope 
of 30° was chosen to study the flow of realistic debris flows, since most of the debris flows with typical slope angles 
between 20°-45° (Hungr et al. 2001), and steep enough for the mixtures to flow down. A tank (1.0 m long, 0.3 m 
wide and 0.8 m deep) was installed at the head of the channel. The tank was fitted with a vertical locked gate which 
contains the mixtures in a wedge-shaped space. The gate was opened in a direction perpendicular to the inclined 
bottom of the flume. The flume bed and horizontal run-out fan were roughed by gluing glass beads (2 mm in 
diameter) to the surface. Debris-flow kinematics was captured using cameras (SONY FDR-AX40, 1440×1080 
pixels, 25 fps) installed on crossbeams over the channel, side and frontage of channel, and top of deposit fan. 

Fig. 1. Schematic diagram of the experimental setup. 

The interstitial fluid was designed with mixture of water and sediments of less than 1.0 mm. The sediments were 
sampled from the natural deposition fans of Jiangjia Gully. Figure 2 shows the grain size distribution (GSD) of the 
sediments (< 1.0 mm)Viscosity was varied through adjusting the sediments content in the debris-flow experiments. 
Rheological tests were performed with the roughened concentric cylinder system of an Anton Paar Physica MCR301 
rheometer. In order to eliminate the interference of particle shape on the debris-flow deposits, spherical glass beads 
with 2 mm and 4 mm in diameter were used as granular material. The test program is summarized in Table 1. The 
concentration of sediments (<1 mm) was ignored when we calculate the solid concentration (Cs =0.5, refers to debris 
flow samples prepared before the experiment). Here, we choose the sediment <1 mm as part of the fluid phase while 
consider the particles large than 2 mm as solid phrase. The standard for distinguishing solid and liquid phases is a 
controversial topic. The conclusions reached by various scholars are also different, for example, 0.025mm (Yang et 
al., 2014) and 0.0625mm (Iverson, 2014). There is no generally accepted standard at present. The reason why we do 
this is based on the consideration of solid-liquid boundary particle size according to Wang et al. (2001). 

Fig. 2. Cumulative grain-size distribution (GSD) of the particle (<1.0mm). 

Tank Section 1 

Section 2 

3D scanner 

30° 

Side video 

Top video 

Frontage 
video 

Data 
acquisition 
device 

Video & Laser 
mud level sensor 

362



Li / 7th International Conference on Debris-Flow Hazards Mitigation  (2019) 

Table 1. Experimental tests program. 

Test ID Interstitial fluid viscosity
μ (Paꞏs) 

glass bead diameter 
d (mm) 

Solid fraction 
Cs 

Debris-flow density 
(×103 kg/m3) 

1 0.0042 2 0.5 1781.152 
2 0.0045 2 0.5 1794.310 
3 0.0047 2 0.5 1803.597 
4 0.0060 2 0.5 1813.332 
5 0.0066 2 0.5 1823.548 
6 0.0068 2 0.5 1839.852 
7 0.0075 2 0.5 1883.251 
8 0.0081 2 0.5 1919.882 
9 0.0218 2 0.5 1962.512 
10 0.0289 2 0.5 2012.748 
11 0.1780 2 0.5 2072.824 
12 0.3808 2 0.5 2145.945 
13 0.0041 4 0.5 1781.152 
14 0.0046 4 0.5 1803.597 
15 0.0061 4 0.5 1823.548 
16 0.0067 4 0.5 1851.437 
17 0.0071 4 0.5 1883.251 
18 0.0079 4 0.5 1919.882 
18 0.0216 4 0.5 1962.512 
20 0.0255 4 0.5 2012.748 
21 0.1797 4 0.5 2072.824 
22 0.3814 4 0.5 2145.945 

2.2. Debris flow scaling 

A comparison of dimensionless numbers was used to provide a quantitative analysis of debris-flow scaling 
relationships. There are three important stresses that govern the motion of a debris flow, specifically inertial, 
frictional, and viscous stresses (Iverson 1997; Iverson and Denlinger 2001; Parsons et al. 2001; Hsu et al. 2008; 
Zhou and Ng 2010). Inertial forces arise from short-term collisions between solid grains, frictional forces are 
associated to enduring contacts between grains, and viscous forces are controlled by viscosity of the pore fluid 
(slurry) and relative shearing between the solid and fluid phases (Stancanelli et al. 2015). The relative importance 
and dominance between these forces are characterized by the Bagnold number NBag, Savage number NSav, and 
Friction number NFric. The NBag defines the ratio of inertial to viscous forces and is given as follows: 

 
2

Bag
γ

1
s s

s

N C
C
 





 (1) 

where δ is the characteristic grain size of the sediments in the debris flow; 𝜌s is density of the solids (2750 kg/m3, 

Zhou and Ng 2010); μ is the interstitial fluid viscosity; Cs is the volumetric solid fraction, and γ  is the shear rate 

and it can be approximately estimated by: 

γ v
h

 (2) 

The NSav is the ratio of grain inertial to contact frictional forces and is given as follows: 
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where   is the friction angle between grains (30° for the granular materials, Zhou and Ng 2010); and 𝜌f is the 

density of the fluid (assumed to be 1000 kg/m3). 

The ratio of grain-contact to fluid viscous stresses is defined as the Friction number, NFric: 

 
 Fric

tan
1 γ

s s f

s

C gh
N

C
  





 

(4) 

These dimensionless numbers enable comparisons of the relative importance of the aforementioned stresses at 
different scales and link experimental observations with physical stresses (Haas et al. 2015; Iverson 2015). 

Table 2 illustrates the dimensionless numbers of debris-flow experiments in this study. Additionally, Table 3 
shows the dimensionless parameters in experimental debris flows of different scales and recorded in nature. This 
includes a comparison between the values obtained from experiments of Haas et al. (2015), which were conducted at 
a miniature scale (2 m flume), the small-scale experimental values from this study (5 m flume), the large-scale 
experimental values from the USGS flume (90 m flume; Iverson, 1997), and values from typical of natural debris 
flows ( Haas et al., 2015). The values of this study are generally within the range of values expected for 
experimental and natural debris flows. 

Table 2. Dimensionless parameters of present debris-flow experiments. 
solids 

density 
kg/m³ 

solid 
fraction 

fluid 
density 
kg/m³ 

characteristic 
grain size 

m 

flow 
height 

m 

shear 
rate 

fluid 
viscosity 

pa s 

friction 
angle 

Bagnold 
Number 

Savage 
Number 

Friction 
Number 

2500 0.5 1062.30 0.002 0.052 48.08 0.00417 0.52 115.24 0.05 2111.09 

2500 0.5 1088.62 0.002 0.048 52.08 0.00451 0.52 115.56 0.07 1634.56 

2500 0.5 1107.19 0.002 0.048 62.50 0.00468 0.52 133.61 0.10 1295.12 

2500 0.5 1126.66 0.002 0.045 68.89 0.00601 0.52 114.60 0.14 845.26 
2500 0.5 1147.10 0.002 0.044 70.45 0.00658 0.52 107.05 0.15 727.13 

2500 0.5 1179.70 0.002 0.042 71.43 0.00678 0.52 105.37 0.16 648.62 

2500 0.5 1266.50 0.002 0.04 72.50 0.00751 0.52 96.48 0.19 512.92 

2500 0.5 1339.76 0.002 0.041 68.29 0.00806 0.52 84.75 0.17 489.60 

2500 0.5 1425.02 0.002 0.04 72.50 0.02176 0.52 33.32 0.22 154.38 

2500 0.5 1525.50 0.002 0.041 68.29 0.02894 0.52 23.60 0.21 114.52 

2500 0.5 1645.65 0.002 0.048 54.17 0.17801 0.52 3.04 0.13 24.09 

2500 0.5 1791.89 0.002 0.064 31.25 0.38080 0.52 0.82 0.04 21.57 

2500 0.5 1062.30 0.004 0.049 69.39 0.00411 0.52 674.92 0.48 1398.29 

2500 0.5 1107.19 0.004 0.048 68.75 0.00462 0.52 595.69 0.50 1193.04 

2500 0.5 1147.10 0.004 0.043 81.40 0.00612 0.52 531.96 0.80 661.40 

2500 0.5 1202.87 0.004 0.042 78.57 0.00672 0.52 467.67 0.80 584.37 

2500 0.5 1266.50 0.004 0.038 78.95 0.00715 0.52 441.77 0.94 470.43 

2500 0.5 1339.76 0.004 0.039 79.49 0.00792 0.52 401.30 0.99 406.95 

2500 0.5 1425.02 0.004 0.038 78.95 0.02157 0.52 146.37 1.08 135.83 

2500 0.5 1525.50 0.004 0.04 77.50 0.02546 0.52 121.76 1.09 111.89 

2500 0.5 1645.65 0.004 0.049 53.06 0.17968 0.52 11.81 0.47 24.87 

2500 0.5 1791.89 0.004 0.064 28.13 0.38136 0.52 2.95 0.12 23.93 

2500 0.5 1062.30 0.002 0.048 68.75 0.00421 0.52 163.30 0.12 1350.36 

2500 0.5 1147.10 0.002 0.041 78.05 0.00620 0.52 125.84 0.19 648.99 

2500 0.5 1266.50 0.002 0.039 84.62 0.00748 0.52 113.05 0.26 430.22 

2500 0.5 1425.02 0.002 0.038 86.84 0.02016 0.52 43.08 0.33 132.17 

2500 0.5 1525.50 0.002 0.041 78.05 0.02458 0.52 31.75 0.27 117.95 

2500 0.5 1645.65 0.002 0.051 54.90 0.17810 0.52 3.08 0.12 25.24 
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Table 3. Dimensionless parameters of small-scale, large-scale and natural debris flows. 
Dimensionless 

number 

Small-scale flume 

(This study) 

Very small-scale 

(Haas et al. 2015) 

USGS Large-scale 

(Iverson, 1997) 

Typical natural debris flows 

(Haas et al. 2015) 

NBag 0.8-675 37-1589 400 1-108 

NSav 0.5-1.1 0.17-2.25 0.20 10-7-1 

NFric 21-2112 141-2760 2000 1-105 

3. Results

3.1. Deposit Morphology 

The debris-flow deposit morphology was assessed using measurements taken during the experiments, including 
length and width data. Observations were also made associated to the debris-flow deposit shapes. There was, 
however, considerable variation in deposit shapes (Figure 3). It demonstrates the presence of lateral levees in the 
majority of the debris-flow deposits, formed by the shouldering apart of the coarse front by the saturated debris-flow 
tail. However, the high-viscosity (e.g. 0.3808 Paꞏs) debris-flow deposits appeared to lack distinct grain-size 
segregation and lateral levees. This is due to a change in the rheology of the flow as viscosity varied.  

The authors did not measure the rheology of debris flows in the deposit fan, and therefore, we can only 
speculate about the processes that caused deposition in present experiments. However, observations of the different 
deposit morphology, suggest that deposition in most of our experimental debris flows is mainly influenced by 
viscosities. Increasing viscosities reduced permeability and diffusivity, preventing pore fluid from escaping the 
mixture. As a result, we visually observed that debris flow deposits with high viscosities retained excess pore fluid 
pressure for long times and needed a long time to consolidate. 

(a) μ=0.0042 Paꞏs, d=2 mm (b) μ=0.1780 Paꞏs, d=2 mm (c) μ=0.3808 Paꞏs, d=2 mm 

(d) μ=0.0042 Paꞏs, d=4 mm (e) μ=0.1780 Paꞏs, d=4 mm (f) μ=0.3808 Paꞏs, d=4 mm 

Fig. 3. Examples of debris-flow deposits, showing the varied deposit shapes produced. 

For all experiments carried out within different interstitial fluid viscosities (0.0042-0.3808 Paꞏs) and solid sizes 
(2.0 mm and 4.0 mm), the lengths of the debris-flow deposits varied considerably (from 0.5m to 2.0m), whereas less 
variation in the maximum width of deposits. The average deposits width across all experiments was 0.7±0.1 m. This 
may suggest that interstitial fluid viscosity and solid size were not the most factors determining the lateral spreading 
of the deposit, as there was little variation between and within experiment subsets. 

L=1.6m 

B=0.7m 
L=1.7m 
B=0.65m L=0. 5m B=0.65m 

L=2.0m 

B=0.6m 

L=1.75m 

B=0.6m L=0.7m B=0.7m 
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3.2. Effects of viscosity on debris-flow deposit 

Figure 4 shows the relationships between interstitial fluid viscosity and runout distance, maximum deposit 
width, and debris-flow velocity, all of which are considered to be key indicators of debris-flow behaviour. 

Runout distance was initially increased and then decreased with the increasing of viscosities, within a distance 
ranging from 0.43 m to 2.50 m. It seems that an optimum interstitial fluid viscosity for debris-flow runout. The 
results suggest that a small change in debris-flow viscosity can sufficient to alter the rheology of the flow, and hence 
impact upon debris-flow dynamics. These results are as expected, as viscosity is included in the denominator for 
calculating Bagnold number and Friction number (Eqs. (1) and (4)). Therefore, viscosities have an obvious influence 
on debris-flow behaviour, and then affecting the deposit morphology. 

Fig. 4. Relationships between interstitial viscosity and (a) runout distance, (b) maximum deposit width, and (c) average velocity in deposit fan. 

The statistically significant relationship of viscosity with maximum deposit width is unambiguous, which 
reflects the unimportance of viscosity in influencing the lateral spreading of debris-flow deposits. This indicates that 
channel width may be a control factor on the lateral spreading of debris flows because the flume width kept constant 
in this study. Velocity was inversely proportional to viscosity, most likely because viscous resistance is increasingly 
developed in high viscous debris flows. 

3.3. Effects of grain size on debris-flow deposit 

The effects of grain sizes on debris-flow deposits can be seen in Figure 5. There are some differences in runout 
distance between the debris-flow experiments within different grain sizes. The debris flows contain 4 mm particles 
have a longer runout length than debris flows contain 2 mm particles. This is because the resistance-driven force 
ratio of a solid particle flowing along an inclined slope is dependent on 1/δ (δ is the characteristic particle diameter, 
d50), which governs flow mobility (Zhou et al. 2016). This implies that larger coarse particles exhibit greater 
mobility. Furthermore, larger particle sizes led to larger Bagnold number (inertial-viscous ratio) and Savage number 
(inertial-friction ratio), as particle size is included in the numerator for calculating those two dimensionless numbers. 
Because of the dimensionless numbers provide insight into the debris-flow dynamics, which highlight larger particle 
lead to longer runout distance. However, the maximum deposit width varied slightly between the 2 mm particles-
contained debris flows and 4 mm particles-contained debris flows. 

(a) (b) 

(c) 
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Fig. 5. Relationships between grain size and (a) runout distance and (b) maximum deposit width. 

4. Conclusions

This study provides an improved understanding of the deposit morphology of debris flows. More specifically, 
the effects of fluid viscosities and grain sizes are examined. Key findings can be drawn as follows: 

(1) The deposit morphology of debris flows in present experiments exhibited characteristics typical of natural 
debris flows; these included coarse-grained snouts and lateral margins, saturated tails, and surge flows. 

(2) The geometry of debris-flow deposits is strongly controlled by viscosities and grain sizes. Debris-flow 
runout initially increases and then decreases with an increase in viscosities. There is an optimum interstitial fluid 
viscosity for maximum runout. An increase in grain sizes enhances runout, most likely because of lower resistance-
driven force. 

(3) The viscosity and grain size were statistically significant in determining the values for Bagnold, Savage, 
and Friction numbers, and as these numbers describe the flow dynamics, it is expected that variations in grain size 
and viscosity result in variations in debris-flow behavior and, as a result of this, in variations in deposit morphology. 
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Abstract 

Regional modelling of rainfall-induced landslide triggering poses several technical challenges. These events can originate from a 
number of hydro-mechanical processes, such as soil-strength degradation, development of localized zones of pore-water pressures, 
liquefaction, among others. At the same time, the interplay between the spatial variability of topographic attributes, soil properties 
and transient infiltration can lead to a widespread distribution of distinct slope failure mechanisms across the same landscape. To 
this aim, this contribution describes a simulation platform for the efficient generation of storm-induced, landslide susceptibility 
maps in which different slope instability mechanisms can be considered. The framework relies on a vectorized finite element (FE) 
algorithm that performs fully-coupled simulations of transient infiltration in unsaturated soils, while input and output processing 
stages are linked to a Geographical Information System. To illustrate the capabilities of the proposed framework, the role of several 
hydro-mechanical processes on the inception of slope instability are first explored (i.e., coupled flow-deformation analyses, 
constitutive couplings). After this, results of regional-scale simulations are presented, where it is shown that such considerations 
can affect the computed spatio-temporal patterns of landslide triggering. Lastly, approaches to incorporate uncertainty of input data 
into landslide susceptibility zonation by using spatially-correlated random fields are discussed. The proposed framework provides 
an important step towards the development of robust, physically-based models for regional landslide hazard assessment.  

Keywords: flowslides; shallow landslides; infiltration; distributed modelling; spatial uncertainty 

1. Introduction

During the last decades, analyses of landslide hazard zonation on urban areas have gained considerable attention
(Guzzetti et al., 1999). Indeed, the advent of Geographical Information Systems (GIS), advances in computational 
resources and remote-sensing technologies have opened new avenues for the development of data-driven, physically-
based models of regional landslide forecasting. Such models aim to infer and analyze the factors responsible for slope 
instabilities across a geological setting by combining principles of hydrology and mechanics (Montgomery and 
Dietrich, 1994; Baum et al., 2010; Milledge et al., 2014). Among their key challenges is the ability to incorporate 
advanced features of soil-moisture interactions (i.e. coupled flow soil-deformation processes, inelastic soil response, 
layered profiles) and uncertainty quantification into a unified framework.  

This contribution presents a versatile computational platform for regional analyses of shallow-landslide 
susceptibility. To provide description of its functionality, a well-documented series of rainfall-induced landslides in 
volcanic soils is used as a background case study. The paper is structured in three parts, namely, i) a presentation of 
the model equations; ii) examples of regional-scale landslide triggering zonation; iii) modelling spatial uncertainty of 
input properties. Details of specific implementation procedures are shown in other references. Here, the aim is to 
provide an overall description of the current model capabilities and discuss future areas of improvement. 
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2. Governing equations

2.1. Field equations 

The discussion is focused on shallow unsaturated sloping ground. For an infinite slope, in the absence of variations 
of body forces, the balance of linear momentum for an incremental loading process is given by: 

0,   0
z z
  

= =
 

(1) 

where  and  represent the total normal and shear stresses, respectively, z is the coordinate in the direction normal 
to the slope and the upper dot denotes rate terms. Balance of water mass in the presence of constant air pressure leads 
to: 
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where Sr is the degree of saturation,  is the normal strain, n is the porosity, h is the pressure head (negative values 
representing suction), K is the hydraulic conductivity, and α is the slope angle. The mechanical behaviour of the soil 
skeleton is here hypothesized to be governed by the effective stress ’: 

( )' k wh   = + (3) 

where w is the unit weight of water, and k is an effective stress parameter. A constitutive relationship of the soil 
skeleton is required to complete the problem formulation. While general inelastic constitutive laws written in 
incremental form can be used, linear elasticity is used here for illustrative purposes i.e., ,E  =  G =  where E 
and G are material constants. Additionally, constitutive relationships for the hydraulic variables are required i.e., 

( ) ,wrS F s= ( )kK F s=  where s = wh is the matric suction, while Fw and Fk are functions known as the Water 
Retention Curve (WRC ) and Hydraulic Conductivity Function (HCF), respectively. Substituting them into (1) and 
(2) and imposing appropriate initial and boundary conditions completes the initial boundary-value problem (IBVP) to 
solve. 

3. Analyses of single slopes

3.1. Effects of soil deformability on infiltration analyses 

The solution of the coupled system of PDE is solved numerically. Specifically, a Galerkin Finite Element 
discretization and an explicit forward numerical scheme are used (Sheng et al., 2003). To illustrate the hydro-
mechanical feedbacks occurring during the infiltration process, examples of simulations will be shown in the 
following. A schematic representation of the model initial and boundary conditions for the case of an infiltration 
problem is shown in Fig. 1.  

Fig. 1. Schematic representation the infiltration problem: (a) mesh structure and problem domain, (b) initial profile, and (c) boundary conditions.  
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Consider first the case of constant rainfall rate q = K, in which the role of soil deformations is neglected (i.e., rigid 
soil skeleton). The computed profiles of h are shown in Fig. 2a with continuous lines, while time histories at two 
different locations are shown in Fig. 2b. As expected, the pressure head increases during the infiltration process, such 
that at a depth of z = 4m an increment of h = 2m is computed after 30 hrs.  

To analyze the role of soil deformability, a linear elastic model is used to characterize the mechanical behavior of 
the soil. In this case, the reduction of pressure head driven by the infiltration process causes a decrease of the effective 
stress, hence promoting swelling and lower values of h when compared against the rigid case. In other words, soils 
that expand upon wetting hinder the development of high pore pressures during infiltration. Alternatively, soils that 
compact upon infiltration are detrimental for slope stability, in that they can cause elevated values of h. The role of 
such effects can be modeled by introducing an additional elastic modulus that controls the amount of compaction upon 
changes of suction (Wu et al., 2016). This illustrated in Fig 2, where an increment of h = 2.5 m at z = 4 m is computed 
after 30 hrs. Such examples highlight the importance of modelling the role of coupled hydro-mechanical processes 
into slope stability analyses. 

Fig. 2. Comparison of model simulations using different soil deformability properties: (a) profiles and (b) time histories of pressure head. 

3.2. Modelling flowslide susceptibility 

Debris flows can be the outcome of different mechanisms. For instance, they can originate from marginally stable 
slopes that start to move when driving forces overcome their soil frictional resistance. As they propagate downslope, 
they can grow in size by entraining sediments and water (Iverson, 2014).  

The inception of soil failure due sharp fluid pressurization can also promote the spontaneous acceleration of soil 
masses (a phenomenon known as soil liquefaction) even before the entrainment of sediments (Dawson et al., 1998). 
Indeed, full or partial liquefaction in granular soils is among the key factors responsible for highly mobile landslides, 
which are referred as flowslides when liquefaction takes place directly at the source (Hungr et al., 2001). Such 
definition is adopted in this work. 

Soil liquefaction is an unstable process that is highly dependent on the hydro-mechanical properties of the material. 
For example, it is well known that soils that dilate upon shearing are less prone to liquefaction than those that contract 
(Jefferies and Been, 2015). Similarly, materials that compact upon wetting, such as residual soils, loess and volcanic 
materials, also display susceptibility to liquefy due to their high capability to retain pore water and their loose internal 
packing (Picarelli et al., 2008). Thus, defining landslide triggering thresholds that explicitly incorporate such features 
of soil behavior into slope stability analyses can be useful for enhanced landslide hazard modeling platforms.  

A possible approach was proposed by Lizárraga and Buscarnera, 2017. In summary, failure thresholds were derived 
by analyzing the soil response within an unsaturated shallow slope under two scenarios: uncoupled drained response 
(where failure conditions are referred to as slips) and coupled failures driven by the pressurization of pore water and 
soil plastic response (referred to as flowslides). A simple rigid-plastic constitutive law was used. Particularly, the 
response of the soil was modelled with a non-associated flow rule based on logarithmic expressions of yield function 
and plastic potential, as well as through an exponential hardening law dependent on plastic strains and suction. In this 
way, conditions that reflect instability (i.e., a mathematical singularity of the equations) were expressed explicitly in 
terms of soil properties, eventually casting them into the following safety factors (FS): 
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At zero suction, FSSLIPS converges to the classical definition of FS for saturated infinite slopes. The coefficient w 
is a function of the deformation/wetting properties of the unsaturated soil (Lizárraga and Buscarnera, 2017). 
Depending on the prevailing hydrological state, overburden stress, and deformability properties, the onset of 
flowslides can indeed anticipate the initiation of slips throughout the duration of the infiltration process.  

The above set of FS were calibrated by using data of unsaturated volcanic soils that were involved in a series of 
rainfall-induced flowslides (Greco et al., 2010). For instance, Fig. 3a and 3b shows the calibration of hydrologic 
functions by using Gardner’s exponential functions for the WRC and HCF, respectively. A detailed description of the 
calibration procedures for the mechanical parameters can be found in Lizárraga and Buscarnera, 2017.  

Fig. 3. Calibration of adopted hydrological models. (a) Water Retention Curve; (b) Hydraulic Conductivity Function; c) Results of numerical 
simulation. The model captures the variation of volumetric water content and the onset of a flowslide (FSFLOWS<1) by the end of the test. 

The performance of the calibrated FS was tested against results of highly-monitored flume tests that displayed 
different failure mechanisms upon infiltration. For instance, Fig. 3c shows a comparison between values of volumetric 
water content   measured during a test (open circles) and FE simulation (thicker, black continuous line). Additionally, 
the evolution of both sets of FS are plotted. Note that values of FSFLOWS are in close proximity to unity by the end of 
test (where a flowslide was detected). In other words, the calibrated model was able to satisfactorily reproduce the 
hydrologic behavior of slope and the onset of a flowslide event. It is worth noting that slips were observed to occur in 
other flume tests in which the same soil was used, but the material was deposited at different levels of porosity and 
initial degrees of saturation, thus highlighting the possible coexistence of such mechanisms under field conditions. 
Further details of the model performance can be found in Lizárraga and Buscarnera, 2017. 

4. Regional analyses of landslide susceptibility

The solution of the coupled system of PDE has been implemented into a spatially-distributed modelling framework
for regional landslide assessment. Specifically, the FE algorithm has been vectorized such that parallel simulations of 
coupled infiltration analyses can be performed simultaneously under a wide variety of model conditions. Such 
simulations are then linked to a Geographical Information System (GIS) platform to generate maps of landslide 
susceptibility over duration of a storm event. This allows the incorporation of different constitutive models, coupled-
flow deformation analyses, layering, and distinct initial and boundary conditions, into a unified computational 
platform thus providing a versatile tool for regional landslide susceptibility. Details of the implementation procedures 
be found in Lizárraga and Buscarnera (2018).   

The proposed methodology was applied to a series of landslides that occurred Campania (southern Italy). On May 
4-5 of 1998, more than a hundred of shallow landslides occurred over an area of 60 km2, after more than 40 hr of 
continuous rainfall. Most events were characterized as flowslides able to propagate downslope for several km, thus 
causing extensive damage and loss of life on the surrounding urban centers (Fig. 4). Detailed analyses of the 
meteorological aspects of the event, geological and geotechnical characteristics of the deposits and field monitoring 
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studies have been widely documented elsewhere (Cascini et al., 2008; Crosta and Dal Negro, 2003; Guadagno et al., 
2005). 

Fig. 4. Spatial distribution of shallow landslides in Campania (Southern Italy) after the rainfall events of 1998. 

An example of model application for the municipality of Lavorate (south central sector of Fig. 4) is shown below. 
The spatial distribution of computed slips and flowslides by the end of the storm provides a reasonable agreement 
with the documented landslide source areas. Indeed, the ratio of successful prediction versus overpredicted areas is 
approximately 10, which is an improvement over previous studies performed in the same region (Sorbino et al., 2010). 
Additionally, approximate 70% of the predictions are classified as flowslides, which is in close agreement with the 
reported landslide inventory (Crosta and Dal Negro, 2003).  

Fig. 5. Computed landslide susceptibility map for the municipality of Lavorate. 
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The temporal evolution of computed unstable area is shown in Fig 6. The upper continuous line reflects the 

cumulative fraction of computed unstable area accounting for both failure mechanisms, while the lower curve provides 

the partition between each failure mode. The first unstable slopes are computed at t = 24 hr and are classified as slips. 

After this, flowslides begin to appear around t = 30 hr. The performance of the computations improves over time, 

however, with the model predicting a marked increase in the rate of slope failures after t = 34 hr, i.e. much closer to 

the temporal interval of reported failures for this site.  

Fig. 6. Cumulated rainfall and temporal evolution of computed unstable area. 

The above results were based on the assumption of vertical homogeneous slopes. Further improvements on model 

performance can be obtained by introduced the effect of layering. Examples of such application can be found in 

Lizárraga and Buscarnera, 2018. 

5. Modelling spatial uncertainty in regional landslide hazard assesment

The model allows to incorporate the role of spatial uncertainty of input data on landslide susceptibility. 

Specifically, physical properties can be treated as spatially-correlated random fields (RF) with prescribed statistical 

attributes. In this manner, Monte Carlo simulations are performed for each realization and the results are aggregated 

and visualized in terms of maps of probability of landslide triggering that evolve over the duration of the storm. In the 

following, such approach is applied over a subsector located in the Siano municipality (south eastern corner of Fig. 

4). Consider first Fig. 7 which shows three distinct realizations of RF of saturated hydraulic conductivity Ks, 

characterized by the same probability density function (pdf), but different levels of spatial correlation distance . 

Fig. 7. Examples of random field realizations of Ks using a lognormal distribution (gaussian parameters mean = standard deviation = 1x10-6 ms-1) 

(a) isotropic correlation distance  = 10 m; (b)  = 30 m; (c) anisotropic spatial correlation with x = 60 m and y = 30 m. 
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This parameter controls the variability of Ks as a function of proximity (Fenton and Griffiths, 2008). For instance, 

lower values of  promotes the development highly-heterogeneous scenarios (Fig. 7a), and conversely, higher spatial 

correlation result in more homogeneous conditions (Fig. 8b). It is also possible to develop RF with anisotropic spatial 

correlation (Fig. 8c, x>y). In other words, in order to model the spatial uncertainty of a physical variable, one must 

specify not only its pdf, but also its degree of spatial variability. 

The computed maps of probability of landslide triggering (pf) using 100 Monte Carlo samples and a value of x = 

y = 30 m are shown in Fig. 8a and 8b for t =32 and 40 hr, respectively. For comparison, the reported landslide source 

areas were superposed (white hollow polygons). Note that as time progresses, areas with high levels of pf (red zones) 

start to spread across the landscape. By t = 40 hr. most of the reported landslide source areas either coincide or are in 

the vicinity of cells with very high pf, thus suggesting that the computations are in good agreement with the reported 

evidence. 

Fig. 8. Computed maps of probability of failure (a) t = 32 hr. and (b) t = 40 hr. 

6. Conclusions

    This contribution has described an integrated computational framework for regional assessment of rainfall-

induced landslide triggering. The model relies on a vectorized numerical solver capable to perform multiple coupled 

flow-deformation analyses in unsaturated slopes under different conditions. The simulations are linked to a GIS 

platform to generate output maps of landslide susceptibility over the duration of a storm event.  

Approaches to model flowslide triggering in terms of soil properties have been highlighted, and examples of 

application at both local and regional scales have been described. Additionally, a methodology to incorporate the role 

of spatial uncertainty of physical properties in the model simulations was presented, thus allowing the model outputs 

to be expressed in terms of probability of landslide triggering. 

The proposed simulation platform fosters the use of laboratory data, georeferenced field measurements, and recent 

advances in stochastic and geomechanical modelling to construct an integrated virtual platform for regional landslide 

hazard assessment.  
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Abstract 

Recent observations have shown that debris flows containing fine particles in volcanic regions exhibit greater mobility compared 
to stony debris flows. Recent researches have described that greater mobility occurred from fine sediment phase shift from solid 
phase to fluid phase in debris flow.  In Japan, debris-flow research and sabo or erosion control planning widely apply the equilibrium 
concentration methods proposed by Takahashi. For considering fine sediment phase shift with the equilibrium method, it is 
proposed to set high fluid density. However, the mechanism of phase shift and behaviours of debris flows with fine sediment, are 
not fully understood. In this study, we conducted hydraulic experiments with sediment particles of two different diameters, defined 
as fine sediment and coarse sediment. We applied the equilibrium methods and took into account the increased fluid phase density 
due to the sediment phase shift to fluid. From the results, we found that part of the fine particles contribute to the increase in the 
fluid phase density. When conducting experiments, not only fine sediment, but some parts of coarse sediment behaved as a fluid. 
For considering the shift of sediment to fluid phase in debris flows, we presumed that the flow turbulence in debris flow affected. 
Regarding the sediment concentration, higher total sediment (coarse and fine) concentration increased the fluid phase density. A 
larger ratio of coarse sediment increased the fluid phase density more than when sediment contained only fine particles. It was 
speculated to occur from the flow turbulence owing to the mixture condition. Cases with smaller total sediment discharge showed 
higher fluid phase density though in same sediment concentration. We also found that the larger dimensionless tractive force 
showed a smaller ratio behaving as fluid phase, which was in contrast with the trends in recent studies. 

Keywords: debris flow, fine sediment, phase shift, laboratory experiment

1. Introduction

Debris flows occur due to various phenomena including landslides, river bed erosion, and landslide dam outbursts
(e.g., Iverson, 1997; Takahashi, 1991). Damage from debris flows is serious due to their high mobility. In Japan, many 
debris flows occurred in Hirsohima Prefecture in 2014 and in 2018 (Kaibori et al., 2018). Reports show that the 
sediment particle distribution in these debris flows was wide ranging from fine particles to large boulders, as shown 
in Fig.1. There are many studies on debris flows but most of them are focused on the stony debris flows with large 
sediment particles, in particular, on the concentration of coarser particles in the front of the flow (e.g., Wada et al., 
2015). In Aso (Kumamoto Prefecture, Japan), debris flows containing high concentrations of fine particles occurred 
in 2012. They showed high mobility, and the sediment deposition extended outside of the debris-flow-risk designated 
areas, reaching to mild-slope areas with slopes less than 2 degrees (Ministry of Land, Infrastructure, Transport and 
Tourism, 2014). These debris-flow characteristics are different from what is typical for stony debris flows. 

In Japan, the equilibrium concentration equation (Takahashi, 1991) appears widely in studies on debris flows and 
on countermeasure planning using sabo (sedimentation and erosion control) works. To be applicable to debris flows 
containing fine sediments, the methods should consider the change of phase by fine sediment to fluid phase (e.g. 
Uchida et al., 2013).  It is confirmed that setting higher fluid density in the method described higher mobility of debris 
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flows containing fine sediment. Some studies have proposed that fine sediment should be taken into interstitial fluid 
turbulence to cause phase shift by fine sediment to fluid phase (e.g. Nishiguchi et al., 2011; Hotta and Miyamoto, 
2008).   Furthermore, some experiment results showed not only fine sediments, but part of the coarse sediment, 
behaved as a fluid (Nakatani et al., 2018). However, the mechanism and behaviors of debris flows with fine sediments, 
and also the method needed to estimate the proper fluid density, are not clear. 

In this study, we focused on debris flows composed of sediment particles with two different diameters: defined as 
fine sediment and coarse sediment, and conducted hydraulic experiments. We also considered the effect of the 
sediment concentration, the mixing ratio of different sized particles, the hydraulic conditions, and the turbulence 
intensity on debris-flow behavior and fluid phase density.  

Fig. 1.   Debris flow that occurred in the 2014 Hiroshima sediment disaster 

2. Methods

2.1. Laboratory experiment methods 

The experimental setup is shown in Fig. 2a. The experimental channel is a rectangular straight open channel 5-m 
long and 10-cm wide with a variable slope. In this study, we set the flume angle for each cases not to cause larger gap 
than 3 degrees from equilibrium state slope angle. We supplied constant water from the upstream tank. For the 
sediment supply, we used two hoppers. The first hopper supplied fine sediment and was positioned set 450 cm 
upstream from the downstream end. The second hopper suppled coarse sediment and was positioned set 400 cm 
upstream from the downstream end. We set fine sediment hopper at upstream side because smaller particle requires 
more time and space to mix with water comparing to larger particle.  

Fig.2.   (a) Experimental flume setup and (b) results showing the relationship between slope and solid phase sediment concentrations (legend C 
describes the supplied total sediment concentration) 

We used two types of uniform sediment particles: 0.13 mm as fine sediment and 2.81 mm as coarse-grained 
sediment. The sediment density  was 2.61 g/cm3, and internal friction angle of the sediment  was 35 deg. We 
conducted 23 cases, as shown in Table 1 (left 5 elements showing experiment conditions). We placed a high-speed 
camera (Ex-F1, Casio, Japan) with 300 fps at 50 cm upstream from the downstream end of the flume. We measured 
the flow depth from video because ultrasonic sensor could not distinguish riverbed deposition. We defined riverbed 
where soil particles did not move.  In Case 16, the condition was rather unstable compared to other cases, and we 
could not determine a flow depth.  
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Table 1. Experiment conditions and results 

Experiment conditions (5 elements) Results  (5 elements) 

Case Supplied
water 

Supplied 
sediment 
(fine) 

Supplied 
sediment 
(coarse) 

Sediment 
concent-
ration 

Ratio of 
fine and 
coarse 
sediment 

Deposit 
slope 


Flow 
depth 
h 

Ratio of fine 
sediment 
behave as 
fluid phase 

Ratio of 
coarse 
sediment 
behave as 
fluid phase 

Fluid 
phase 
density 
ρ 

cm3/s cm3/s cm3/s Cf＋Cd Cf :Cd deg. cm 𝐶𝑓"/𝐶𝑓 𝐶𝑑"/𝐶𝑑 g/cm3 
1 1500 370 370 0.33 1: 1 10.56 1.6 0.34 0 1.12 
2 1500 150 150 0.17 1:1 7.03 2.2 0.35 0 1.05 
3 1500 150 300 0.23 1:2 8.19 1.4 0.58 0 1.09 
4 1000 300 0 0.23 3:0 8.80 2.0 0.15 (only Cf) 1.07 
5 1000 165 330 0.33 1:2 7.22 1.6 1.00 0.07 1.25 
6 1000 250 250 0.33 1:1 7.28 1.3 0.75 0 1.25 
7 1000 100 200 0.23 1:2 6.23 1.3 1.00 0.05 1.16 
8 1000 150 150 0.23 1:1 7.61 1.6 0.49 0 1.11 
9 1000 70 140 0.17 1:2 4.48 1.3 1.00 0.36 1.17 
10 1000 100 100 0.17 1:1 5.30 1.3 0.93 0 1.14 
11 1000 90 120 0.17 3:4 5.36 1.3 1.00 0.01 1.13 
12 600 100 200 0.33 1:2 7.35 1.0 1.00 0.05 1.25 
13 600 150 150 0.33 1:1 5.79 0.9 0.96 0 1.31 
14 600 90 90 0.23 1:1 6.38 0.8 0.69 0 1.15 
15 600 60 60 0.17 1:1 2.50 1.0 1.00 0.75 1.24 
16 600 300 0 0.33 3:0 8.41 - 0.30 (only Cf) 1.21 
17 600 40 80 0.17 1:2 7.25 1.35 0.42 0 1.04 
18 600 70 110 0.23 7:11 4.85 1.45 1.00 0.28 1.23 
19 600 50 70 0.17 5:7 3.65 1.1 1.00 0.53 1.20 
20 555 200 100 0.35 2:1 8.2 1.2 0.56 0 1.27 
21 600 200 100 0.33 2:1 8.1 1.1 0.55 0 1.25 
22 1550 200 100 0.16 2:1 4.9 3.5 0.87 0 1.16 
23 1550 100 200 0.16 1:2 5.5 3.5 1.00 0.21 1.13 

( - is showing the case flow depth could not measure) 

At 15 cm, 30 cm, and 45 cm upstream from the downstream end of the flume, we set three ultrasonic sensors (from 
upstream, we called as No.1-No.3) with 50 Hz resolution (E4SC-DS30, Omron, Japan) and measured the flow surface 
slope from the flow surface height. At the downstream end, we installed 10 cm height sand stopper to cause deposition. 
For the initial condition, we set the sediment deposition as horizontal state for 10 cm height at downstream end to 
provide a movable bed condition. We supplied water and sediment for approximately 120 seconds, which was 
sufficient time for the deposit slope angle became stable. 

We assumed equilibrium flow conditions were achieved when ultrasonic sensors showed the same value for 10 
seconds. Each sensor measurement of the flow surface height and slope was calculated as the average value from three 
sensors. Using average slope from sensor No.1-No.2 and No.2-No.3, we also checked there was not significant 
difference with No.1-3. Here, we used the flow surface slope angle as river bed slope angle assuming that in the 
equilibrium state, the river bed slope and surface flow slope expected to become equal. Applying the supplied sediment 
concentration and the results of slope angle, we calculated fluid phase density using the equilibrium concentration 
method described in the next section. 

387



Nakatani / 7th International Conference on Debris-Flow Hazards Mitigation  (2019) 

2.2. Methods for estimating the fluid phase density 

Different phases of debris flow are shown in Fig. 3. Fig.3a shows no phase shift conditions, so all the sediments 
behave as solid phase. Fig.3b shows that part of the fine sediment behaves as fluid phase, as reported in recent studies 
(e.g., Uchida et al., 2013). Fig.3c shows the fine sediment and part of the coarse sediment also behaving as fluid phase. 
Equation (1) shows the total sediment concentration C containing coarse sediment and fine sediment. Equation (2) 
shows the constitution of fine sediment considering different phases.  

Fig. 3.   Images of phases in debris flow (a) no phase shift, (b) part of fine sediment behaves as fluid phase, (c) all the fine sediment and part of 
the coarse sediment behaves as fluid phase. 

𝐶 = 𝐶𝑑 + 𝐶𝑓  (1) 

𝐶𝑓 = 𝐶𝑓
′ + 𝐶𝑓

′′ (2) 

where Cd is the coarse sediment concentration, Cf is the fine sediment concentration, C′f is the fine sediment 
concentration that behaves as solid phase, and C′′f is the fine sediment concentration that behaves as fluid phase. 

As in recent studies and in Fig. 3b, when considering fine sediment in debris flows behaving as solid and fluid 
phases, the following equation describes the fluid phase density  considering phase shift:  

𝜌 =
(1−𝐶)𝜌𝑤+𝐶𝑓

′′∙𝜎

(1−𝐶)+𝐶𝑓
′′ (3) 

where  is the mass density of the sediment and w is the mass density of pure water. 
When applying the sediment concentration and the slope from our experiments, we can calculate the fluid phase 

density  using the equilibrium concentration method (Takahashi, 1991) for debris flow (equation 4) and for sediment 
sheet flow (equation 5). Applying equation (4) or equation (5) depends on the flow characteristics, especially on the 
degree of slope.  

  𝐶∞ =
𝜌𝑡𝑎𝑛𝜃

(𝜎−𝜌)(𝑡𝑎𝑛𝜙−𝑡𝑎𝑛𝜃)
 (𝜃𝑥 ≤ 𝜃 ) (4) 

𝐶∞ = 6.7 {
𝜌𝑡𝑎𝑛𝜃

(𝜎−𝜌)(𝑡𝑎𝑛𝜙−𝑡𝑎𝑛𝜃)
 }

2

 (1.8 ≤ 𝜃 ≤ 𝜃𝑥) (5) 

where 𝐶∞ is the equilibrium concentration,  is the slope angle, and  is internal friction angle of the sediment.
When calculating the equilibrium concentration, we changed the fine sediment concentration behaving as fluid 

phase C′′f, also changing the fluid phase density , and repeated the calculation until the values of both equations for 
(3) and (4), or (3) and (5) became equal. After achieving equal values, we defined the fluid phase density considering 
the fine sediment phase shift. And we also defined the solid phase sediment concentration excluding the concentration 
of the fine sediment behaving as fluid phase C′′f. 

We used the flow surface slope angle assuming that in the equilibrium state, the river bed slope and surface flow 
slope expected to become equal. Here, x is the angle transition from debris flow to sediment sheet flow: = 1.0 
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g/cm3 and x= 7.81 deg. In the original equilibrium concentration, it is known that a discontinuous boundary occurs 
between debris flow (equation 4) and sediment sheet flow (equation 5) when the value of changes from 1.0 g/cm3. 
Therefore, we applied this method to set the continuous boundary, changing x as proposed in recent studies (e.g., 
Suzuki et al., 2013). 

When the calculated fluid density became larger than the condition under which all the fine sediment behaved as 
fluid phase, we assumed that part of the coarse sediment also behaved as fluid phase, as shown in Fig. 2c. In that case, 
the coarse sediment concentration Cd is as defined in equation (6) and the solid phase sediment Csolid is as defined in 
equation (7), as follows 

𝐶𝑑 =  𝐶𝑑
′ + 𝐶𝑑

′′ (6) 

𝐶𝑆𝑜𝑙𝑖𝑑 = 𝐶𝑑
′ + 𝐶𝑓

′ (7) 

where C′d is the coarse sediment concentration that behaves as solid phase, and C′′d is the coarse sediment 
concentration of that which behaves as fluid phase. In Fig. 2c, the right argument of equation (7) C′f  will be zero.  

2.3. Experimental conditions 

In Table 1, the left 5 elements show the experimental conditions and the right 5 elements show the experiment 
results. From Case 1–19, we set the supplied sediment concentration (Cf + Cd) as 0.33, 0.23, or 0.17, and changed the 
water supplied to 1500 cm3/s, 1000 cm3/s, or 600 cm3/s. We also changed the ratio of fine sediment and coarse 
sediment (f:c), focusing in particular, on 1:1 and 1:2. In Case 20–23, we set the total supplied sediment to 300 cm3/s, 
and changed the sediment concentration and particle size supply ratio.  

3. Results And Discussion

In Fig. 2b, the graph shows the slope on the horizontal axis acquired from the result, and the calculated sediment
concentration behaving as solid phase (C′f + C′d) on the vertical axis. The plots shown in the legend describe the total 
supplied sediment concentration (Cf + Cd). In the figure, the equilibrium concentration equations are also described, 
showing the change in the fluid phase density from 1.0 g/cm3 to 1.4 g/cm3.  

From the results, all cases showed higher sediment concentration than expected with equilibrium concentration 
equations with fluid phase density 1.0 g/cm3. When the supplied sediment concentration was small, the fluid phase 
density became small. When the supplied sediment concentration was constant, and the slope tan was small, the 
fluid phase density became large. From Table 1 (right 5 elements showing results) and Fig. 2b results, the supplied 
sediment concentration, and also the ratio of fine to coarse sediments suggested to affect the fluid phase density. This 
shows that the presence of coarse sediment influences the phase shift.  

3.1. Factors affecting phase shift 

Fig. 4 shows the experimental results for the debris flow phases: the upper part shows the effect of discharge and 
the lower part shows the effect of the particles and water ratio. Only the cases in which the supplied sediment ratio 
(fine to coarse: f:c) was (1:1) or (1:2) are described. The bar charts distinguished with a dotted line shows cases with 
the same supplied sediment concentration and the supplied sediment ratio f:c. For Case 23, the supplied concentration 
was 0.16, but it was placed with cases in which the concentration was 0.17.  

All cases showed a phase shift to fluid phase for the fine sediment. In cases 5, 7, 9, 11, 12, 15, 18, 19, and 23, not 
only all the fine sediment, but also part of the coarse sediment was presumed to behave as fluid phase. In Case 15 and 
19, more than half of the coarse sediment was presumed to behave as fluid phase. The supplied sediment concentration 
C was 0.17, the supplied sediment discharge was the smallest (120 cm3/s), and the ratio of fine to coarse sediment 
(f:c) was (1:1) and (5:7), respectively. However, when the supplied sediment concentration was C = 0.17, the supplied 
sediment discharge was 120 cm3/s, and the ratio of fine to coarse sediment was (1:2); Case 17 did not show coarse 
sediment behavior as fluid phase. In the cases which coarse sediment behaving as fluid phase, the proportion of the 
coarse sediment was larger than that of the fine sediment, except for Case 15. Therefore, it is suggested that the mixture 
ratio of fine and coarse sediment affect the phase shift. On the other hand, the fluid phase density  became larger 
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than 1.25 g/cm3 when the supplied sediment concentration was C = 0.33 (in Cases 5, 6, 12, and 13). Thus, the supplied 
sediment concentration and supplied sediment discharge indicated to affect the phase shift.  

Fig. 4.   Experimental results when the sediment supply fine-to-coarse ratio (in graph, shown as f:c) was 1:1 or 1:2 

At the same sediment concentration, the space around sediment particles in debris flow becomes small when the 
sediment discharge is small. Generally, turbulence in debris flow occurs more easily when the space around sediment 
particles is large. And it is presumed that turbulence causes sediment phase shift from solid to fluid more easily (e.g. 
Nakatani et al., 2018). However, in our experiment, some case results showed a different trend. When the supplied 
fine-sediment discharge was large, the space around fine sediment particle became large, but showed lower fluid phase 
density indicating that there was difficulty completing the phase shift. This trend was especially clear in cases with 
the fine to coarse particle ratio of 1:1 (e.g., when the supplied sediment concentration C was 0.33: cases 1, 6, and 13). 

When assuming that the space size around sediment particles in debris flow had become larger than the turbulence 
intensity influence range, we could explain the phenomenon that cases with large supplied fine sediment discharge 
resulted in lower fluid phase density indicating difficulty causing the phase shift. However, the cases in which the 
supplied sediment concentration C = 0.33 and the ratio of fine to coarse sediment was 1:2 (cases 5 and 12) showed 
almost the same fluid phase density, even though the supplied sediment discharge became large. In cases 5 and 12, it 
is suggested that the space size around sediment became close to the upper limit of the turbulence intensity influence 
range. On the other hand, when C = 0.17 and the ratio of fine to coarse sediment was 1:2 (cases 9 and 17), when the 
supplied sediment discharge was large, higher fluid phase density occurred which matches to the general approach. 
Here, it is presumed that the influence range of turbulence intensity influence was related to the amount of space 
around the sediment particles in debris flow, which can be considered from the supplied sediment discharge.   

3.2. Considering the phase shift from turbulence 

In our study, we did not acquire turbulence intensity directly from experiment results.  Therefore, we focused on 
the turbulent mixing length as a factor related to the sediment mobility in debris flows to consider the turbulence 
intensity. It is influenced by kinetic energy dissipation due to the interstitial fluid turbulence in debris flow. Referring 
to a previous study (Egashira et al., 1986), we defined the turbulent mixing length l as follows:  

𝑙 = √𝑘𝑓 (
1−𝐶𝑠𝑜𝑙𝑖𝑑

𝐶𝑠𝑜𝑙𝑖𝑑
)

1

3
𝑑 (8) 

where kf is the coefficient, √𝑘𝑓 = 0.5 from previous studies, and d is for the diameter of the sediment particles behaving 
as solid phase.   
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Fig. 5a shows the l/d, ratio of turbulent mixing length and sediment diameter on the horizontal axis. The vertical 
axis shows /w, a non-dimensional parameter calculated by dividing fluid phase density by the density of pure 
water w. In the graph, the plots show the supplied sediment concentration and supplied sediment discharge. From the 
results, when l/d becomes large, /w also becomes large. When the supplied sediment concentration C is high, l/d 
becomes small and /w becomes large. Regarding the different supplied sediment concentrations C, the inclination 
of the relationship between l/d and /w becomes steep when C is high. Calculating l/d from equation (8), it is assumed 
that when the sediment concentration C becomes higher, l/d becomes smaller and turbulence is less likely to occur. 
However, in our study, when sediment concentration C became higher, l/d became lower, but showing larger /w and 
turbulence was more likely to occur.  

Fig. 5.   Results (a) showing the relationship between the ratio of turbulent mixing length and diameter, and ρ/ρw, (b) showing the relationship 
between the dimensionless tractive force * and ratio of sediment acting in fluid phase 

With the same supplied sediment concentration C, cases with smaller supplied sediment discharge showed larger 
l/d and /w, and cause a greater shift in the sediment phase to fluid phase. The previously noted trend was clear in 
Case 13, C = 0.33 and supplied sediment was 300 cm3/s; in Case 18, C = 0.23 and supplied sediment was 180 cm3/s; 
and in Case 15, C = 0.17 and supplied sediment was 120 cm3/s. With C = 0.33, Case 1 showed the smallest l/d and 
/w, which was also the largest supplied sediment discharge case. This was an example to show that larger sediment 
discharge was presumed to inhibit turbulence and the phase shift. The second smallest l/d and /w with C = 0.33 was 
Case 16 for which the supplied sediment was 300 cm3/s, case including only fine sediment. Except for Case 16, the 
next larger l/d and /w with C = 0.33 was for supplied sediment of 500 cm3/s and then for 300 cm3/s. Therefore, this 
also matches the trend that smaller sediment discharge shows larger l/d and /w and causes more phase shift. When 
C = 0.23, Case 4 had the smallest l/d and /w, the supplied sediment discharge was 300 cm3/s, case including only 
fine sediment. Except for Case 4, Case 3 was the largest supplied sediment discharge with 450 cm3/s, showing the 
smallest l/d and /w for C = 0.23. With C = 0.17, except for the smallest l/d and /w in Case 17, the trend shows 
smaller supplied sediment discharge cases with larger l/d and /w. In Fig. 5a, the supplied concentration of C = 0.35 
is only one plot, but it matches the trend that when the concentration becomes large, l/d is lower and /w is higher. 
For C = 0.16, two plots in Fig. 5a show trend similar to that for the C = 0.17 cases.  

Next, we considered the indicator for turbulence intensity applying the dimensionless tractive force *, which is 
widely used as a parameter for sediment movability on riverbeds given by the equation 

𝜏∗ =  
𝜌𝑤ℎ 𝑠𝑖𝑛 𝜃

(𝜎−𝜌𝑤)𝑑𝑓
(9) 

Fig. 5b shows the dimensionless tractive force * on the horizontal axis. The vertical axis shows (C′′f + C′′d) / (Cf + 
Cd), the ratio of sediment that behaves as fluid phase. From these results, when * becomes large, the ratio of sediment 
behaving as fluid phase becomes small. This trend was different from those of recent studies using similar parameters 
u*/w0 for the indicator of sediment mobility, ratio of friction velocity u*, and settling velocity w0. In a recent study 
(Nakatani et al., 2018), when u*/w0 became large, the ratio of sediment behaving as fluid phase became larger. The 
difference occurred because the supplied sediment discharge was fixed in the recent study. However, in the current 
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study, we applied several conditions of supplied sediment discharge. Therefore, with high sediment concentrations 
and also large supplied discharge conditions, it is assumed that river-bed shear force to which sediment particles are 
exposed while flowing, and the energy loss due to particle collision, become larger. This results in lower mobility, 
and in lower fluid density. In cases with smaller sediment concentration (C = 0.16), the two plots in Fig. 5b show 
rather large ratios compared with other cases with higher sediment concentrations.  

4. Conclusions

In this study, we conducted hydraulic experiments with sediments of two different particle diameters, defined as
fine sediment and coarse sediment. We applied equilibrium methods and also took into account the contribution of 
the sediment to the increase in the fluid phase density due to sediment phase shift to fluid phase. From the results, all 
the cases showed a shift of fine sediment to fluid phase. Furthermore, in some cases, not only fine sediments, but some 
part of the coarse sediments as well, indicated to behave as fluid phase. Sediment phase shift presumed to happen 
because of flow turbulence resulting from the factors sediment concentration, mixture of particles of different sizes, 
and the supplied sediment discharge. Higher total sediment concentration, and a higher proportion of coarse sediment 
(rather than only the fine particle content), indicated to increase the fluid phase density. Cases with smaller total 
sediment discharge showed higher fluid phase density in same concentration. In this study, we focused on turbulent 
mixing length as turbulence intensity, and found that higher sediment concentration cases showed smaller turbulent 
mixing length, but also showed higher fluid density. We also found that larger dimensionless tractive force linked to 
smaller ratios of particles behaving as fluid phase. This was opposite the trends in other recent studies. For future 
studies, we will aim to measure turbulence intensity from experiments to consider further mechanism of phase shift. 

On the other hand, some studies claim that the sediment will not behave as either fluid or solid phase in debris 
flows (e.g. Sakai et al, 2016). We will consider it from different aspects such as applying resistance coefficients. In 
future work, we aim to propose a method for estimating the sediment phase shift to fluid phase, and apply these results 
in realistic debris flow simulations containing fine sediments, for more effective planning of countermeasure projects. 
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Abstract 

Debris flows are one of the most serious hazards in the mountainous areas. To assess and mitigate the debris-flow hazard, debris-
flow intensities and deposition on fans must be estimated. Rheological properties including yield stress and viscosity are major 
parameters to describe and predict behaviors of debris flow. In the present study, the effect of rheological properties on debris-flow 
intensities and deposition on fans of natural clay was investigated using large scale flume experiments. The experimental device 
employed in the tests consists of a tilting flume with an inclination 17°, on which a steel tank with a removable gate was installed. 
A final horizontal plane works as the deposition area. Natural soil samples of different water contents were tested. Rheological 
properties of soil mixtures were obtained from vane-rheometer tests. Non-linear regression analysis was used to assess the effect 
of yield stress and viscosity on debris-flow velocity, runout distance, deposited area and deposited volume. We found that the 
relationship between surface velocity profile and horizontal distance was complicated and could be expressed by sixth order 
polynomial function. Mean velocity, runout distance, deposited area decreased following a power law with an increase in yield 
stress and viscosity. Empirical equations were proposed to estimate these properties. The results of laboratory tests compared 
reasonably well with the results from numerical analysis. The results indicated that yield stress and viscosity play a significant role 
in the behavior of debris flow.    

Keywords: Debris-flow intensities; debris-flow deposition; flume test; rheological properties. 

1. Introduction

A debris flow is a moving mass of loose mud, sand, soil, rock, water and air that travels down a slope under the
influence of gravity. High velocities and deposition on debris-flow fan are a hazard to residential areas. On July 27, 
2011, a large catastrophic debris flow occurred in Seoul in Korea, this debris flow event caused the deaths of 49 people 
and affected 125,000 people. Therefore, the evaluation of debris-flow intensities and their deposition on fans are a key 
requirement to reduce the risk from debris flow. The debris-flow intensities can be expressed through velocity and 
runout distance. The deposition on fan can be represented by deposited area and deposited volume. Until now, many 
researchers have focused on the estimation and assessment of velocity, runout distance and volume of debris flow. 
The velocity and runout distance of a debris flow can be assessed via two methods including: theoretical methods 
(Hungr et al. 1984, Cannon and Savage 1988, Van Gassen and Cruden 1989, Takahashi 1991, Hungr 1995, VanDine 
1996, Iverson 1997, Rickenmann 2005, Armanini et al. 2009) established mass and momentum conservation  equations 
using  the  depth-integrated method based on the continuum theory;  empirical methods estimated debris-flow 
properties using regression analysis based on data from field observatory or flume experiment (Hungr et al. 1984, 
Johnson 1984, Ikeya 1989, Corominas 1996, Rickenmann 1999, Chen and Jan 2000, Marchi and D’Agostino 2004). 
The key steps in theoritical methods are the selection of parameters that can be difficult to accurately estimate, such 
as rheological properties, flow depth, flow velocity along the channel, etc…; while the formulas obtained from 
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empirical methods are limited to specific regions or flow conditions. In addition, the above studies have not considered 
clearly the effect of soil properties: grain size, clay fraction, water content, solid volumetric concentration, yield stress 
and viscosity on debris-flow behavior. From this point, this paper assess the effect of rheological properties on velocity, 
runout distance and deposition on fan of debris flow using the series of large scale flume experiment with natural clay 
at different water contents. Rheological properties of natural clay including yield stress and viscosity were obtained 
by large scale vane rheometer test. We compared results of flume tests with analysis using the BING numerical model. 
The results indicate that rheological properties like yield stress and viscosity play an important role in debris-flow 
behavior. 

2. Materials and Methods

The laboratory tests were carried out using natural clay were collected from Miryang and Hwangnyeong mountains 
in Korea. Both soils in Miryang and Hwangnyeong mountains were classified as well graded sand-clay (SW-SC) with 
particle size distribution curve is shown in Fig. 1. In the laboratory tests, water content of material sample ranges from 
48.9% to 83.2% in flume experiments and from 36% to 59% in vane rheometer tests as presented in Table 1. A series 
of large scale vane rheometer test and flume experiments were carried out to assess the effect of debris-flow 
rheological properties on velocity, runout distance and deposition on fan. A woody flume with a cross section is a 
isosceles trapezoid, with 4 m long and was adjusted to a slope angle of 17° for this set of experiments (Fig. 2). Then, 
the results of laboratory tests were compared with the results from simulations using Bing model. BING is a one-
dimensional model for simulating the flow of debris flows. The governing equations are integral forms obtained from 
the slender flow approximations typical in the application of Boundary Layer Theory. Slope angle is assumed to be 
sufficiently small to allow the approximations sin≈ tan≈ S and cos≈ 1; here S is bed slope. The general 
formulation used in BING is described in Imran et al. (2001).  It is based on the formulation for a Bingham slurry. 
The numerical formulation is the Lagrangian scheme.  

Fig. 1. Particle size distribution curve of soil sample 
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Table 1. List of the experiments of flume test and vane rheometer test 

Soil 

Flume experiment Vane rheometer test 

No. Water content (w, %) No. Water content (w, %) 

Miryang 

1 48.9 1 36.4 

2 49.1 2 37.2 

3 56.8 3 40.9 

4 68.5 4 44.6 

5 49.0 

Hwang- 

nyeong 

1 51.5 1 44.7 

2 63.8 2 46.8 

3 67.3 3 49.8 

4 75.4 4 54.6 

5 79.1 5 59.3 

6 83.2 

3. Results and Discussion

3.1. Rheological properties 

Fig. 3 presents a series of flow curves of the experimental results for Miryang soil (Fig. 3a) and Hwangnyeong soil 
(Fig. 3b) at different water content. All soil mixtures have a non-Newtonian fluid behavior. Experimental results 
showed that shear stress increased as shear rate increased at given water content. The test results are consistent with 
the results reported by Scotto Di Santolo et al. (2010), Jeong (2010), Kang (2016) and Nguyen et al (2018). Fig. 4a 
expresses the influence of water content on the yield stress (y, Pa) for Miryang soil and Hwangnyeong soil. As water 
content increases an exponential decrease in the yield stress is observed. This relationship is in line with the 
experimental results of Kang (2016) and Nguyen et al. (2018). Fig. 4b shows the relationship between plastic viscosity 
and water content of soil materials in Miryang and Hwangnyeong mountains. An increase in water content is 
accompanied by an exponential decrease in the plastic viscosity (, Pa.s) of all the tested soil mixtures, which is in 
line with the results obtained in a study of Ghezzehei and Dani (2001), Parsons et al. (2001), Kang (2016) and Nguyen 
et al. (2018). From these results, the yield stress and viscosity of soil mixtures used in the flume experiments were 
calculated from Fig. 4. 

Fig. 2. (a) The large scale vane rheometer (Kang and Kim, 2016); (b) The large scale flume experimental device  

a b 
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Fig. 3. Fitting rheological models obtained from experimental results at the different values of water content (a) Miryang natural clay; (b) 
Hwangnyeong natural clay  

Fig. 4. Relationship between rheological properties and water content (a) Yield stress; (b) Viscosity  

3.2. The effect of rheological properties on debris-flow properties 

Fig. 5 shows front velocity profile of debris flow verus distance from the gate with different water content for 
Miryang soil (Fig. 5a) and Hwangnyeong soil (Fig. 5b). The sixth order polynomial function is a regression line of 
the front velocity profile with R2>0.7. The front velocity can be described through three phases including: Phase 1, 
front velocity increases linearly with time and the rate of increase slightly depends on the rheological properties; Phase 
2, the velocity increases to reach peak value. This value increase when water content increases. Location to reach peak 
front velocity also depends on water content. This result indicates that the peak velocity was very sensitive to the 
change of rheological properties of debris-flow material; Phase 3, front velocity decreases from peak then it increases 
again to reach another high value. Finally, it decreases to zero at the end of deposition area. The results of flume 
experiment were also compared with velocity profile obtained from BING simulation (Fig. 6). There were differences 
in the shape of experimental front velocity profiles from those of the BING model. In the Bing model, the velocity 
profile can be divided to two phase: firstly, velocity increases linearly to archive a peak value; secondly, the velocity 
decreases from peak value to zero at the end of deposition area. However, the effect of rheological properties on front 
velocity was clearly observed with the rate of increase of front velocity and the peak velocity increases with a decrease 
in values of the rheological properties-namely, viscosity and yield stress. These results indicate that front velocity of 
debris flow behaved in a complex manner with time and was very sensitive to the change of rheological properties. 

a b 

a b 
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Fig. 5. Regression curve of front velocity profile of debris flow verus distance from gate at different water content (a) Miryang natural clay; (b) 
Hwangnyeong natural clay  

Fig. 6. Front velocity profile of debris flow verus distance from gate at different water content obtained from BING simulation (a) Miryang 
natural clay; (b) Hwangnyeong natural clay 

Fig. 7. Correlation between experiments and numerical simulation (a) Maximum velocity; (b) Runout distance 

Fig. 7 presents the correlation of results between flume experiments and numerical simulation. Fig. 7a shows 
maximum velocity correlation between experiments and simulation with correlation coefficient is 0.827. Fig. 7b shows 
runout distance correlation between experiments and simulation with correlation coefficient is 0.937. There are 
underestimations in simulation results compared with experiment results. It could be explain as follows: in flume 
experiment, there is the change in viscosity of debris-flow material due to deposition on the flume during flow process, 
while in numerical simulation, Bing model could not consider this phenomenon.   

Fig. 8 expresses the relationship between yield stress, viscosity and maximum front velocity (vmax, m/s) on the 
flume in a 3D-coordinate system. An increase in yield stress and viscosity is accompanied by an exponential decrease 
in the maximum front velocity, which is in line with the results obtained in a study of Ilstad et al. (2004) and Breien 

a b 

a b 

a b 
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et al. (2007). These studies had not presented directly the relationship between average front velocity of debris flow 
and rheological properties but, they assessed the effect of clay fraction in debris-flow material on front velocity of 
debris flow using laboratory flume experiments. In general, the velocities of debris flow are decreasing with increasing 
in clay content of soil sample. Fig. 8 also shows the comparison between the results from laboratory experiments and 
the results from BING simulation. The results from numerical simulation also expresses the effect of yield stress and 
viscosity on front velocity following an exponential fit.  

Fig. 8. Relationship between front velocity and yield stress, viscosity based on laboratory experiments and BING simulations 

The relationship between runout distance (R, cm) and yield stress and viscosity is reported in Fig. 9. It can be 
observed that runout distance exponentially decreases with an increase in yield stress and viscosity. This result is 
consistent with the conclusion obtained in a study of D’Agostino et al. (2010) that reported the effect of solid volume 
concentration of debris-flow material on travel angle of debris flow. Hurlimann et al. (2015) also presented the 
relationship between runout distance and water content of soil mixture based on flume experiments. In general, runout 
distance increases when water content increases. Fig. 9 also shows the comparison between the results from laboratory 
experiments and the results from BING simulation. The results from numerical simulation also express the effect of 
yield stress and viscosity on runout distance following an exponential relationship.  

Fig. 9. Relationship between runout distance and yield stress, viscosity based on laboratory experiments and BING simulations 
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Fig. 10 expresses the relationship between yield stress, viscosity and deposited area (A, m2) in a 3D-coordinate 
system. An increase in yield stress and viscosity is accompanied by an exponential decrease in deposited area and 
deposited volume, which is in line with the results obtained in the studies of Ilstad et al. (2004) and Hurlimann et al. 
(2015). Ilstad et al. (2004) reported the influence of clay content of the material on deposition thickness of debris 
flows, such that the deposit thickness increases as clay fraction decreases. Hurlimann et al. (2015) also presented the 
relationship between deposited area and water content of the soil mixture. In general, deposited area increases when 
water content increases. 

Fig. 10. Relationship between deposited area and yield stress, viscosity obtained from laboratory experiments 

Average front velocity, runout distance and deposited area of debris flow can be calculated from best fit equation 
from Fig. 8, 9 and 10; as follows: 

𝑣𝑚𝑎𝑥 = 3.840𝑒−0.007𝜏𝑦−0.023𝜂, 𝑅2 = 0.808  (1) 

𝑅 = 296.9𝑒−0.030𝜏𝑦−0.104𝜂 , 𝑅2 = 0.903  (2) 

𝐴 = 2.260𝑒−0.027𝜏𝑦−0.103𝜂, 𝑅2 = 0.861  (3) 

It is noted that front velocity, runout distance and deposited area are more sensitive to the change of viscosity 
than the change of yield stress. 

4. Conclusions

Several series of large size vane rheometer tests and large scale flume experiments were carried out in order to
evaluate the effect of both yield stress and viscosity on the debris-flow intensities and deposition on fan. The following 
conclusions were drawn from the experimental test results: The front velocity profile could be described through three 
phases: Phase 1, front velocity increased linearly with time and the rate of increase was slightly dependent on 
rheological properties; Phase 2, the velocity increased to reach peak value at the middle of debris flow. This value 
increased when yield stress and viscosity decreased. The location of the peak front velocity also depend on the yield 
stress and viscosity; Phase 3, front velocity decreases from peak then it increases again to reach another high value. 
Finally, it decreases to zero at the end of deposition area. An increase in yield stress and viscosity was accompanied 
by an exponential decrease in the maximum and maximum front velocity. The maximum front velocity on the flume 
were more sensitive to the change of viscosity than the change of yield stress. Runout distance exponentially decreased 
with an increase in yield stress and viscosity and was more sensitive to the change of viscosity than the change of 
yield stress. Deposited area exponentially decreased with an increase in yield stress and viscosity, and was more 
sensitive to the change of viscosity than the change of yield stress.  
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Abstract 

Large-scale landslides often induce debris flows and cause serious damage to humans. These events typically have water contents 

in the landslide mass less than 60 % and sediment concentrations more than 40 %. In spite of high sediment concentrations, 

landslide-induced debris flows can runout long distances. For large-scale stony debris flows, many previous studies have 

suggested that coarse gravels behave as a solid phase, whereas fine particles with interstitial water can behave as a fluid phase. 

We hypothesized this fine sediment might be one of the key processes controlling the long travel distances of landslide-induced 

debris flows. Here we assumed that the maximum diameter of the fine sediment behave as a fluid phase should vary depending 

on the friction velocity of the debris flow and the settling velocity of sediments. We conducted detailed field surveys for four 

landslide-induced debris flows and applied our numerical simulation model to describe the travel distance of the debris flows. 

Our results show that, if we set the ratio of the friction velocity of debris flow to the settling velocity of sediments around 1 to 4, 

the simulated travel distance agreed well with our studied four debris flows. We also confirmed that, while the total volume or 

mean sediment diameter of debris flows varied between study cases, the variability of ratios was small. We believe that our new 

method and the information it provides, may be helpful for predicting the future risk from the landslide-induced debris flows. 

Keywords: debris flow, numerical simulation, travel distance; fine sediment 

1. Introduction

Debris flows induced by large-scale landslides have sometimes runout long distances (e.g., Nishiguchi et al.,

2012). Nishiguchi et al. (2011) studied the relationship between the travel distance of landslide (L) and the maximum 

height between landslide scar and deposited area (H) of 10 Japanese debris flows caused by deep-seated rapid 

(catastrophic) landslides. The ratios of H to L were ranging from 0.11 to 0.35 and smaller than that for shallow 

landslide and small-scale debris flows. Similar processes have been studied in the last several decades in the world 

(e.g., Iverson et al., 2015). These long travel distanced debris-flows have serious impacts on human life and 

infrastructure. Therefore, in this study, we focused these large-scale debris-flow travelled relatively long distance.  

It is important to identify large debris flow hazard areas. In large-scale stony debris flows, other researches 

considered that the gravels move like laminar flow, but the interstitial water behaves as turbulent flow e.g.,

Takahashi, 2009; Hotta, 2012 . Moreover, fine particles can behave within the interstitial water as a fluid and many

previous studies call this process of fine sediment as shifting from solid phase to fluid phase (e.g., Iverson, 1997; 

Hotta, 2012). We refer to it as “phase-shift”. Based on this phase-shift concept, Nishiguchi et al. (2014) proposed a 

maximum diameter of sediments that behave like a fluid as Dc and confirmed that if we use best-fit Dc, the long 

travel distance of several past debris flows can be described by numerical simulations. However, the problem 

remains of that how to determine the parameter of Dc in the simulations given Dc should be variable in time and 

space, yet Nishiguchi et al. (2014) assumed Dc to be constant in their simulations.  

Here we developed a program in which the maximum diameter of phase-shifted sediment is varied depending on 

hydraulic conditions. Also, we conducted numerical simulations for landslide-induced debris flows with long runout 

and verified the applicability of our model.  
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2. Simulation model

2.1. Phase-shift concept 

Uchida et al. (2013) assumed that sediments can be classified into two groups (fine and coarse) by sediment 

diameter and defined the critical diameter of the sediment (Dc) as the smallest diameter that behaves as a solid in a 

debris flow. That is, they proposed that sediments larger than Dc move as solids, while those smaller than Dc behave 

as fluids in a debris flow. Here, we have adopted this concept to describe the phase shift of fine sediment. So, we 

defined the solid concentration of debris flow as the concentration of the sediment larger than Dc in debris flow. 

Also, we defined the representative grain diameter of the solid sediment as the mean diameter of the sediment larger 

than Dc. In addition, we calculated the interstitial fluid density ( ) as follows. 

        (1) 

where C  is the concentration of total sediment in debris flow, Cf  is the concentration of phase-shifted sediment in a 

debris flow, w is pure water density and s is the solid density of the sediment.  

Nishiguchi et al. (2014) assumed that fine particles can be physically suspended due to riverbed shear stress in a 

debris flow and showed that the settling velocities of best-fit Dc were lower than the friction velocities of the debris 

flow from the simulation results of past debris flows. Then, we propose that Dc varies depending on the ratio of 

settling velocity of Dc to friction velocity of the debris flow ( ) as follows. 

    (2) 

where u* is friction velocity of the debris flow, wk is settling velocity of diameter of dk and  is a coefficient.  is

assumed to be constant in time and space. Here we calculated u* for each time and space using the flow depth and 

longitudinal gradient as follow. This means that u* should varied in time and space, indicating that because the Dc 

varied with the u*, the Dc was also varied in time and space.    

   We considered friction velocity and settling velocity can be calculated from riverbed shear stress and the equation 

of Rubey, respectively. The friction velocity (u*) can be calculated from riverbed shear stress as  

,    (3) 

where I is the slope angle and h is flow depth of a debris flow. According to Rubey (1933), settling velocity can be 

expressed as follows. 

     (4) 

1 
 ss

.    (5) 

where v is kinematic viscosity of the fluid (0.01 cm2/s), s is submerged density of sediment, dk is particle diameter, g 

is gravitational acceleration.  Therefore, the behaviors of debris flow should be affected by friction velocity through 

change of fluid density and sediment diameter of solid phase due to phase-shift of fine sediment.  

2.2. Simulation model  

Kanako-LS, developed by Uchida et al. (2013), can describe a variety of sediment transport processes ranging 

from stony debris flow to bed load transport. In the model, the equations for momentum, continuity, riverbed 

deformation, erosion/deposition rate, and riverbed shear stress are based on previous studies by Takahashi and 

colleagues (e.g., Takahashi and Nakagawa, 1991; Takahashi, 2009). Kanako-LS can describe the phase-shift effect, 

but Dc is assumed to be constant in both space and time, regardless of solid sediment concentrations and flow 
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condition, such as debris flow, sediment sheet flow, or ordinary turbulent water flow. 

In this study, we modified the two-particle model of Kanako-LS to a multi-particle model and introduced our 

assumption of determining Dc, which varies depending on hydraulic condition as described in section 2.1. 

3. Method

3.1. Study sites 

The study sites (referred to as Sites A–D) are located in Japan. These debris flows occurred between 2003 and 

2015 (Table 1). All studied debris flows were triggered by heavy rainstorms and were caused by a deep-seated rapid 

landslide. These depths of landslides were around 20 m, 10 m, 45 m and 15 m at Sites A–D, respectively. 

We obtained the elevations of the land surface after the debris flows from prefecture LiDAR data for Sites A, C 

and D at a resolution of 1 m, 1 m and 2 m, respectively. For Site B, we obtained the results of field survey 

measurements. The landslide volumes (including the volume of the voids) determined from these topographic data 

ranged from 1.9 × 104 to 2.7 × 105 m3 and the extent of travel of the debris flow ranged from 0.6–2.1 km. Maximum 

erosion depths at Sites A, B and C were around 5, 7 and 3 m, respectively, whereas there were no eroded areas at 

Site D.  

We evaluated the grain size distribution of the debris flows using sieve tests, cross-sectional photographs of the 

deposits, and grain size distributions obtained from field measurements. Mean diameters of debris flow sediment for 

Sites A–D were 251, 600, 140, 735 mm, respectively. 

3.2. Data preparation for numerical simulation 

The longitudinal profiles of the riverbed that we used for the numerical simulations were set based on 

topographic data acquired before the debris flow events. The widths of the debris flows were determined as the 

averages of the riverbed widths before and after the debris flow. The initial depths of the movable bed layer were 

determined as the maximum erosion depth. Therefore, we set this variable to 5, 7, 3, and 0 m for Sites A, B, C, and 

D, respectively. Site B contained one grid-type sabo dam at 280 m below the landslide that was effectively 

blocked by the rocks and sediments of the debris flow. Therefore, we included a closed-type sabo dam in this 

simulation. 

We assumed that the soil and weathered bedrock of the landslide material were fully saturated by water. We used 

water content of the landslide mass based on measured porosity data of 0.34 and 0.49 for Site A and Site C, 

respectively. We did not have porosity data at sites B and C; therefore, we used the data collected for Site A. 

To create the input hydrographs at the lower end of landslide scar, we used the method proposed by Nishiguchi et 

al. (2013), who assumed that the relationship between velocity and flow depth could be described by Takahashi’s 

theory (Takahashi, 2004) and assumed that the longitudinal length of the debris flow at the lower end of landslide 

scar was the same as that of the landslide scar. Peak discharges of hydrographs for Sites A–D were estimated as 

about 4300, 1800, 3900 and 5400 m3/s, respectively. 

We used the particle size distribution of the debris flows measured in the field. Parameters of sediment density, 

Table 1. Studied debris flows 

Site Date Total volume of 

landslide * 

Total volume of 

debris flow * 

Travel 

distance

Distance of 

eroded section

Maximum erosion 

depth 

Mean diameter of debris 

flow sediment 

A 2003/7 43,000 m3 31,000 m3 1.6 km 0.8 km 5 m 
251 mm 

B 2007/7 19,000 m3 19,000 m3 0.6 km 0.15 km 7 m 
600 mm 

C 2015/7 91,000 m3 91,000 m3 1.1 km 0.25 km 3 m 
140 mm 

D 2005/9 520,000 m3 272,000 m3 2.1 km 0 km 0 m 
735 mm 

* including volume of the voids
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Table 2. Parameters for the simulations  

Parameters Value 

Water density 1,000 kg/m3 

Sediment density 2,650 kg/m3 

Volumetric sediment concentration in the riverbed 0.65 

Coefficient of riverbed roughness 0.06 

Coefficients of erosion rates 0.0007 

Coefficients of deposition rates 0.05 

Table 3. Simulation cases 

Case Diameter of fine sediments of fluid phase 

Case1 All sediments are regarded as solid phase. 

Case2  = 4 in Equation (2). 

Case3  = 1 in Equation (2). 

sediment concentration of riverbed, coefficients of erosion rates and deposition rates were set to 2,650 kg/m3 and 

0.65, 0.0007 and 0.05, respectively (Table 2). 

3.3. Simulation cases 

To test the effect of the magnitude of phase-shift on the propagation processes of a debris flow, we assumed three 

different condition of phase-shift. In Case 1, we assumed that all sediments were treated as a solid phase. In Cases 2 

and 3, the ratio of settling velocity of Dc to friction velocity of the debris flow ( ) were 4 and 1 in the debris flow.

4. Results

In Case 1, the simulated travel distances from the lower ends of the landslide scars to the lower ends of the

debris-flow deposits were less than half of the observed travel distances (Fig. 1). The lower ends of the landslide 

scars are zero of x-axis in Fig.1 If we consider the phase-shift of fine sediment in Cases 2 and 3, the simulated

travel distances of the debris flows increased; the distances of eroded section at Sites A, B and C also increased. As 

the critical ratio of settling velocity of phase-shifted sediment to friction velocity of debris flow ( ) decreased,

simulated travel distance of the debris flows increased.  

Comparing simulated results with observations, little agreement was found when all sediments are regarded as 

solids (Case1). The simulated travel and erosion distances matched our observations well when  was 1 (Case3) at

Sites A and B, and when  was 1 or 4 at Site C (Fig.1). Although the calculated elevation riverbed change agreed

well with the observed river bed change at 0–1200 m from the landslide scar in Site D, the calculated travel distance 

of the debris flow was shorter than observed. This might mean that should be set as less than 1 in Site D to

reproduce the observed travel distance. 

Fig.2 (a) shows the relation between mean sediment diameter of debris flow sediment and  for simulations with 

a good match to observations for Sites A-D and Fig.2(b) shows the relation between total volume of debris flow and 

. Although the mean sediment diameter and total volume of debris flow varied between study cases,  ranged from 

1 to 4 and the variability of  was small. It means that phase-shifted sediment was variable in time and space and our 

assumption, in which Dc varies depending on the ratio of settling velocity of Dc to friction velocity of the debris flow, 

was effective in predicting the particle size of phase-shifted sediment.  
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5. Concluding remarks

We introduced the concept that the diameter of phase-shifted sediment is variable depending on friction velocity

of a debris flow, which represents riverbed shear stress of a debris flow in our numerical simulations, then examined 

the applicability of our method to a variety of large-scale debris flows. As a result, we showed that, although their 

volumes and topography were diverse, the simulated results for these debris flows reproduced well the observed 

erosion and deposition patterns, if we set the ratio of friction velocity of debris flow to settling velocity of sediments 

as around 1 to 4 to account for phase-shift effects. Thus, we believe that our new method may be helpful for 

predicting the future risk from the long travel distance of landslide-induced debris flows. 

Fig. 1. Simulated Case1, Case2 and Case3 and observed riverbed change at Site A-D 

Fig. 2. (a) Relationship between mean sediment diameter of debris flows and  providing a good match to 

observations; (b) Relationship between total volume of debris flow and  providing a good match to observations 
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Abstract 

Understanding of particle-fluid interactions in a kinematic system is of great importance in the assessment and mitigation of natural 
mass flows (i.e., debris flows, submarine landslides, pyroclastic density currents). Previous research has pointed on the crucial role 
of the solid packing fraction in the motion of saturated and submerged granular systems. However, issues in understanding the role 
and dominance of particle-fluid interactions in transitional granular flows remain a work in progress. The granular column collapse 
allows a simplification of the complex dynamics observed in those systems, in which a granular assembly is organized with a given 
aspect ratio, between its initial height and initial width (𝑎=𝐻0/𝑅0), and let to collapse by self-weight onto a horizontal surface. This 
work presents a new approach to study submerged granular columns through the use of a modified planar model, incorporating a 
novel gate mechanism that does not interact with the surrounding fluid nor the granular media. Dye fluid is added to visualize the 
behaviour of the fluid enclosing the granular mass. Experimental results allow the formulation of an interaction mechanism between 
the particles and the surrounding fluid, identifying the fluid inflow into the column at release, followed by an recirculating outflow 
during the column spreading. These fluxes between the mobile mass and the fluid result in vortices next to the surface, entraining 
particles and mixing the surrounding fluids. The insights and conclusions gained in this research can be applied to the development 
and validation of analytical and numerical models studying the motion of immersed granular flows. 

Keywords: Granular column; granular flows; physical modeling; submarine landslides 

1. Introduction

Submarine landslides can generate tsunamis (Ivanova et al., 2018), damage submarine infrastructure (Harbitz et al.,
2013) and even induce coastal geomorphological changes (Dawson, 1994). Recent studies have found that the coupled 
motion of submarine landslides has a strong link with the initial volume packing fraction (Rondon et al., 2011), 
presenting a dilatant behaviour when densely packed and a contractant behaviour when loosely packed. However, it 
is yet not clear the mechanism controlling the momentum exchange between the particulate media and surrounding 
fluid during failure. In this paper, we address the momentum exchange originated in a submerged granular column 
collapse.  

The granular column collapse is an ideal model to reproduce transitional granular flows on a small scale (both in 
dry and submerged conditions), where a granular column is quickly released over a horizontal surface and led to 
collapse by self-weight (Lajeunesse et al., 2004; Lube et al., 2004). In the current paper, a submerged granular system 
with the addition of dyed fluid is studied in a planar 2D model. The granular mass is characterized by its initial height 
H0 and horizontal length R0, related by the aspect ratio a=H0/R0. Two aspect ratios (a=0.85 and a=2.63) are used to 
analyze the behaviour of the surrounding fluid during collapse. 
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2. Planar granular column setup

A dry planar model, similar to a Hele-Shaw cell, is introduced by Lacaze et al. (2008) with a thickness varying 
from 1.2 to 1.8 particle diameters. This configuration provides an easy measurement of the internal deformation and 
kinematic field during collapse. In their configuration, a top-swinging gate is employed as the opening mechanism. 
However, if such a mechanism is to be employed in submerged conditions, the gate motion will generate secondary 
fluxes that would interact with the overall collapse dynamics. This paper presents a similar setup adapted to the 
submerged case condition with an alternative opening mechanism. In this model, the top-swinging gate is replaced by 
a sliding gate moving in a plane perpendicular to the particles plane of motion, guaranteeing that all particles are 
released simultaneously and that no additional fluxes are generated (see Fig. 1). 

Figure 1 presents a sketch of the experimental setup. The experimental setup is composed of two Plexiglass 
(PMMA) square windows of 450 mm side and 10 mm thick. A cell gap of 2.4 mm lies between them and a 2 mm thick 
PMMA hollow square with an inner length of 390 mm. To limit leakages in the model perimeter, pieces of paperboard 
are added in between the PMMA windows and the hollow square. The paperboard pieces are moistened to diminish 
their potential absorption and prevent leakages. The opening mechanism is operated by a 4 bar linear pneumatic 
actuator. A high-intensity LED panel of 4000 lm backlights the model. A Mikrotron MotionBLITZ Cube 4 camera 
records the granular column collapse at a frame rate of 800 fps and with a resolution of 720 px by 530 px. 

Experiments are performed with 2 mm diameter ceramic beads with a particle density of 𝝆𝒑 = 3600 kg/m3,
manufactured by Sigmund-Lindner GmbH. The particles present a repose angle of 28.15° ± 0.75°, measured inside 
the experimental setup by releasing the particles in free-fall and under dry conditions. To prevent leaks in the sliding 
gate slot, petroleum-jelly seal is applied in the sliding gate, taking care that none of it gets inside the slot. The granular 
column is build up to a desired initial height H0 and the fluid is injected into the model. A slow fluid injection is 
performed, ensuring that no air bubbles remain trapped inside the granular body. The fluid used in this work is 

Fig. 1. Sketch of the granular column setup 
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composed of a mixture of deionized water with regular soap in a volume ratio of 40:1. Fluid is added until it reaches 
a height of 50 mm above the granular column. The sliding gate is connected to the pneumatic actuator and the 
illumination system is turned on, along with the camera and pressure system. At this point a dye is added using a 
needle through a compartment in the upper part of the experimental setup (see Fig. 2). The dye solution is made of 
100 ml of whole milk and 10 ml of rubbing alcohol. Once the dye reaches the bottom of the model and stabilize, the 
opening mechanism is activated and the camera records the movement of the granular mass. In this paper, we explore 
the collapse dynamics of short and tall columns at aspect ratios of a=0.85 and a=2.63, respectively. The following 
sections present the main results on the interaction of the granular column collapse and the surrounding fluid. 

3. Results and discussion

The submerged granular column is released evenly and quickly through its height with the occurrence of minimal 
droppings at the gate slice. The column collapse starts with the release of single particles on the column’s vertical free-
face and the formation of a curved wedge at its bottom-right corner. For the aspect ratio of a=0.85, the wedge crosses 
the granular column and emerges at near its surface-mid-width, transitioning into a shallow flow over the collapsed 
material, up to five particles thick, and deposits into a trapezoidal shape (see Fig. 2 (a-e)). For the aspect ratio of 
a=2.63, the wedge extends through the full column width curving up to the column’s top-left corner, releasing groups 
of free falling particles (see Fig. 2(g)) and transitioning into a slightly thicker flow over the collapsed material, up to 
ten particles thick, and deposits into a triangular shape (see Fig. 2 (f-j)). The single particles ejected from the collapsing 
mass decelerate and swirl, in a counterclockwise motion, until returning to the moving mass at a position behind from 
their release point (Topin et al., 2011). 

Following the work of Courrech du Pont et al. (2003) the Stokes number 𝑆𝑡 (Eq. 1) and the fluid-grain density ratio 
𝜒 (Eq. 2) can be used in the classification of a mass flow within three main flow regimes: free-fall regime, viscous 
regime, and inertial regime. Considering the particle parameters described above and assuming a fluid density of ρf = 
1000 kg/m3 and fluid viscosity of μf =0.001 Pa·s, the current set of experiments result in St ≈ 17.9 and χ ≈ 1.9, falling 
into the inertial regime. Mass flows in the inertial regime are understood to be controlled by gravity and fluid drag, 
approaching a limit velocity when the equilibrium between these two quantities is reached. 

𝑆𝑡 =
1

18√2

(𝜌𝑝Δ𝜌𝑔𝑑
3)
1/2

𝜇𝑓
    (1) 

𝜒 = (
𝜌𝑝

𝜌𝑓
)
1/2

 (2) 

Figure 3 presents the propagation of the granular front in time for the two aspect ratios being studied. On it, the 
collapse dynamics can be divided into three phases: first, an acceleration phase initiates after the column is released; 
then, the front propagation reaches a constant-velocity phase; and finally, a deceleration phase transits the column 
motion until deposition. The instantaneous front position (Ri) is measured directly from the digital images and the time 
collapsing time (tf) is taken as the time lasted until the column reached its final front position (Rf). Unlike dry granular 
flows, the front spreads as an interconnected mass (see Fig. 2), without releasing particles during its spreading (Pinzon 
and Cabrera, 2018). The collapsing time tf is 0.8 s and 1.7 s for the short and tall columns, respectively. 
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Fig. 2. Snapshots of the submerged column collapse. (a) to (e) short column with initial aspect ratio a = 0.85; (f) to (g) tall column with initial 
aspect ratio a = 2.63. 

410



Pinzón / 7th International Conference on Debris-Flow Hazards Mitigation  (2019) 

Figure 3 shows that the short column accelerates for a longer period of its total collapsing time, while the 
deceleration phase starts earlier on the tall column. However, the duration of the acceleration phase is on both cases 
close to 0.25 s, being in agreement with the observations of Bouguin and Lacaze (2018) for submerged columns in 
water. Moreover, the constant-velocity phase occurs in an equivalent time fraction of 0.4 tf on both cases but relates 
to different durations. In this region, the front propagation velocity is 0.35 m/s and 0.42 m/s for short and tall columns, 
respectively. 

After the column release, the water free-surface above the column is dragged-down, up to 4 mm and 10 mm for the 
short and tall columns, respectively, and waves sideways. Thanks to the dyed fluid, it is possible to visualize the flow 
patterns generated from the interaction of the granular column collapse with the surrounding fluid. Note that no 
secondary flows being induced by the gate opening are observed, being one of the main advantages of the current 
experimental setup. 

Rondon et al. (2011) found that the deposit morphology of a submerged granular column is mainly controlled by 
the initial volume packing fraction, resulting in short runout (Rf) for initially dense columns and viceversa. In their 
analysis, dense columns would dilate at the column release, inducing an inflow of fluid into the newly form voids and 
then reaching an equilibrium between the system dilation speed and viscous drag. For the current experimental setup, 
a rather dense assembly is obtained, being controlled by the cell gap and the system configuration alignment (Lévay 
et al., 2018). In our experiments, the momentum exchange mechanism between particles and fluid can be identified at 
the same three phases described in Fig. 3. 

Figure 4 presents the mean velocities of the fluid next to the granular column at release and within the acceleration 
phase. These flow velocities are computed with the particle image velocimetry (PIV) technique implemented in PIVlab 
(Thielicke and Stamhuis, 2014) and correspond to the mean velocities along the x-axis of the bottom-half and top-half 
of the initial column height (hollow and filled markers, respectively). Mean negative velocities, within the coloured 
region, represent fluid motion pointing into the granular column. The short column presents fluid motion 
predominantly in the collapse direction at release and transits into a slight inflow at its bottom marked up by the hollow 
markers errorbars (see Fig. 4(a)). The tall column presents an oscillating inflow through the column height, 

Fig. 3 Normalized lateral displacement of the granular front vs time. The dashed line marks the zone where the front presents a steady lateral 
propagation. 
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immediately after release, and then dissipates moving predominantly in the collapse direction on top and presenting 
fluid inflow next to the column’s bottom. 

At the constant-velocity phase, three simultaneous movements occur:  the fluid next to the granular column front i) 
fills the moving particles at its base, ii) is pushed upwards at its mid-height, and iii) moves against the collapse direction 
at its top. This motion pattern results in vortices that spin the ejected particles in a counterclockwise direction and 
explain the formation of the dye-free zone parallel to the granular surface (observed in Fig. 2(c) and 2(h)). The 
generation of this zone is formed from the fluid that is dragged from within the column and then flows out the granular 
assembly at this phase. 

At the decelerating phase, some dye reached the deposit top and starts to settle while being moved by the remaining 
inertia from the momentum transfer described in the previous phase. Note that at this phase most of the dye is mixed 
and diffuse during the collapse. 

4. Conclusions

The collapse of a submerged granular column is studied in a planar configuration, testing short and tall columns
made of densely packed ceramic beads, immersed in a solution of deionized water and regular soap. The fluid motion 
next to the column is visualized with the addition of a dye solution. 

Our experiments agree on the deposition patterns between short and tall columns (i.e., trapezoidal and triangular 
deposits, respectively) and can be classified as submerged granular flows within the inertial regime. In this regime, the 
collapse phases (e.g., acceleration, constant-velocity, and deceleration) are clearly identified from the motion of the 
granular column spreading, and are linked with the interaction mechanism between grains and surrounding fluid. This 
mechanism is observed on both column’s aspect ratios, starting with an inflow of fluid next to the column’s free-
vertical face associated with the dilation of the granular assembly. This inflow is overcome by the moving granular 
media, entraining fluid at its base and pushing fluid out at its surface. These fluxes between the collapsing granular 
media and the surrounding fluid result in vortices next to the surface, entraining particles and mixing the surrounding 
and interstitial fluids. This mechanism complements the current understanding of mass flows in submerged conditions 
and provides an opportunity for analytical and numerical verification. 

Further work would extend on this visualization advantages, studying the coupling between particles and fluid as a 
function of the column aspect ratio, fluid viscosity, and level of saturation. These extensions would set the validation 
case for the development of numerical approaches studying the motion of immersed granular flows. 

Fig. 4. Mean fluid front velocity at release and within the region of interest (ROI) marked in the inset for (a) a=0.85; (b) a=2.63. Hollow and 
filled markers represent the mean velocities along the x-axis of the bottom-half and top-half of the initial column height, respectively 
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Abstract 

We studied the run-up behavior of debris flows in a small-scale experimental flume using various material compositions, 

approach flow velocities, and geometries of the obstacle. The experiments were performed with a straight and 4 m to 6 m long 

flume channel with a circular cross-section of 15 cm top width. The debris flows were released from a head tank. We used three 

debris-flow mixtures, three channel slopes and either a vertical wall or an adverse slope of 30° as an obstacle. Additional tests 

were performed using water without sediment. The inclined channel was followed by a 30 cm long horizontal transition reach. 

Immediately upstream and along this reach we measured the shape of the approaching debris-flow surge with four laser sensors, 

and determined also the approach flow velocity and depth. The run-up conditions were recorded with a high-speed video camera. 

The measured run-up conditions were compared with four different theoretical models. The observed run-up conditions differed 

to some extent between debris-flow mixtures and clear water flows, and there were also some differenced among the debris flow 

mixtures depending on the relative proportion of coarse particles. The observed run-up heights were generally within the range 

predicted by the theoretical models, but none of them appears to be universally applicable to the entire range of investigated flow 

conditions. The commonly used energy principle is not always a conservative method to estimate run-up heights, as has been 

reported in previous studies. 

Keywords: debris flow; experiment; run-up height; flow velocity 

1. Introduction and theoretical models

Debris-flow run-up on obstacles in their path has a great practical relevance. For a number of applications the

flow velocity of a debris flow is one of the key parameters. Owing to the extreme nature of this process, direct 

measurements in the field are challenging. One important problem in engineering practice is the estimation of run-up 

height of debris flows against obstacles in their paths. If no direct measurements are possible, characteristics of 

debris flow events can be estimated based on post-event field investigations (Scheidl et al., 2015). In the specific 

case of velocity estimation such field investigations can be based on geological deposits on banks (Scheidl et al., 

2015) and flow marks on trees, rocks or walls. In bigger events run-up trimlines at adverse slopes can be used. These 

post facto estimates of debris flow speeds are only useful, if the models that relate flow speeds to run-up heights are 

well-founded (Iverson et al., 2016). Unfortunately this is not always the case.  

The goal of this study is to systematically investigate the run-up height on obstacles and find a relation to debris-

flow parameters. To reach this goal several small-scale laboratory experiments were conducted. The debris-flow 

velocities as well as the run-up heights were measured independently. The measured flow properties of the incoming 

flow were used as input to theoretical models, and the predicted run-up heights were then compared with the 

measured run-up heights.  

The (frictionless) Point Mass (PM) model, based on the energy principle and a complete conversion of kinetic 

energy into potential energy, is the most commonly used to predict debris-flow run-up height against vertical walls 
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(Kwan, 2012; Choi et al., 2015). The PM model used here is formulated for a fluid element moving on top (at the 

surface) of the approach flow to the obstacle. We note that Iverson et al. (2016) used a modified version of the PM 

model without adding the approach flow depth h1 to the final run-up height H. The frictionless Finite Mass (FM) 

Modell is derived by a mechanical energy balance for a finite mass, as presented by Iverson et al. (2016). Also here, 

a complete conversion of kinetic energy into potential energy is assumed, but the model is formulated with respect to 

the center of the finite mass, and a uniform vertical distribution of the mass in its final position (at the vertical wall) 

is assumed. 

Theoretical runout models for mass flows against obstacles (dams) with adverse slopes were developed for snow 

avalanches, debris flows, and rapid landslides (e.g., Takahashi and Yoshida, 1979; Mancarella and Hungr, 2010), 

and this model was called Smooth Momentum Flux (SMF) model. So far the SMF model was always formulated and 

tested on obstacles perpendicular to an inclined channel. Iverson et al. (2016) modified the SMF equation in three 

key aspects. First, it is assumed that all incoming flow momentum is redirected upslope by centripetal forces that act 

on the foot of the adverse slope. Second, the focus is on basal flow resistance caused exclusively by Coulomb 

friction. Third, a more precise treatment of the effects of longitudinal pressure gradients is considered.  

One significant recognition from recent research is that the behavior of avalanches impacting a dam can be 

characterized by shock waves. This approach was first described by Hákonardóttir et al. (2003) and tested for 

avalanches, steady water flows and granular flows. It was again reported in Jóhannesson et al. (2009) (avalanches) 

and by Choi et al. (2015), who investigated the run-up mechanism for pure water and supercritical sand flows. Here 

a generalized version of the Momentum Jump (MJ) approach proposed by Iverson et al. (2016) is used, which 

accounts for the possibility of non-hydrostatic longitudinal normal stresses and/or a jump in the flow bulk density 

from upstream to downstream of the jump. 

The four theoretical models are summarized in the Table 1 below, where the run-up height H (presented in non-

dimensional form as H/h1) is given as a function of the approach flow depth h1 and approach flow velocity v1 and 

further parameters for. These are g = gravitational acceleration, Fr1 = v1/(gh1)
0.5 = Froude number (of the approach 

flow),  = earth pressure coefficient,  = angle of adverse slope, and e = basal friction angle. Iverson et al. (2016) 

noted that the MJ Model (Table 1) can be rearranged with the only dependent variable (H/h1) in the form of a cubic 

equation. 

Table 1. Four theoretical run-up height models that were used for comparison with the experimental results. The 

models are as presented in Iverson et al. (2016), except for the PM model for which we added the approach flow 

depth h1 to obtain the final run-up height H. For the FM, SMF, and MJ models, equal densities 1 = 2 are assumed, 

where 1 refers to the density of the flow before the obstacle and 2 to that in the run-out or run-up zone.  

Model equation Model name Short name 
Point Mass PM 

Finite Mass FM 

Smooth Momentum Flux SMF 

Momentum Jump MJ 

There are two important limitations associated with our study presented here. First, the experiments were 

performed at a very small scale, which makes it difficult to compare them with natural debris flows (Iverson, 2015). 

Second, the analytical models considered in Table 1 are based on the assumption of steady, uniform incoming flow; 
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this has to be kept in mind for our comparison of the experimental observations with the analytical model 

predictions. 

2. Experiments and measurements

The experiments were conducted at the Swiss Federal Institute for Forest, Snow and Landscape Research WSL in 

Birmensdorf. A schematic overview of the flume and the instrumentation layout is presented in Fig. 1. The flow is 

started from a reservoir with a gate which can be rapidly opened to initiate a dam-break-like release of the sediment 

mixture. The reservoir empties into a 60 cm long acceleration section, in which the rectangular cross section 

smoothly transitions to a semi-circular cross section of the main flume. This main part of length L (s. also below) 

consists of a flexible plastic half-pipe with a diameter of 0.17 m mounted on a wooden supporting construction and 

aligned with wooden retaining walls alongside of the plastic half-pipe. The surface of the flume is covered with 40-

grid aluminum oxide carbide sandpaper (P40, 1960 siarexx) providing a uniform basal friction layer. At the 

downstream end the flume bed begins to flatten. In this bend section, 0.22 m long, the flume bed is covered with 

duct tape (tesa®extra Power Universal) in order to minimize the hydraulic energy losses. The transition from a 

uniformly sloped, semicircular channel to a horizontal, rectangular outlet does not follow a well-defined geometrical 

shape but great care was taken to establish a smooth changeover. The flume ends on a planar formwork panel. 

Vertically placed acrylic sidewalls channel the debris flows on the flat runout surface, 0.24 m long, and help them 

maintain high speeds as they cross the horizontal runout surface and encounter obstacles. Two geometries of 

obstacles were used: an adverse slope inclined at 30°, and a vertical wall (inclined at 90°), and both obstacles were 

0.8 m wide. In every case there was a gap of 0.05 m in flow direction between the acrylic sidewalls and the 

beginning of the obstacle. Three different channel inclinations were used to vary the approach flow velocity v1 in 

front of the obstacle: 20° and 25° with a flume length L = 6 m, and 40° with L = 4 m.  

Fig. 1. Schematic view of experimental set-up and the instrumentation layout. 

Three sediment-water mixtures with different grain size distribution were used. The experimental mixtures used 

in this study (A, B and C) are similar to those described in Scheidl et al. (2015) and fit in the large variability of 

grain size distributions of field debris-flow samples. Scheidl et al. (2015) and Scheidl et al. (2013) provide a 

comparison between mixtures A, B, C and sediment mixtures used in other studies. The mixtures are based on 

combinations of loam, crushed stone and water. Four different crushed stone fractions from the KIBAG Kies Stadel 

AG (Windlach, Switzerland) were used. The loam was imported from the clay pit of Stoob (Austria), a village well 

known for pottery art. The result of a mineral analysis revealed, that the loam consists of 26 % clay, 60 % silt and 14 

% sand. Further the analysis showed that the clay fraction of the loam (< 2 m) contains 22 % illite, 24 % kaolinite 

and 53 % smectite. Smectite is a swellable clay mineral, which counteracts phase separation for a longer time period 
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(Scheidl et al., 2013). The mass contribution of each grain size fraction and of the water is given in Table 2. The 

total weight of each experimental mixture was kept constant at 12 kg. All the mixtures were composed of 60 

volume-percent (vol.%) or 73 weight-percent (wt.%) of sediment (loam and crushed stone) and 40 vol.% of (or 27 

wt.%) of water. This results in a total volume of approximately 8.1 dm3 experimental debris flow mass with a bulk 

density of df = 1484 kg/m3. The characteristics of the experimental debris mixtures are given in Table 3 which 

includes also information on the grain size distributions. 

The instrumentation layout includes four laser devices at the lower end of the channel to determine flow depth 

and front velocity. They were mounted directly above the channel with the same inclination as the channel (Fig. 1). 

Two high speed cameras (monochrome, 800 x 600 pixels, up to 500 frames per second) were mounted to capture the 

run-up process. One was installed at the side, perpendicular to the flow axis, and the other one captured a frontal 

view of the run-up. They were triggered with a capacitive proximity switch at the gate in the moment of the gate 

opening. The lasers recorded flow depths over a time interval of 20 s with an additional pre-trigger of 1 s. The raw 

data contained a lot of noise and scattered signal due to the wet surface of the channel and the debris flow. For that 

reason, all raw data was initially filtered. A moving median filter based on a running window of 80 points removed 

random effects and the signal noise. The measurement frequency of the laser devices is 2 kHz, hence a moving 

median over 80 points basically averages measurements over a time duration of 1/25 s. The laser devices were 

calibrated at the beginning of each day. The flow observed at the section of laser 4 was sometimes already 

influenced by the run-up process ca. 5.5 cm downstream. Some further pre-processing of the laser data was needed 

to find a robust method to determine reliable values of flow depth and flow velocity before the impact of the flow 

with the obstacle. If possible the flow depth measured by laser 4 was used as input parameter h1 for the theoretical 

models, otherwise the flow depth measured by laser 3 was used as input parameter h1. The approach flow velocity 

was determined from the time difference of characteristic positions of the front between two laser cross-sections 

close to the obstacle. 

Table 2. Proportions of the crushed particle fractions used to prepare the sediment mixtures (s. also Table 3). 

Table 3. Characteristics of sediment mixtures used for the experiments. dxx is the sediment particle diameter for 

which xx% of the mass of is finer. (The mixtures are similar as those used by Scheidl et al., 2015). 

3. Results and discussion

3.1. Run-up against adverse slope 

The normalized run-up heights H/h1 are shown as a function of the approach flow Froude number Fr1 in Fig. 2 

for the experiments with a 30° adverse slope. Also shown are the normalized run-up heights predicted by the four 

models listed in Table 1 (whereby the MJ Model equation was solved for the dependent variable H/h1). We cannot 

observe a clear stratification of the experimental data, except for a slight tendency of mixture A with the finest 

sediment to plot at the lower range of the data (for a given Froude number). The FM model provides the most 

conservative estimate of run-up height (upper bound of theoretical models) for values of Fr1 larger than 2, and all 
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experiments resulted in run-up heights smaller than predicted by this model. If the MJ model is assumed to be valid 

for the experiments, then different earth pressure coefficients  would be required for different ranges of the Froude 

number Fr1 for a best fit with the data, with an approximate value of   1.0 for Fr1 smaller than about 2.8, and   

0.4 for Fr1 larger than about 2.8 (Fig. 2). The SMF model (which may be appropriate for the run-up against an 

inclined obstacle) approximately fits the experiments for   1.0 and a basal friction angle e between 30° and 40° in 

the case of Fr1 larger than about 3, and for   1.0 and e  10° in the case of Fr1 smaller than about 3. For 

comparison, the results from the water experiments are included in a separate plot (inset in Fig. 2); these data are in 

reasonable agreement with the PM model.  

Fig. 2. Run-up heights against an inclined wall (adverse slope of 30°), comparison of experimental results with theoretical models. For the FM, 

SMF and MJ models equal densities 1 = 2 are assumed before and at the obstacle. The inset shows results for the clear water experiments. 

3.2. Run-up against vertical wall 

For the experiments with a vertical wall as obstacle (i.e. a 90° adverse slope), the normalized run-up heights H/h1 

are shown as a function of the approach flow Froude number Fr1 in Fig. 3 Also shown are the normalized run-up 

heights predicted by the four models listed in Table 1 (whereby the MJ Model equation was solved for the 

dependent variable H/h1). Again, we cannot observe a clear stratification of the experimental data; in this case, 

however, there is again a tendency of mixture A with the finest sediment to plot at the lower range of the data for 

Fr1 smaller than about 4, whereas the mixture A data tend to plot at the upper range of the data for Fr1 between 6 

and 8. Both the FM and the SMF models (SMF with  = 1.0 and e = 40°) appear to provide the most conservative 

estimate of run-up height (upper bound of theoretical models) for values of Fr1 larger than about 2, and are closer to 

the experimental data only for values of Fr1 between about 1 and 3. The MJ model (which may be appropriate for 

the run-up against a vertical wall) provides a reasonable fit to the experiments for   1.0 and Fr1 smaller than about 

2.4, and for   0.5 and Fr1 larger than about 2.4. For comparison, the results from the water experiments are 

included also here in a separate plot (inset in Fig. 3); in this case the PM model appears to provide an upper limit for 

the water data. 
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Fig. 3. Run-up heights against a vertical wall (adverse slope of 90°), comparison of experimental results with theoretical models. For the FM, 

SMF and MJ models equal densities 1 = 2 are assumed before and at the obstacle. The inset shows results for the clear water experiments. 

3.3. Discussion 

One may argue that run-up on an adverse slope (Fig. 2) is best described by gradual deceleration and smooth 

transfer of mass and momentum from the body to the flow head, as reflected by the SMF model. Our experimental 

results indicate that an increasing basal friction angle e would be necessary for increasing Froude number or flow 

velocities to provide a reasonable fit with the SMF model prediction (if we neglect possible discrepancies due to the 

steady, uniform flow assumption for the analytical models). This may appear to be counterintuitive at first sight 

(since a "dilatation" effect might be expected for higher granular temperatures) and indicates a possible limitation of 

the SMF model. If we assume, however, that the friction force in the run-up zone is governed by a velocity-squared 

dependent, Chezy-like friction term (as in the Voellmy fluid model often used for debris flows), then a resulting 

increase of the total friction with increasing velocity can be justified (note that the approach flow depths h1 varied 

much less in our experiments than the approach flow velocity v1).  

A common observation for both the adverse slope (Fig. 2) and the vertical wall experiments (Fig. 3) is that for an 

approximate agreement of the experimental data with the MJ model an earth pressure coefficient  smaller than 1 

would be required for Fr1 values larger than about 2.5 to 2.8, whereas a value   1 appears to be appropriate for 

smaller Froude numbers. This finding is somewhat counterintuitive, as a larger longitudinal compression of the flow 

requires larger  values in the range of passive earth pressure coefficients (Hungr, 1995), and a larger longitudinal 

compression of the flow may be expected for our debris-flow experiments with higher Froude numbers.  

However, it should be kept in mind that the comparison of our run-up heights with the analytical models 

represents a simplification in view of the unsteady and non-uniform approach flow to the obstacle in the 

experiments. Iverson et al (2016) found that the SMF model yielded predictions of relative run-up heights that were 

broadly in agreement with results of more accurate simulations with a numerical model; however, the SMF model 

yielded relative run-up heights that were generally too small if Fr1 = 1 and too large if Fr1 = 5, while they were more 

accurate if Fr1 = 3. For our experiments with an adverse slope of 30° as obstacle, there is a qualitatively somewhat 

similar comparison in the sense that the SMF model (with  = 1) underestimates the data for smaller Fr1 and 

overestimates for larger Fr1 values. 

It is somewhat surprising that MJ model is not in agreement with the clear water experiments for the vertical wall 

case (although the relative disagreement is less than for the adverse slope case). Concerning the other vertical wall 

experiments (Fig. 3), we observed a qualitative difference in the run-up behavior depending on flow velocity (or 

Froude number). For smaller Fr1 values, sediment tended to pile up in form of a ramp in front of the obstacle, which 

helped redirect some incoming flow momentum upward. This tendency was more pronounced for the coarser 
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mixtures B and C that promoted the formation of static deposits, and this could partially explain why these mixtures 

lead to higher run-up measurements than mixture A, for Froude numbers smaller than about 4. This piling up of 

sediments in front of the obstacle producing a ramp may also be a reason why the SMF model (with e = 40° and  

= 1) may reasonably well describe the debris flow experiments lower Fr1 numbers (1 to 3). This piling up of 

sediments in front of the obstacle producing a ramp also occurred for the adverse slope experiments for smaller 

Froude numbers. For the adverse slope experiments and larger Froude numbers, deflection of flow when 

encountering the obstacle was observed. 

An important limitation of our study is the fact that our experiments involved a very small scale compared to 

natural events. According to Iverson (2015), miniaturized debris flows exhibit disproportionately large effects of 

viscous shear resistance and cohesion as well as disproportionately small effects of excess pore-fluid pressure that is 

generated by debris dilation or contraction.  

4. Conclusions

While run-up on an adverse slope is best described by gradual deceleration and smooth transfer of mass and 

momentum from the body to the flow head, run-up against a vertical barrier is dominated by an abrupt and complete 

stoppage of the incoming flow. This leads to a rapid upward jump in the surface elevation of the approach flow, and 

to a shock wave travelling upstream. The experimental results reveal that the run-up mechanism is strongly 

dependent on incoming flow conditions. Supercritical watery flows resulted in a vertical jet mechanism, granular dry 

flows resulted in a pile-up mechanism instead of a distinct run-up. The observed run-up heights were generally 

within the range predicted by the theoretical models, but none of them appears to be universally applicable to the 

entire range of investigated flow conditions. The commonly used energy principle is not always a conservative 

method to estimate run-up heights. 
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Abstract 

Debris flows generally includes a wide range of grain sizes, in which fine sediment behaves as a fluid phase rather than as a solid 
phase and enlarges the pore fluid density. Although in existing models fine sediment constantly behave as fluid phase from initiation 
to deposition, previous researches have reported that behavior of fine sediment can vary through debris-flow propagations 
depending on the kinematic conditions (i.e., relation of turbulence and the settling velocity of the particles). To test the effects of 
this transitional behavior of fine sediment and compare with existing models, we conduct numerical simulations of debris flows 
with bidisperse granular materials, employing two models for the behavior of small particles: (i) all small particles constantly 
behave as a fluid phase (Model I); and (ii) the ratio of small particles behaving as a fluid phase varies depending on the kinematic 
conditions (Model II). In the simulations, we used an inclined channel with erodible bed at the upper stream end of the reach, where 
debris flows initiate by supplying water. Varying the inclination from 15° to 20°, we measured the time series of discharges, flow 
depths, sediment concentrations and pore fluid densities at the downstream end. Hydrographs of the two models are significantly 
different at higher slopes, with a sharp peak at the front of debris flows in Model I and relatively moderate peak in Model II. These 
differences are caused by higher pore fluid densities from the front to the tail of debris flows in Model I, in contrast to lower pore 
fluid densities in Model II, where not all of small particles behave as a fluid phase. This infers that discharge rate of debris flows 
can be overestimated especially at higher slopes if the transitional behavior of fine sediment is not considered. 

Keywords: debris flow; numerical simulation; fine sediment; pore fluid density; hydrograph 

1. Introduction

Debris flows are mixtures of water and sediment descending steep slopes in mountainous regions: these phenomena
can cause severe damage to human life and property. Numerical simulations of debris flows have been used to prevent 
and mitigate sediment disasters related to debris flows. Previous studies have explored the numerical simulation of 
debris flow using flow resistance formula (Iverson, 1997) and entrainment rate equations (Iverson and Ouyang, 2015), 
which reflect the physical characteristics of the flow. Flow resistance formula are derived based on the constitutive 
equations for debris flows, which are modeled under the assumption that sediment particles are of uniform grain size 
(Takahashi, 1991; Egashira et al., 1997; Berzi and Jenkins, 2008). The performance of these numerical simulation 
models has been validated by laboratory measurements of the characteristics of monogranular debris flows, and good 
agreement with the calculation results has been reported (Egashira et al., 2001; Berzi and Larcan, 2013). 

In contrast, natural debris flows comprise a wide range of grain sizes, from clay and silt to boulders (Coe et al., 
2008): this variation partly determines flow characteristics such as the segregation of coarse grains to the flow surface 
(Takahashi et al., 1992) and the suspension of fine sediment in pore fluid (Iverson, 1997; Kaitna et al., 2016). The pore 
fluid of debris flows can be made turbulent by strong shear of coarse sediment particles (Hotta, 2011), such that fine 
sediment may contribute to the pore fluid as a fluid phase (Hotta et al., 2013). Thus, numerical simulations of natural 
debris flows must take into account the increase in pore fluid density that can result from the suspension of fine 
sediment (Osti et al., 2004; Osti and Egashira, 2008). In early simulations, pore fluid density was generally assumed 
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to be constant throughout debris-flow propagation, in the absence of clear selection criteria to determine pore fluid 
density. Recently, numerical simulations of in situ debris flows containing fine sediment have considered the critical 
diameter of the sediment particles, below which sediment particles contributes to a fluid phase, accordingly varying 
the pore fluid densities through debris flow propagations (Nishiguchi et al., 2011; Uchida et al., 2013). This have led 
to a higher reproducibility of the propagation behavior of such debris flows. 

Although introducing the critical diameter made it clearer how to set the pore fluid density, fine sediment behaving 
as a fluid phase was determined simply by a given grain size. However, recent research from laboratory experiments 
using bidisperse granular materials has shown that fine sediment does not necessarily behave as a fluid phase (Hotta 
et al., 2013), or rather, the behavior of fine sediment depends on the kinematic conditions, i.e. the ratio of shear or 
turbulent velocity to the settling velocity of fine sediment (Nakatani et al., 2018; Sakai et al., 2019). In other word, 
this implies that the behavior of the fine sediment is not simply determined by the grain size, and fine sediment may 
behave as a solid or fluid phase depending on the kinematic conditions even with the same grain size. 

  In this study, we constructed a numerical simulation model incorporating these fine sediment behaviors and tested 
its performance for debris flows with bidisperse granular materials, comparing with the numerical simulation based 
on the existing method in which fine sediment behaving as a fluid phase was determined simply by a given grain size. 

2. Numerical simulation of debris flows focusing on fine sediment behavior

2.1. Governing equations for debris flows consisting of bidisperse granular materials 

The one-dimensional behavior of debris flows consisting of bidisperse granular materials is described based on the 
following governing equations, i.e., continuity equations for debris flow with large and small particles and the 
momentum equation for debris flow: 

where 𝑡 is time, 𝑥 is the coordinate axis along the flow direction, ℎ is the flow depth, 𝑀 is the discharge rate at a unit 
width, 𝐸 is the entrainment rate at the bed, 𝐶𝐿 and 𝐶𝑆 are the depth-averaged sediment concentration of large and small
particles in the cross section, 𝐶∗ is the concentration of the sediment mixture in the channel deposits, 𝑟 is the ratio of
entrained small particles to the entrained bidisperse granular mixture, 𝛽 is the momentum correction factor, 𝑢 is the 
depth-averaged velocity, 𝑔 is the acceleration due to gravity, 𝐻 is the elevation of the flow surface, 𝜏0 is the shear
stress at the bed, and 𝜌𝑚 is the density of the debris flow.

There are several existing resistance formula and entrainment rate equations of debris flows. The flow resistance 
formula proposed by Egashira et al. (1997) is employed for 𝜏0:

𝜕ℎ
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+
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where 𝜌 is the density of the pore fluid, 𝜎 is the density of the sediment particles, 𝐶𝑑 is the concentration of sediment
particles behaving as a solid phase, 𝜃 is the bed inclination, 𝜙𝑠 is the internal friction angle of the sediment particles,
𝑘𝑔 is a constant (= 0.0828), 𝑒 is the coefficient of the restitution of the sediment particles, 𝑘𝑓 is the constant relating
to interstitial space, and 𝑑 is the representative diameter of particles in sediment mixture. 

The entrainment rate equation proposed by Egashira et al. (2001) is employed for 𝐸: 

Equation (8) employs the concept of equilibrium bed slope 𝜃𝑒 for a given sediment concentration expressed in Eq. (9),
where erosion and deposition are balanced. The surface position of the river bed varies through erosion and deposition 
such that slope 𝜃 approach 𝜃𝑒.

In this framework, the suspension of small particles affects the flow resistance and entrainment rate through the 
changes in the sediment concentration behaving as solid phase, the pore fluid density and the representative diameter. 
Details of this point are discussed in the next section. 

2.2. Models for the behavior of fine sediment 

As coarse sediment contributes to inter-particle stress, fine sediment contributes to the stress on the pore fluid, 
increasing its density. Among bidisperse granular materials containing large particles that constantly behave as a solid 
phase, small particles can behave as both a solid and a fluid phase. Thus, modeling the behavior of small particles may 
affect the overall results of numerical simulations. In this study, we defined two models for the behavior of small 
particles: (i) all small particles constantly behave as a fluid phase (Model I); and (ii) the ratio of small particles 
behaving as a fluid phase varies depending on the kinematic conditions (Model II) (Fig. 1). In Model II, the sediment 
concentration of small particles (𝐶𝑆) is divided into that behaving as a fluid phase (𝐶𝑓) and a solid phase (𝐶𝑆 − 𝐶𝑓).

Model I reflects the conventional treatment of fine sediment, with the threshold decided simply by the grain size. 
In Model I, the pore fluid density 𝜌 and representative diameter 𝑑 are expressed as 𝜌𝑀𝑜𝑑𝑒𝑙 𝐼 = 𝜌𝑤 (1 − 𝐶) (1 − 𝐶𝐿)⁄ +
𝜎 𝐶𝑆 (1 − 𝐶𝐿)⁄  and 𝑑𝑀𝑜𝑑𝑒𝑙 𝐼 = 𝑑𝐿, where 𝐶 is the sediment concentration of the bidisperse granular mixture (𝐶𝐿 + 𝐶𝑆)
and 𝜌𝑤 is the density of water.

Model II adopts the concept that the behavior of small particles depends on the kinematic conditions, i.e., the ratio 
of shear velocity 𝑢∗ = √𝑔ℎ sin 𝜃 or turbulent velocity of the pore fluid 𝑣𝑡 = 5 2⁄ √𝑘𝑓((1 − 𝐶𝐿) 𝐶𝐿⁄ )1 3⁄ 𝑢𝑑𝐿 ℎ⁄  to the
settling velocity of small particles 𝑤𝑠 = ((1 − 𝐶) (1 − 𝐶𝐿)⁄ )𝑛𝑤0, where 𝑛 is an empirically determined exponent (for
simplicity, 𝑛 = 4 in this study) and 𝑤𝑜 is the terminal settling velocity of a single particle. 𝑣𝑡  is derived from the
constitutive equations of Egashira et al. (1997), which assume that the mixing length contributing to the Reynolds 
stress is defined by the scale of the pore space between particles.  

Through flume tests with bidisperse granular materials, Sakai et al. (2019) derived linear-regression based 
relationships between the behavior of small particles and the kinematic conditions, 𝑢∗ 𝑤𝑠⁄  or 𝑣𝑡 𝑤𝑠⁄ , using the blending
factor 𝛼 , which is defined as 𝑓𝑒𝑥 = (1 − 𝛼)𝑓𝑐𝑎𝑙:𝑀𝑜𝑑𝑒𝑙 1 + 𝛼𝑓𝑐𝑎𝑙:𝑀𝑜𝑑𝑒𝑙 2  through the comparison between the
experimental and theoretical friction coefficients of steady-state debris flows. The experimental friction coefficient of 
debris flows is 𝑓𝑒𝑥 = 2𝑔ℎ sin 𝜃 𝑢2⁄  and the theoretical friction coefficients for Models 1 and 2 in Sakai et al. (2019)
are 𝑓𝑐𝑎𝑙:𝑀𝑜𝑑𝑒𝑙 1 = 25 (2𝜌𝑚⁄ )𝐾(𝜌𝑤, 𝐶)(ℎ 𝑑𝑚⁄ )−2 and 𝑓𝑐𝑎𝑙:𝑀𝑜𝑑𝑒𝑙 2 = 25 (2𝜌𝑚⁄ )𝐾(𝜌𝑓 ,  𝐶𝐿)(ℎ 𝑑𝐿⁄ )−2, where 𝐾(𝜌, 𝐶𝑑) is
the function of the pore fluid density and concentration of sediment particles behaving as a solid phase, the volume-
averaged diameter of bidisperse granular mixtures 𝑑𝑚 = (𝑑𝐿𝐶𝐿 + 𝑑𝑆𝐶𝑆) (𝐶𝑆 + 𝐶𝐿)⁄  and the pore fluid density with all
small particles suspended 𝜌𝑓 = 𝜌𝑤 (1 − 𝐶) (1 − 𝐶𝐿)⁄ + 𝜎 𝐶𝑆 (1 − 𝐶𝐿)⁄ . In Models 1 and 2, all small particles behave
as solid and fluid phases, respectively (see Sakai et al. (2019) for further details). The relationships between 𝛼 and 
𝑢∗ 𝑤𝑠⁄  or 𝑣𝑡 𝑤𝑠⁄  are expressed as follows:

𝐸 = 𝑢 tan(𝜃 − 𝜃𝑒) (8) 

tan 𝜃𝑒 =
𝐶𝑑(𝜎 𝜌⁄ − 1)

𝐶𝑑(𝜎 𝜌⁄ − 1) + 1
tan 𝜙𝑠. (9) 

𝛼 = 0.0175 𝑢∗ 𝑤𝑠⁄ − 0.0374 (10) 

𝛼 = 0.0167 𝑣𝑡 𝑤𝑠⁄ − 0.0457. (11) 
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Fig. 1. Conceptual diagram of Models I and II for the behavior of small particles. 

As seen from the definition, 𝛼 cannot be used directly to calculate the fraction of small particles behaving as a fluid 
phase, such as 𝐶𝑓 = 𝛼𝐶𝑆. To do so, we need to derive the relationship between 𝛼 and 𝛼′ define 𝛼′ as the ratio of
sediment particles behaving as a fluid phase to all small particle. The definition of 𝛼 can be approximated as follows 
under the assumption that the friction coefficient is less sensitive to the changes of the pore fluid density and sediment 
concentration behaving as solid phase in the function 𝐾(𝜌, 𝐶𝑑) compared to the change of the representative diameter,
i.e., 𝐾(𝜌, 𝐶𝐿) ≈ 𝐾(𝜌, 𝐶𝑑):

Using 𝛼′, Eq. (12) is rewritten as

Using Eqs. (12) and (13) under the assumption 𝐾(𝜌𝑓 , 𝐶𝐿) ≈ 𝐾(𝜌, 𝐶𝑑), we obtain the following relationship between
𝛼 and 𝛼′:

Thus, the concentration of sediment particles behaving as a fluid phase 𝐶𝑓 and solid phase 𝐶𝑑 are expressed as

and the density of the pore fluid 𝜌  and the representative diameter 𝑑 are 
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𝐶𝑓 = 𝛼′𝐶𝑆 (16) 

𝐶𝑑 = 𝐶𝐿 + 𝐶𝑆 − 𝐶𝑓 (17) 
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Fig. 2. Schematic diagram of the channel used in Sakai et al. (2019). 

Table 1. Physical parameters used in the numerical simulation. 

Density of water: 𝜌
𝑤
 (g/cm3) 1.00 

Density of sediment particles: 𝜎  (g/cm3) 2.60 

Internal friction angle of the sediment particles: 
𝜙

𝑠
  (°)

38.5 

Coefficient of the restitution of the sediment 
particles: 𝑒 

0.85 

Concentration of the sediment mixture in the 
channel deposition 𝐶∗

0.70 

Constant relating to interstitial space: 𝑘𝑓 0.08 

2.3. Numerical conditions 

Numerical simulations were using the flume test configuration used by Sakai et al. (2019), as shown in Fig. 2. The 
channel was 10 m in length and 0.1 m wide. At 4.5 m from the downstream end, the channel floor was raised to a 
height of 10 cm, and 2.9-mm grains were glued to the rigid bed to provide bed roughness. Sediment comprising 
bidisperse granular mixtures was deposited upstream of the rigid bed to the height of the bed roughness surface to 
form an erodible bed. We selected bidisperse granular mixtures of 2.9-mm and 0.11-mm grains at a mixing ratio of 
4:1 for the deposited materials at the upper stream. The maximum sediment concentration of the flowing particles was 
set to the value of the concentration of the sediment deposition at the channel deposition. Small particles are assumed 
to behave as solid phase when they are deposited and can behaves as fluid phase only after entrainment into the flow. 
For the erosion process, 𝑟 is assumed to be the same value as the ratio of small particles to the deposited bidisperse 
granular mixtures. The inclination of the channel was 15° in the original literature; however, we varied this inclination 
from 15° to 20° for sensitivity analysis. Water was supplied from the upstream end at the constant rate of 3,000 cm3/s 
for 20 s. At the downstream end, we measured a time series of discharges, flow depths, pore fluid densities, and 
sediment concentration of bidisperse granular mixtures, small particles, and small particles behaving as a fluid phase. 
We applied a leapfrog scheme for calculations on a staggered grid, with a temporal resolution of 0.0005 s and spatial 
resolution of 0.5 cm. The physical parameters used in the numerical simulation are listed in Table 1. 

3. Results and Discussion

The calculations by Models I and II were compared to test their performance and investigate the sensitivity, showing 
the calculated results for channel inclinations of 15° and 20° as representative cases in this section. The time series of 
discharges calculated by Models I and II are compared in Fig. 3, where both models showed sharper peaks at higher 
inclinations. Model I showed the highest peak among the three calculated results at all inclinations, followed by Model 
II with 𝑢∗ 𝑤𝑠⁄ . Model II with 𝑣𝑡 𝑤𝑠⁄  exhibited lower peak discharges and relatively smoother changes between peaks,
which occurred later than those of the other two model results. Differences in the calculated hydrographs between 
Model I and Model II with 𝑣𝑡 𝑤𝑠⁄  were larger at higher slopes. Since the amount of water supplied was constant,
differences between hydrographs are mainly attributed to differences in the degree of entrainment from upstream 
sediment deposition, which is affected by pore fluid density through changes in the equilibrium slope in Eq. (9).  
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The time series of flow depths calculated by Models I and II are compared in Fig. 4. Although the timing of the 
peaks in Model I and Model II with 𝑢∗ 𝑤𝑠⁄  were different from those of Model II with 𝑣𝑡 𝑤𝑠⁄ , their overall performance
was relatively close in contrast to that of the discharge results. 

Figure 5 shows the time series of pore fluid density calculated by Models I and II. Pore fluid density had the highest 
values at the flow front, and then decreased with density of water. This result corresponds to the trend in discharge, 
which also had a peak at the flow front. In Model II with 𝑣𝑡 𝑤𝑠⁄ , pore fluid density was small compared to that in
Models I and II with 𝑢∗ 𝑤𝑠⁄  at an inclination of 15°, whereas this difference became small at higher slopes. The
maximum value of the pore fluid densities reached about 1.5 g/cm3, which are achieved when the sediment 
concentration of bidisperse granular materials becomes its maximum value and all small particles included in them 
behaves as a fluid phase, as shown in the calculation by Model I with an inclination of 20°. 

Since pore fluid densities directly corresponds to the behavior of small particles, the ratio of small particles behaving 
as a fluid phase should be investigated. Fig. 6 shows the time series of concentrations of sediment mixtures, small 
particles, and small particles behaving as a fluid phase. This indicates that the behavior of small particles estimated by 
Model II varies with debris flow propagations. 

The difference between Models I and II is detected in the above calculations, especially at higher slopes. Model I 
may have overestimated the hydrograph compared to Model II because not all small particles actually behave as a 
fluid phase (Sakai et al., 2019). Model II performed better than Model I, but exhibited different performance depending 
on the kinematic conditions, i.e., 𝑢∗ 𝑤𝑠⁄  or 𝑣𝑡 𝑤𝑠⁄ . Model II with 𝑢∗ 𝑤𝑠⁄  and 𝑣𝑡 𝑤𝑠⁄   have several advantages and
disadvantages. Although 𝑢∗ 𝑤𝑠⁄  is easily incorporated into the model by the simple expression 𝑢∗, it is important to
remember that 𝑢∗ reflect the external stress exerted on debris flow and does not directly reflect the Reynolds stress,
which lead to the suspension of small particles in the pore fluid. In contrast, 𝑣𝑡 strictly reflects the Reynolds stress of
the pore fluid. For this reason, Model II with 𝑣𝑡 𝑤𝑠⁄  seems to be a stricter model; however, it should be noted that 𝑣𝑡

can exhibit unstable behavior when the sediment concentration approaches zero, as seen from its expression.  
To investigate the sensitivity of 𝑢∗ and 𝑣𝑡 , the time series of 𝑢∗ and 𝑣𝑡  calculated by Model II with 𝑢∗ 𝑤𝑠⁄  and

𝑣𝑡 𝑤𝑠⁄  are compared in Fig. 7, which shows opposite trends in 𝑢∗ and 𝑣𝑡. This results is attributed to the flow depths
at which 𝑢∗  and 𝑣𝑡  exhibit opposite behavior: 𝑢∗  corresponds directly to the flow depth, whereas 𝑣𝑡  corresponds
inversely to the flow depth. The flow depth was most sensitive to 𝑢∗ and 𝑣𝑡 , and the sediment concentration has
relatively little effect on 𝑣𝑡. The sharp peak of 𝑣𝑡 at the debris flow front is also attributed to small flow depth values.
These behavior of 𝑢∗ and 𝑣𝑡 in turn affect pore fluid density through the suspension of small particles.

Fig. 3. Time series of discharges calculated by Models I and II (𝑢∗ 𝑤𝑠⁄  and 𝑣𝑡 𝑤𝑠⁄ ) for channel inclinations of (a) 15° and (b) 20°. 

Fig. 4. Time series of flow depths calculated by Models I and II (𝑢∗ 𝑤𝑠⁄  and 𝑣𝑡 𝑤𝑠⁄ ) for channel inclinations of (a) 15° and (b) 20°.

(a) (b) 

(a) (b) 
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Fig. 5. Time series of pore fluid density calculated by Models I and II (𝑢∗ 𝑤𝑠⁄  and 𝑣𝑡 𝑤𝑠⁄ ) for channel inclinations of (a) 15° and (b) 20°.

Fig. 6. Time series of concentrations of sediment mixture, small particles, and sediment particles behaving as a fluid phase calculated by Models I 
and II (𝑢∗ 𝑤𝑠⁄  and 𝑣𝑡 𝑤𝑠⁄ ): (a) 15°, Model I; (b) 15°, Model II, 𝑣𝑡 𝑤𝑠⁄ ; (c) 15°, Model II, 𝑢∗ 𝑤𝑠⁄ ; (d) 20°, Model I; (e) 20°, Model II_𝑢∗ 𝑤𝑠⁄ ; (f) 
20°, Model II, 𝑣𝑡 𝑤𝑠⁄ .

Fig. 7. Time series of 𝑢∗ and 𝑣𝑡 calculated by Model II (𝑢∗ 𝑤𝑠⁄  and 𝑣𝑡 𝑤𝑠⁄ ) for channel inclinations of (a) 15° and (b) 20°. 

4. Conclusion

In this work, we constructed numerical simulation model of debris flows focusing on the transitional behavior of
fine sediment and compared its performance with existing models. We conducted numerical simulations of debris 
flows with bidisperse granular materials, employing two models for the behavior of small particle. Hydrographs of the 
two models were significantly different at higher slopes, with a sharp peak at the front of debris flows in Model I 
results and a relatively moderate peak in those of Model II. These differences are caused by higher pore fluid densities 
from the front to the tail of debris flows in Model I, in contrast to the lower pore fluid density observed in the Model 

(a) (b) 

(a) (b) (c) 

(b) (a) 

(d) (e) (f) 
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II results, where not all small particles behaved as a fluid phase. These results indicate that the debris flow discharge 
rates can be overestimated especially at higher slopes, if the transitional behavior of fine sediment is not appropriately 
considered. 

The sensitivity analysis conducted in this study addressed relatively limited conditions, such that further 
investigation may be needed to decide whether 𝑢∗ 𝑤𝑠⁄  or 𝑣𝑡 𝑤𝑠⁄  in Model II leads to better performance. This study
focused only on the erosion process; however, the deposition process should be also investigated in future studies. 
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Abstract 

Geophysical flows, like avalanches and debris flows, are characterized by the gravity-driven motion of a granular medium 
immersed in an interstitial fluid. To better understand their dynamics, laboratory investigations represent invaluable tools and are 
essential to study several peculiar features (e.g. the effects of fixed boundaries, non-local momentum exchanges, segregation 
effects) that are difficult to isolate at the field scale. An experimental study on dry granular flows in a chute geometry is reported. 
Different basal conditions are investigated by varying the bed roughness. Several flow rates are investigated by adjusting the 
inflow boundary condition. By employing two high-speed cameras and particle image velocimetry (PIV) technique, accurate 
velocity measurements (typical error ≈0.004 m/s) could be obtained at sidewall and free surface. An innovative stochastic-optical 
method [Sarno et al., Granul. Matter, 2016], which exploits highly controlled illumination conditions guaranteed by a flickering-
free planar lamp, allowed to obtain reliable volume fraction profiles (typical error ≈0.025). The method uses a transfer function, 
numerically determined on random grain distributions of known volume fraction. This function stochastically relates the near-
wall volume fraction with a measurable quantity, named two-dimensional volume fraction and accessible by binarization of 
digital pictures, taken by a high-speed camera. The combined knowledge of velocity and volume fraction fields allowed a 
detailed description of the rheological behavior of channelized granular flows and of the effects of the flume boundaries. The 
superposition of different flow regimes is revealed by different shapes of velocity and volume fraction profiles along the flow 
depth. It emerges that frictional momentum exchanges increase at the expense of collisional mechanisms with increasing depth. 
This behavior appears related to the sidewall resistances and to the increasing normal pressures. 

Keywords: granular flows; volume fraction; sidewall friction; boundary conditions; rheological stratification. 

1. Introduction

Granular materials are ubiquitously involved in hazardous geophysical phenomena, such as debris flows and
avalanches. Yet, to date several aspects of their dynamics remain not completely understood. Beside theoretical and 
field-scale investigations (e.g. Iverson and Vallance, 2001; Medina et al., 2008; Kuo et al., 2009; Iverson and 
George, 2014; Sarno et al., 2017; Papa et al., 2018), laboratory experiments on granular media still represent an 
extraordinary tool to get insight into the granular dynamics (e.g. GDR Midi, 2004; Sarno et al., 2011a; Baker et al., 
2016; Sarno et al., 2018a). Granular flows exhibit a rich variety of flow regimes, ranging from a solid-like behavior 
in the case of slow deformations and frictional dissipation mechanisms to a gas-like behavior in the case of large 
deformations and strong collisions among grains. An intermediate regime, frequent in geophysical flows and known 
as dense-collisional, is characterized by the coexistence of collisional and frictional mechanisms. To date, a unified 
constitutive law capable of reliably describing all these flow regimes is lacking. Moreover, some peculiarities of the 
granular dynamics, such as the effects of fixed boundaries (e.g. Jop et al., 2005; Sarno et al., 2011b), the occurrence 
of a rheological stratification (e.g. Armanini et al., 2005; Sarno et al., 2014) and non-local momentum exchange 
mechanisms (e.g. Mills et al., 1999; Pouliquen and Forterre, 2009) still require efforts to be properly described. 

The flow velocity and solid volume fraction fields represent crucial quantities to be investigated in laboratory. In 
particular, the volume fraction is coupled with the rheological behavior of the granular medium in free-surface flows 
where a stress-free boundary condition occurs at the free surface. While optical techniques for measuring the flow 
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velocity (e.g. particle image velocimetry, PIV, and particle tracking velocimetry, PTV) have reached a certain 
maturity (e.g. Jesuthasan et al., 2006; Sarno et al., 2018b), the reliable estimation of the volume fraction is much 
more challenging. For obtaining reliable velocity measurements, in the present work we employed a multi-pass PIV 
approach (Sarno et al., 2018b) by using the open-source code PIVlab (Thielicke and stamhuis, 2014). Conversely, 
the stochastic-optical method (SOM) by Sarno et al. (2016) is employed for estimating the sidewall volume fraction. 

We present an extensive experimental campaign on steady dry granular chute flows with various basal surfaces. 
Sarno et al. (2018a) recently reported an investigation on chute flows with chute inclination angle of 30°, where a 
rich variety of velocity profiles, depending on the roughness of the basal surface and also on the flow depth, was 
observed. As an extension of the work by Sarno et al. (2018a), here we report new experiments, performed with the 
same apparatus but with the higher chute inclination angle of 35°. Moreover, different from Sarno et al. (2018a), we 
obtained not only the velocity measurements but also reliable measurements of the sidewall volume fraction, which 
are particularly useful for better understanding the granular flow dynamics. The employment of several bed surfaces 
allowed to investigate different basal kinematic boundary conditions (KBC): namely, slip KBC, no-slip KBC and 
also an intermediate no-slip KBC where grain rolling and saltations are made possible by the low bed roughness. We 
anticipate that the shapes of the velocity profiles, observed by Sarno et al. (2018a), are only partially observed in this 
new campaign. In fact, owing to the increased bed slope, the lower creep flow rarely occurs. Conversely, basal grain 
saltations and rolling significantly influence the flow dynamics. 

2. Experimental setup and measuring methods

The apparatus consists of a 2-m long Plexiglas chute with a rectangular cross section of width 8cm (i.e. ≈24 grain 
diameters). For all experiments the chute inclination, α, is set equal to 35°. The granular material is made of acetal-
polymeric (POM) spheroidal beads with mean diameter d=3.3mm, internal angle of friction of ≈27° and coefficient 
of restitution of ≈0.83 (Sarno et al., 2018a). The upper part of the channel is used as a reservoir and is equipped with 
an external hopper (capacity 40l) (Fig. 1a). The granular material is allowed to flow down the chute through an 
adjustable gate, so that different flow rates could be studied. The investigated range of gate openings is from 5cm to 
14cm. An intermediate steady state, lasting several seconds, was observed in all experiments. 

Fig. 1. (a) Experimental apparatus (chute inclination angle α=35°); (b) position of the LED lamp 

Several basal surfaces with different roughness were investigated: (1) smooth Bakelite surface (S) with a 
characteristic length of the roughness <<10μm; (2) different sandpaper linings with characteristic lengths of the 
roughness of 162μm (P100 FEPA/ISO 6344), 269μm (P60), and 425μm (P40); (3) granular basal surface (G), made 
up by randomly gluing the same POM beads on the smooth bed surface (characteristic length of roughness 
d/2=1.65mm). 

The instrumentation is composed of the following devices: a load-cell placed at the outlet for the estimation of 
the mass flow rate, two high-speed cameras, a high-brightness flickering-free LED lamp. The camera model AOS S-
PRI was placed aside the channel to measure sidewall velocity and volume fraction at the cross section under study, 
located 40cm downstream the inflow gate (cf. Fig. 1). The second camera (model AOS Q-PRI) was located above 
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the free surface to measure the free-surface velocity profile at the same cross section (x=40cm). For reliable PIV 
analyses and volume fraction estimations, the cameras' sampling rate was set to 1 kHz. The LED lamp (mod. 
PhotoSonics MultiLED-LT) was located aside the channel at a distance of 32cm. The angle of incidence of light, ζ, 
with the respect to the normal to the side wall was carefully adjusted and set equal to 25° (Fig. 1b). The position of 
the lamp and, especially, the choice of ζ is crucial for reliable volume fraction measurements (Sarno et al., 2016). 

Thanks to the open-source code PIVlab (Thielicke and Stamhuis, 2014), a window deformation multi-pass 
particle image velocimetry (PIV) approach is adopted for velocity measurements at the sidewall and at the free 
surface. In classical fluid mechanics the PIV is a well-established technique, based on the maximization of the 
discrete cross-correlation function between two frames delayed by a short time interval. Nonetheless, some specific 
measures need to be adopted to reliably extend the PIV approach to granular flows (e.g. Eckart et al., 2003; Sarno et 
al., 2018b). As highlighted by Sarno et al. (2018b), the employment of the window deformation approach is crucial 
to reduce gradient-bias errors in case of highly sheared flows, which is a frequent case in granular flows. As well, the 
multi-pass approach, which uses a progressive refinement of the interrogation window to obtain a high spatial 
resolution without loss-of-pairs errors, is particularly useful in granular flow applications. We employed the same 
PIV settings of Sarno et al. (2018a), to which we refer the reader for further details. According to the theoretical 
accuracy of PIVlab reported to be ˂0.02 pixel/frame (Thielicke and Stamhuis, 2014) and by also considering the 
specific image scales of the video-recordings, the PIV accuracy is ≈0.004 m/s and ≈0.002 m/s at the sidewall and at 
the free surface, respectively. 

The measurement of the volume fraction is obtained by using the stochastic-optical method (SOM) proposed by 
Sarno et al. (2016), to which we refer the reader for details. This method, thanks to a highly-controlled illumination, 
allows the estimation of the near-wall volume fraction, c3D, from a measurable quantity called two-dimensional 
volume fraction, c2D. With reference to a given interrogation window ∆ on the measuring wall, this quantity is 
defined as the ratio of the overall area of the projections on ∆ of all the illuminated and visible surface elements 
belonging to the grains and the total area of ∆. A stochastic transfer function between c3D and c2D is found through 
several Monte Carlo simulations, reproducing random grain dispersions with different volume fractions 

      3 2 2, expD D Dc f c a b c    , (1) 
where a and b are parameters depending on  . A local binarization formula, requiring the calibration of one 
threshold parameter, is employed for estimating c2D from gray-scale images. The method was extensively validated 
by Sarno et al. (2016) on random dispersions of POM beads immersed in a water-sucrose solution. The best accuracy 
was found with angles of incidence of light,  , between 20° and 40°. In the present investigation we chose 25    
with zero tilt of the lamp with respect to the z direction (cf. Fig. 1b). Different from Sarno et al. (2016), rectangular 
interrogation windows of dimensions 1d and 16d in the z and x directions, respectively, are employed. Such 
interrogation windows are also designed to have a 50%-overlap along z, so as to get a spatial resolution of the 
measurements equal to d/2 along the flow depth. The accuracy of the method was verified by validation on random 
granular dispersions of known volume fraction and a root mean square error (RMSE) on c3D of ≈0.025 was obtained. 
Additional inaccuracies might arise near the free surface, due to the fact that the binarization algorithm struggles to 
identify the illuminated and visible elements whenever the background is visible. To reduce such errors, a white-
noise background, with a similar brightness of POM grains but distinguishable from them, is employed. 

3. Results and discussion

By comparing the experiments with the same gate opening, we preliminarily observed that the runs on different 
sandpaper linings always exhibit a no-slip basal KBC and very similar velocity and volume fraction profiles. It 
indicates that the flow dynamics is weakly influenced by changes of the basal roughness within the range [162μm, 
425μm]. For brevity, we chose only to present the experiments carried out on sandpaper P40. Conversely, for ease of 
comparison, in Fig. 2 we report the longitudinal velocity profiles, ux, at the sidewall, previously obtained by Sarno et 
al. (2018a) with α=30° and on analogous bed surfaces of those employed in the new experimental campaign (α=35°). 

The list of experiments with α=35° is reported in Tab. 1. The mass flow rate, Qm, and the flow depth, h, in Tab. 1 
are obtained by two subsequent averages: the time-averages in a time interval of 1s within the steady state, are 
subsequently ensemble-averaged over four repetitions of the same experiment. As well, the velocity and volume 
fraction profiles, reported in Fig. 2 and hereafter, are obtained by time- and ensemble-averaging. 
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Fig. 2. Sidewall ux velocity profiles obtained by Sarno et al. (2018a) with α=30°. (a) Bakelite (S), (b) sandpaper (P40), (c) grain surface (G) 

Table 1. List of the experiments carried out by employing a chute inclination angle of 35° 

Exp. ID Gate opening [m] Basal surface Qm [g/s] h [m] 

Exp-5S 0.05 Bakelite (S) 1084 0.009 

Exp-6S 0.06 Bakelite (S) 1417 0.012 

Exp-7S 0.07 Bakelite (S) 1725 0.016 

Exp-8S 0.08 Bakelite (S) 2124 0.020 

Exp-10S 0.10 Bakelite (S) 2717 0.027 

Exp-12S 0.12 Bakelite (S) 3332 0.034 

Exp-14S 0.14 Bakelite (S) 4243 0.044 

Exp-5P40 0.05 Sandpaper (P40) 858 0.018 

Exp-6P40 0.06 Sandpaper (P40) 1146 0.021 

Exp-7P40 0.07 Sandpaper (P40) 1440 0.023 

Exp-8P40 0.08 Sandpaper (P40) 1799 0.027 

Exp-10P40 0.10 Sandpaper (P40) 2353 0.035 

Exp-12P40 0.12 Sandpaper (P40) 2819 0.042 

Exp-14P40 0.14 Sandpaper (P40) 3399 0.050 

Exp-5G 0.05 Grain (G) 773 0.019 

Exp-6G 0.06 Grain (G) 1038 0.023 

Exp-7G 0.07 Grain (G) 1297 0.027 

Exp-8G 0.08 Grain (G) 1555 0.031 

Exp-10G 0.10 Grain (G) 2263 0.040 

Exp-12G 0.12 Grain (G) 2635 0.050 

Exp-14G 0.14 Grain (G) 3066 0.059 

Good experimental repeatability is obtained by controlling the relative air humidity (>60%), so as to avoid 
significant electrostatic forces among grains and chute boundaries. The PIV measurements at the free surface 
showed roughly parabolic transverse velocity profiles with minima at the sidewalls, which confirms the non-
negligible sidewall friction. This trend is generally observed in all experiments, regardless the bed roughness. 

The runs on smooth Bakelite (S) exhibit a slip basal KBC with negligible grain rolling. The longitudinal velocity, 
ux, and the volume fraction, c3D, profiles at the sidewall are reported in Fig. 3, while the shear rate, ∂zux, is shown in 
Fig. 6a. Few measurement points immediately below the free surface are chosen not to be reported in Fig. 3, since 
velocity and c3D inaccuracies might have occurred there due to strong oscillations of the free surface. Conversely, 
though a further investigation is planned, we do not believe that drag effects due to air at the free surface are relevant 
in this experimental campaign, especially considering that the flow velocities at the free surface are relatively small 
(<2m/s). Due to large slip velocities, the ux profiles are much blunter than those observed on the same S bed with 
α=30° (cf. Fig. 2a). By considering the additional information of the c3D profiles (Fig. 3b), three regions could be 
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identified: (1) a ≈1d-thick region, near the basal surface, where c3D is relatively small (≈0.3-0.5) and increases with z: 
in this region the shear rate, ∂zux, is of order of 15-25s-1 (Fig. 6a) and is larger than in the rest of the flow domain; (2) 
an intermediate region, only noticeable if h is high enough, where c3D shows an approximately constant value 
(slightly less than 0.6) and ux is approximately linear with a shear rate of ≈10s-1 (Fig 6a); (3) a ≈2d-4d-thick upper 
region, where c3D decreases and ux increases less than linearly with z. 

The small values of c3D in the 1d-thick region near the bed are mainly caused by the fact that the fixed surface 
prevents grain interlocking. Conversely, the very large values of |∂zc3D|, which occur near the free surface and may 
appear unphysical, are mainly caused by the fact that the background becomes occasionally visible due to grain 
saltations and, thus, the time-averaged c3D rapidly decreases with z. In case of small flow depths, the ux profile 
exhibits a Bagnold-like scaling (Bagnold, 1954), i.e. a 3/2-power law with z, in the entire profile, suggesting that the 
flow regime is mainly collisional (Sarno et al., 2018a). When h increases, the effects of the sidewall friction and, 
possibly, also the occurrence of non-local momentum exchanges, causes a progressive linearization of the velocity 
profiles, so that a convex shape of ux can be only observed in the upper region where the flow regime is collisional 
and the sidewall resistances become negligible. The observed behavior of ux is in substantial agreement with the 
previous experiments with α=30° (cf. Fig. 2a) and suggests the occurrence of a rheological stratification, which is 
further confirmed by the volume fraction measurements. 

Fig. 3. Experimental profiles obtained on the smooth Bakelite bed (S). (a) Longitudinal velocity profiles, ux; (b) volume fraction profiles, c3D 

Different basal KBCs were observed by increasing the basal roughness. Fig. 4 reports the experimental profiles of 
ux and c3D, obtained on the sandpaper bed (P40). The related shear rate profiles are shown in Fig. 6b. In this case, 
different from the Bakelite bed, the roughness is large enough to inhibit grain sliding: namely a no-slip KBC occurs. 
Yet, since the characteristic length of roughness (425μm) is still significantly smaller than the grain size, noticeable 
grain rolling and saltation at the basal surface are observed, especially for experiments with low h. Such phenomena 
are progressively inhibited by increasing h due to the increase of the normal pressures. The magnitude of grain 
rolling and saltation is stronger to that previously observed with α=30°. By analyzing the fluctuation velocities, it 
was clear that basal rolling and saltation represent a source of fluctuation kinetic energy that diffuses from z=0 
toward the flow domain and, thus, increases the collisional character of the flow. As highlighted by Sarno et al. 
(2018a), the KBC at the bed is not only influenced by the basal angle of friction between but also by the 
characteristic length of the roughness, which influences the fluctuation velocities. Moreover, some influence to the 
fluctuation velocity at the bed could be also due to the shape of the roughness, which merits further investigation. 

As a consequence, a rheological stratification slightly different from the smooth bed can be observed in Fig. 4. In 
the lower zone (approx. 1d-thick), c3D is very small and ∂zux is quite high (Fig. 6b). From the lower to the central 
zone, c3D increases for all experiments. Yet, it becomes approximately constant at ≈0.6, only in the experiments with 
high h (i.e. Exp-10P40, Exp-12P40 and Exp-14P40). In the same intermediate region, the ux profiles mainly exhibit a 
Bagnold grain-inertial convex shape, instead of the linear shape observed on the S bed. An approximately linear 
behavior of ux (cf. Fig. 6b) can be barely observed only in the three experiments with highest h. This finding can be 
explained by the fact that the basal roughness causes stronger grain velocity fluctuations, which propagate in the 
intermediate region. By comparing the experiments on sandpaper with those on smooth bed with similar h, it 
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emerges that such a higher grain collisionality induces a more persistent Bagnold shape of the ux profiles. Moreover, 
it should be noted that the convex velocity profiles are notably different from those observed with α=30° on the same 
bed surface (P40), which are either linear or even concave in their lower zone (cf. Fig. 2b). This discrepancy is 
clearly due to the slightly different basal KBC, induced by the higher chute slope. Only if the h becomes 
significantly high, so that the sidewall friction increases and also the basal grain saltations are inhibited by the 
pressure, the character of the velocity profiles shifts from convex to approximately linear, indicating the onset of 
frictional mechanisms within the lower part of the flow domain. Analogous to the S bed (cf. Fig. 3), a mainly 
collisional layer, with a convex ux profile and rapidly decreasing c3D, takes place immediately below the free surface. 

Fig. 4. Experimental profiles obtained on the sandpaper bed (P40). (a) Longitudinal velocity profiles, ux; (b) volume fraction profiles, c3D 

Fig. 5. Experimental profiles obtained on the grain basal surface (G). (a) Longitudinal velocity profiles, ux; (b) volume fraction profiles, c3D 

Fig. 6. Experimental profiles of the shear rate, 
z xu . (a) smooth Bakelite (S); (b) sandpaper (P40); (c) grain basal surface (G) 
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Finally, the experimental results on the granular bed (G), are reported in Figs. 5 and 6c. Similar to the P40 bed, a 
no-slip KBC is guaranteed by the high basal friction. Yet, different from the sandpaper bed, in this case the 
roughness is high enough that the grain rolling and saltations are almost completely inhibited. In fact, the grains tend 
to interlock with the bumpy granular bed. As a consequence, a very weak grain rolling is observed only in the case 
of small flow depths (i.e. runs Exp-5G and Exp-6G), while in all other experiments a no-slip KBC with no rolling 
occurs. By comparing Fig. 5a with Fig. 2c, it can be noted that the increased chute slope does not allow the 
formation of a lower creep flow, characterized by very small velocities and a concave shape of the ux profile. 

Nonetheless, owing to the interlocking between the grains and the basal surface, for all experiments the volume 
fraction c3D reaches the asymptotical value of ≈0.6 soon above the fixed bed. The c3D profiles are almost constant 
along the entire flow depth, except near the free surface. For small enough values of h (i.e. Exp-5G, Exp-6G and 
Exp-7G), the shape of the ux profile is weakly convex, analogous to the case of sandpaper bed. 

When h increases, and, consequently, also the pressures and the sidewall resistances become larger, the ux profile 
exhibits a progressive concave shape in its lower region and an approximately linear shape in an upper intermediate 
region (cf. Fig. 6c). In these cases, the behavior of the lower layer can be regarded as the onset of the creep flow 
regime (cf. Fig. 2c), which, however, cannot fully develop, due to the higher slope and, consequently, higher active 
forces. In this lower zone, frictional momentum exchanges among the grains start to become prevalent with respect 
to collisions, thanks to the confining effects of the normal pressures and of the sidewall resistances. Analogous to 
that already observed on different beds and in the experimental dataset with α=30° (Fig. 2), an upper almost 
collisional layer of thickness of few grain diameters, where the ux profile shows a convex shape and c3D rapidly 
decreases with z, occurs in all experiments on G bed. This finding suggests that the flow dynamics near the free 
surface is scarcely influenced by the roughness of the basal surface if h is high enough. Finally, it is worth 
underlining that the general shape of the c3D profiles is common to all the investigated beds: near the bed ∂zc3D>0, 
while ∂zc3D≤0 along the rest of the flow depth. This finding is in agreement with other works on dry granular flows 
(e.g. Ancey, 2001), while it differs from some investigations on liquid-granular mixtures, where also the case 
∂zc3D>0 was observed along the flow depth due to the other dissipation mechanisms related to the interstitial fluid 
(e.g. Egashira et al., 2001). 

4. Conclusion

In this work we systematically studied the effects of the basal surface on the dynamics of granular flows in a 
rectangular chute. As an extension of the work by Sarno et al. (2018a), a higher chute inclination angle of 35° was 
investigated to determine the influence of larger active forces on the basal KBC. Moreover, in this experimental 
campaign we provided not only the flow velocity measurements but also estimations of the volume fraction by using 
the SOM method (Sarno et al., 2016). The comparisons of the velocity and volume fraction profiles indicate that 
different flow regimes coexist along the flow depth. 

For all investigated basal surfaces, a Bagnold-like shape of the velocity profile is generally observed, if the flow 
depth is small enough. As the flow depth increases, the velocity profile becomes approximately linear in its 
intermediate part and, for the case of granular bed (G), even weakly convex in the lower zone. It suggests the 
occurrence of a rheological stratification, where the lower region is governed by frictional exchange mechanisms and 
the upper region is more collisional. Yet, owing to the larger bed slope with respect to the dataset reported by Sarno 
et al. (2018a), no fully-developed creep flow could be observed in the case of the granular bed. 

In the whole dataset we observed similar behaviors of the volume fraction profiles. Small values of volume 
fraction occur near the fixed bed in both smooth Bakelite and sandpaper basal surface, while relatively larger values 
are observed in the case of the bumpy grain bed. In the regions where the velocity profiles exhibit a convex shape, 
the volume fraction is typically smaller than 0.6. Conversely, the volume fraction is found to exhibit an 
approximately constant value close to ≈0.6, where a linear velocity profile occurs. In the experiments on sandpaper 
beds, interestingly, we observed that the Bagnold convex shape of the velocity profiles persists also in the presence 
of relatively high flow depths. This finding seems to be due to grain rolling and saltations at the basal surface, made 
possible by the roughness much smaller than the grain diameter and by the increased acting forces, in turn due to the 
larger bed slope. Such a complex no-slip KBC, allowing basal grain rolling and saltations, seems responsible for an 
increase of the grain collisionality also in the upper regions of the flow domain. Immediately below the free surface, 
a prevalently collisional layer with rapidly decreasing volume fraction and convex velocity profiles is observed in all 
experiments, independent from the kind of basal surface.  
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From these experimental findings it emerged that the granular flow dynamics and the occurrence of stratified flow 
regimes depend on the basal roughness and sidewall resistances but it is also crucially governed by the active forces 
due to the bed slope. Further laboratory investigations with larger bed slopes and on bed surfaces with intermediate 
roughnesses could be useful to better understand the flow regimes, and, the behavior of the fluctuation velocities at 
the bed. Moreover, a further investigation on the scale effects of this laboratory study, especially those ones due to 
rate-dependent dissipations, could be useful to extend the experimental findings to field-scale applications. 
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Abstract 

Observations of debris-flow events all over the world cover a wide range of phenomenologically similar processes, consisting of 
different concentrations of water, fine and coarse sediment, and frequently wooden debris. For this reasons, empirically derived 
coefficients to be used in prediction models to estimate debris-flow dynamics often show a wide degree of scatter. Two of such 
empirically derived concepts, originally developed for pure water flows, are presented in this study, showing similar deviations 
from hydrostatic stress assumption in subcritical flow conditions. The first concept is used to estimate debris-flow velocities, based 
on superelevation data. Based on our experimental results as well as observations from real debris-flow events at the field 
monitoring station at Illgraben (canton Valais, Switzerland) we show that the empirical coefficient used in the superelevation 
equation to account for non-Newtonian flow effects correlates with the Froude number – the dimensionless ratio between 
gravitational and inertia forces in the flow. Interestingly, a similar relationship – the second concept presented – has been found in 
recent studies to estimate the maximum impact pressure of a debris-flow event. Our results suggest that for debris flows and 
decreasing Froude numbers inertia forces become more important and the hydrostatic pressure distribution may be an unrealistic 
assumption for empirically based prediction models in subcritical conditions. 

Keywords: Froude dependency, superelevation, impact estimation, earth pressure, debris-flow behaviour 

1. Introduction

The dynamic behavior of debris flows is mainly driven by its water content, the ratio of fine to coarse particles in
the flow, and possibly also the degree of agitation induced by the interaction of the flow with the rough channel bed. 
Iverson (1997), for instance, proposed different dimensionless parameters referring to the various stresses (solid grain 
shear and normal stress, fluid shear and normal stress, and solid-fluid interaction stress) that characterize the flowing 
mixture. These controlling factors are variable within any given flow and between individual debris-flow events, but 
all over the world the term debris flow is widely used to describe a broad range of phenomenologically similar 
processes. This lead, for instance, to a substantially variability of data on viscosities of debris-flow events in nature 
(Cui et al., 2005; Tecca et al., 2003), and empirically derived coefficients,  which are used in prediction models to 
estimate for instance maximum impact forces of debris flows, show a wide degree of scatter - although a physically 
correct concept for its development may be assumed.  

For this study we use the Froude number – the dimensionless ratio between gravitational and inertia forces in the 
flow - to characterize different debris-flow behaviors. In this context, two concepts to derive dynamic characteristics 
of debris-flow events are analyzed more closely. Originally developed for pure water flows, the first concept to be 
considered, concerns the estimation of maximum flow velocities based on superelevation information. The other 
concept, estimation of the maximum impact pressure of a debris-flow event, is an important design parameter for many 
protection structures. However, with both concepts it is difficult to account for the full range of flow conditions of 
debris flows. 
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2. Bulk mixture variability and flow conditions

2.1. Superelevation 

Numerous studies have shown that the destructive power of debris flows is proportional to the flow velocity 
(Armanini, 1997; Bugnion et al., 2011; Scheidl et al., 2013). A possible approach to estimate (maximum cross-
sectional mean) flow velocities of debris flows (for a given event) is based on the vortex equation by using 
superelevation marks. Superelevation can be observed in curved channels, where the flow-height at the inner bend is 
lower than the flow-height at the outer bend (Figure 1).  

However, to apply the vortex equation also to Non-Newtonian fluids, the vortex formulae was modified by 
introducing a correction factor. This correction factor can be expressed with equation (1), where Rc denotes the 
centerline radius of the bend, g* the slope normal component of gravity, ∆h denotes superelevation, B accounts for the 
channel width and v is the flow velocity. 

𝑘𝑘 = 𝑅𝑅𝐶𝐶𝑔𝑔∗𝛥𝛥ℎ
𝐵𝐵𝑣𝑣2

(1) 

Several studies comparing experimental or observed superelevation data with estimated velocities suggest a wide 
range of values for the correction factor k - accounting for the viscosity, vertical sorting and the boundary effects in 
bends for debris flows (e.g.: Hungr et al., 1984; VanDine, 1996; Bulmer et al., 2002; Prochaska et al., 2008). Based 
on small-scale experiments, Scheidl et al. (2014) analyzed debris-flow velocities in a curved flume and back-calculated 
correction factors for more than 150 experimental debris-flows. They measured superelevation and investigated the 
influence of different material mixtures as well as bend geometries.  The flume investigations were conducted using a 
flexible plastic half-pipe, mounted on a wooden plane construction. Two different bend radii (1.0 m and 1.5 m) with 
a bend angle of 60° were implemented. The total length of the flume, of about 8 m, was covered with 40 grit silicon 
carbide sandpaper, reflecting a constant basal friction layer. To account for the complexity of a debris-flow process, 
four different material mixtures based on four different grain size distributions, were defined.  

Fig. 1. Illustration of parameters used for estimating debris-flow velocities based on superelevation, modified after Scheidl et al. (2014). 

Scheidl et al. (2014) found systematic deviations of observed superelevation heights as compared to those estimated 
by applying the simple vortex equation for a Newtonian fluid, and these deviations appeared to be a function of the 
Froude number, F = = 𝑣𝑣 �𝑔𝑔ℎ⁄ . The experimental results suggest that superelevation of debris flows cannot be solely 
described with approaches from the pure water hydraulics. This is also confirmed by an analysis of superelevation data 
from real debris-flow events observed at the Illgraben (Valais, CH), and back-calculated correction factors for these 
events presented below. 
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Fig. 2. Superelevation observation from a real debris-flow event at the Illgraben. A) Maximum superelevation of the debris-flow event at the 
Illgraben on June 29, 2011. B) The relevant curve radius Rc were determined based on circular arcs fit to sets of points marked on the bend, 
following a method proposed by Prochaska et al. (2008). 

For this purpose, video recordings of debris-flow events were analyzed at a location where the flow passed over a 
check dam, which served as the basis for the determination of the event-related superelevation height (Fig. 2A and B). 
The relevant curve radius Rc to be used in equation (1), is estimated based on a method proposed by Prochaska et al. 
(2008). For field analyzes, they recommend the channel curve to be approximated by three points at intervals of 30 m, 
60 m or 90 m (Fig. 2B). The determination of the maximum flow velocities v for the respective events is based on the 
time of maximum flow intensity according to geophone recordings. The maximum flow height h was determined from 
radar measurements perpendicular to the check-dam crown. From this, the Froude numbers F of the respective events 
could be determined. Figure 3 (left panel) shows the relation between correction factors k and Froude numbers F for 
all experiments of Scheidl et al. (2014) and for superelevation data based on real debris-flow events observed at the 
Illgraben monitoring station. The regression model (black line) is based on the experimental data of Scheidl et al. 
(2014) and follows a power law model (𝑅𝑅2 = 0.77): 

𝑘𝑘 = 4.4𝐹𝐹−1.2 (2) 

2.2. Impact modelling 

Interestingly, a similar relationship with the Froude number has been found for the empirical pressure coefficient 
a of the general form of the dynamic impact model: 

 𝑎𝑎 = 𝑝𝑝
𝜌𝜌𝑣𝑣2

(3) 

where p is the impact pressure, ρ is the debris-flow density and v are the approach flow velocity. For clear water a has 
been found to be between 1 and 2 (Watanabe and Ikeya, 1981). However, numerous studies suggest that a can vary 
significantly for debris flows, depending on the flow type. Watanabe and Ikeya (1981), for example, estimated a = 2.0 
for laminar flow and fine-grained material. Egli (2005) proposed values up to a = 4.0 for coarse material. Zhang (1993) 
recommended values of a between 3.0 and 5.0, based on field measurements of over 70 debris flows. Based on 
laboratory impact measurements on flexible debris-flow barriers, Wendeler et al. (2007) list up scaled field values of 
a between 0.7 and 2.0. For granular debris flows, theoretical considerations by Coussot (1997) result in values of a = 
5 to a = 15. A similar range of a values was proposed for debris flows by Daido (1993).  

Cui et al. (2015) fitted the pressure coefficient a as a power law function to the Froude number F, based on their 
experiments and experiments conducted by Hübl and Holzinger (2003); Scheidl et al. (2013), Tiberghien et al. (2007) 
as well as estimations of field events of Costa (1984) and Zhang and Yuan (1985): 

𝑎𝑎 = 5.3𝐹𝐹−1.5 (4) 

Considering both the hydrostatic pressure and the hydrodynamic pressure of a debris-flow impact, Vagnon and 
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Segalini (2016) as well as Wang et al. (2018) showed that the total pressure coefficient a’ follows the general form 
of: 

𝑎𝑎′ = 𝛽𝛽𝐹𝐹−2 + 𝑐𝑐 (5) 

In equation (5) the static impact coefficient  denotes the exceedance from the hydrostatic pressure whereas the 
dynamic impact coefficient c acts as a drag coefficient depending on 𝑣𝑣2. Wang et al. (2018) propose  = 3.8 and c 
=0.8, according to the experimental results. 

3. Results and Discussion

Empirically derived coefficients, back-calculated from the simple equations to (i) estimate debris-flow velocity
based on superelevation (left) and (ii) predict maximum impact pressures (right), as a function of the corresponding 
Froude numbers, are shown in Figure (3). It must be noted that there is some spurious correlation between the 
coefficients and the Froude number determined from debris-flow experiments and field observations.  

Fig.3. Relation of empirical derived coefficients of modified prediction models to estimate debris-flow velocity (left) and debris-flow impact 
pressure (right) and Froude number. Left: The empirical correction factors k of the vortex equation (eq.1) are based i) on superelevation 
experiments from Scheidl et al. (2014) and ii) from superelevation field investigations at the debris-flow monitoring station at Illgraben (CH). 
The horizontal dashed line shows a constant relation of k = 1 with the Froude number as expected for clear water flows. The black line indicates 
the power model (eq. 2) based on the superelevation experimental data of Scheidl et al. (2014). Right: The prediction of the empirical coefficient 
a of the impact model (eq. 3) is based on the power model (eq.4) as proposed by Cui et al. (2015) and on the general form (eq. 5), accounting also 
for hydrostatic pressure with β = 3.8 and a =0.8. Additionally the experimental data of Scheidl et al. (2013) and Wang et al. (2018) are included. 

The results in the context of superelevation estimates indicate that the vortex equation (1) together with correction 
factors of 1 < k < 5 might be considered for supercritical flow. However, secondary flow or spiral flow phenomena in 
the lateral direction could limit the estimation of the maximum front velocity based on superelevation, because the 
vortex equation is derived to apply only for conditions where no cross-wave disturbance patterns within the bend 
section is produced.  

For subcritical flow conditions the correction factor determined from the flume experiments shows a higher 
deviation in comparison to a pure Newtonian fluid, which is also confirmed by field observations from real events at 
Illgraben. We assume that for subcritical flow conditions the mixture properties and the internal flow mechanism result 
in an enhanced deviation from the simple force balance considering only hydrostatic and centrifugal forces in the 
superelevation equation for Newtonian fluids.  Considering a debris flow as a single phase (bulk) mixture, one 
possibility to account for the deviation in subcritical conditions was proposed by Scheidl et al. (2014) who assumed a 
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correction factor kep to be a function of active and passive earth pressure as well as inundated flow heights on the inner 
(y1) and outer (y2) sides of the curve : 

𝑘𝑘𝑒𝑒𝑝𝑝 = �𝐾𝐾𝑝𝑝 + �𝐾𝐾𝑝𝑝 − 𝐾𝐾𝑎𝑎� �
𝑦𝑦2
2

𝑦𝑦2
2−𝑦𝑦1

2 − 1��
−1

(6) 

Equation (7) is based on a force balance approach and on the assumption of a rectangular cross section. Kp and Ka 
denote the passive, respectively active earth pressure coefficient. However, the results of the experiments and from 
field observations suggest higher variability of induced anisotropic stress distributions in the bulk mixture of debris 
flows for subcritical flow regimes.  

The power law models to describe the empirical pressure coefficient a, and the total pressure coefficient a’, 
respectively, as a function of the Froude number, closely match. This implies that the general form of eq. (7) can be 
used in subcritical as well as in supercritical flow conditions to predict the total pressure coefficient. However, Wang 
et al. (2018) used also the grain Reynolds number (𝑁𝑁𝑅𝑅) as well as the modified Savage number (𝑁𝑁𝑆𝑆𝑎𝑎𝑣𝑣) (e.g. Iverson, 
1997) to distinguish between different debris-flow types for impact pressure estimations. Based on experiments, they 
found the dynamic impact model (eq. 4) only applicable for debris flows with 𝑁𝑁𝑅𝑅 > 1 and 𝑁𝑁𝑆𝑆𝑎𝑎𝑣𝑣 < 0.002, characterized 
either as dilute and turbulent or dense and steady debris-flow type. Both types have been indicated by Wang et al. 
(2018) to behave like fluids, and the related experiments were associated with Froude numbers > 2. For debris-flow 
types with grain Reynolds numbers and Savage numbers different from the thresholds given above, Wang et al. (2018) 
suspect debris flows not to behave fluid-like - discarding the dynamic impact model given in eq. (4).  

Similar to the coefficient k, determined from superelevation experiments, the hydrodynamic impact coefficients a 
and a’ show a comparable variation with the Froude number. Higher deviation of both impact coefficients can be 
observed for low Froude numbers, hence for subcritical flow conditions. Following the general equation (5), prediction 
of the pressure coefficient 𝑎𝑎′ for Froude conditions F < 1 is mainly influenced by the hydrostatic term (β), accounting 
for the exceedance from the hydrostatic pressure. Considering debris flows as single-phase flows and applying a 
similar approach as assumed for the derivation of equation (3) or proposed by Vagnon and Segalini (2016) we can 
rewrite equation (5) tentatively replacing a* by the passive earth pressure coefficient 𝐾𝐾𝑝𝑝: 

𝐾𝐾𝑝𝑝 = 𝐹𝐹−2 + 𝑐𝑐  (7) 

The passive earth pressure coefficient is the ratio between bed-normal and bed-parallel (longitudinal) stresses within 
the bulk mixture. According to Savage and Hutter (1989) and modified by Hungr (2008) this ratio can be described 
by: 

𝐾𝐾𝑝𝑝 = 2 �1+�1−𝑐𝑐𝑐𝑐𝑐𝑐
2𝜑𝜑𝑖𝑖(1+𝑡𝑡𝑎𝑎𝑡𝑡2𝜑𝜑𝑒𝑒)
𝑐𝑐𝑐𝑐𝑐𝑐2𝜑𝜑𝑖𝑖

� − 1 (8) 

In equation (8), 𝜑𝜑𝑖𝑖 denotes the internal friction angle and 𝜑𝜑𝑒𝑒, the basal friction angle, is modified by Hungr (2008) 
to account for the rotation of principal stresses in spreading flows. If 𝜑𝜑𝑖𝑖 as well as 𝜑𝜑𝑒𝑒 get zero, then 𝐾𝐾𝑝𝑝 = 1, reflecting 
hydrostatic conditions. proposed Static impact coefficients (β in eq. 5, respectively 𝐾𝐾𝑝𝑝 in eq. 7) have been proposed 
by Lichtenhahn (1973), ranging from 2.8 – 4.4. Armanini (1997) stated a static impact coefficient of 5, and based on 
miniaturized tests, Scotton and Deganutti (1997) found values between 2.5 and 7.5. This is in accordance of passive 
earth pressure values proposed by Hungr (1995) for numerical 1-d modelling of debris-flow propagation. 
He proposed passive earth pressure values up to 5.0. The dependence of a* and possibly 𝐾𝐾𝑝𝑝 with the Froude number, 
as stated by equation (7), seems also to be in line with the superelevation analysis from Scheidl et al. (2014). Based 
on the theoretical Smooth Momentum Flux model to estimate run-up heights, Rickenmann et al. (this proceeding) 
observed a tendency for lower 𝐾𝐾𝑝𝑝 values with increasing F − values.  

4. Conclusions

Our results suggest that for debris flows and decreasing Froude numbers inertia forces become more important,
and the evolution of internal stresses governing deformation is largely dominated by constitutive stress conditions of 
the bulk mixture -- as an effect of rheological characteristics. For both presented concepts, applicable to derive 
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dynamic characteristics of debris-flow events, it seems that hydrostatic pressure distribution may be unrealistic when 
dealing with the flow of granular material that has internal strength due to its frictional nature (Savage and Hutter 
1989). 
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Abstract 

In order to assess the influence of different flow hydrographs on fan development processes, we carried out flume tests using a 
sloped channel (15°, 10 cm wide) with a deposition area (slope decreases from 12° to 3° at a rate of 3° per m). The channel was 
filled with 0.12 m3 of sediment materials. Debris flows were generated by the entrainment of filled sediment via a steady water 
flow (0.003 m3/s). We used two types of water supply systems: single surge (60 second duration) and double surge (first surge 
lasting 50 seconds followed by a second surge with 45 second duration). For the double surge system, there was a 60 second 
pause in water supply between two surges. Fan formation processes in the deposition area were captured on video, and 
synchronized interval photography (1 second intervals) using three digital cameras. Time-series changes in fan topography were 
detected using Structure from Motion photogrammetry (SfM), while flow directions were detected using Particle Image 
Velocimetry (PIV). The results demonstrate that the flows of single surge cases produced asymmetric fans that inclined to one 
side due to an increase in the runout distance of the continuing flow. In contrast, the first surge of the double surge cases 
produced fans that were relatively symmetric. Despite this, the second surge continuously changed flow direction while stopping 
in the deposition area, and covered the symmetric surge produced by the first surge. Consequently, the final topography of double 
surge cases was highly variable, despite having the same water supply conditions. 

Keywords: Debris-flow fan; Flume test; SfM-MVS; PIV 

1. Introduction

Debris-flow deposition plays a critical role in debris-flow fan development (De Haas et al., 2018) and has been 
linked to many debris-flow disasters (Dowling and Santi, 2014). The ability to estimate and predict debris-flow 
deposition in the vicinity of the outlet of the feeder channel is important to prevent debris-flow disasters and to 
interpret the long-term sedimentation regime on alluvial fans. Numerical simulations based on the governing 
equation of debris flow can be an effective means to estimate the magnitude and extent of deposition. A comparison 
between the results from simulations and flume tests has demonstrated that simulations can account for almost all of 
the deposition range of debris-flow fan (e.g., Nakagawa and Takahashi, 1997).  

Almost all of these simulations have focused on the occurrence of single debris-flow. However, recent field 
observations (Pederson et al., 2016), flume tests (De Haas et al., 2016), and numerical simulations (Chen et al., 
2017) revealed debris-flow surges on alluvial fans are altered by existing topography. Therefore, in the case where 
multiple surges had intermittently descended, there is the possibility that the varying fan topography would be 
produced because of topographic differences resulting from the deposition of the previous surges. 

However, direct field measurement of debris-flow rate and fan formation processes are difficult due to the low 
frequency of debris flows and their destructive power. Accordingly, the influence of debris-flow hydrograph in 
accordance with the number of surges on fan formation processes has not been fully understood. In this study, we 
examine the changes in topography and flow directions on the fan with differences in the debris-flow hydrograph, 
based on the comparison of fan formation processes between single or double debris-flow surges. 
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2. Methods

We identified differences in the debris-flow fans among cases based on flume test results, using Structure from
Motion - Multi View Stereo (SfM-MVS) and Particle Image Velocimetry (PIV). 

2.1. Flume test setting 

The flume channel used for the experiments was 8 m long and 10 cm wide with a 15° slope. The dimensions are 
approximately one-hundredth of real-life debris-flow torrents in scale (Fig. 1). The deposition area was located at 
the end of the channel (Fig. 1a), and the slope decreases from 12° to 3° at a rate of 3° per meter (Fig. 1b). Square 
grid lines (20 cm × 20 cm) were drawn in the deposition area in order to measure the runout distance and inundation 
range (Fig. 1a). 

The section in the lower end of the channel (7 m long) was filled with 0.12 m3 of sediment particles (Fig. 1b). 
The deposition depth was set between 0 to 0.2 m to being smoothly connected at the upper and lower end of deposits. 
Consequently, the slope of the initial bed changed at the lower end of deposits from 15° (in the channel) to 12° slope 
(in the deposition area). The filled sediment consisted of multi-granular particles (2.14 to 7 mm in size), and the D50 
was approximately 3.7 mm. We generated debris flows through entrainment of the filled sediment using steady 
water flow supplied from the top of the channel. The flow rate was set at 0.003 m3/s. 

Two types of water supply systems, single surge and double surge, were employed to compare the influence of 
debris-flow hydrograph. There is a time lag between the start of overflow and the valve closing because the water 
supply was controlled by the opening and closing of a valve. For the single surge system, the water was supplied 60 
seconds after the start of overflow from the top of the channel. Consequently, a single debris-flow surge was 
generated. For the double surge system, the water was supplied 50 seconds after the overflow, and again after a 60 
second pause in water supply, the valve was opened for 45 seconds. As a result, the two surges descended with an 
interval of approximately 65 seconds. 

2.2. Measurement contents and SfM-MVS, PIV 

Four digital single-lens reflex cameras (DSLRs) were installed approximately 2.5 m above the point where the 
bed slope changed from 9° to 6° to capture the development of the debris-flow fans through photographs and video 
footage (Fig. 1b). Three of the DSLRs (D5100, Nikon Co.) were automatically synchronized using the remote 
shutter. The photographs were captured with 1-second intervals. Video footages of the fan formation process of the 
debris flow were acquired using an additional DSLR set at 60 fps (K-3 ii, Ricoh Co.). 

The average velocity of the surge front, from the end of the flume to the stoppage in the deposition area, was 
measured via the video footage. Assuming that the end of the channel is 0 m, the runout distance of the surge front 
was read from the video footage. The amount of time required to reach this distance was used to measure the travel 
time. The average velocity was calculated by dividing the distance by the travel time. 

Fig. 1. Experimental setup. (a) View of the channel. (b) Setting of channel and equipment. 

(a) (b) 
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We created high-definition digital surface models (DSM) of the debris-flow fan using SfM-MVS software 
(PhotoScan Professional, Agisoft LLC) from three synchronized photographs. The resolution of the DSMs was set at 
1.5 mm, based on the average density of the point cloud. Georeferences were performed using local geographic 
coordinates of outcropped intersection points of grid lines in the deposition area. In order to test and validate the 
accuracy of the DSMs, we directly measured the depth of the fan at each intersection point of the deposition area to 
compare with the DSMs at the end of the experiment. 

PIV was used to detect the main flow direction during the fan formation process. We estimated the vectors of 
surface velocity by the cross-correlation analysis using pairs of photographs (with 1/60-s intervals) extracted from 
the video footages. 

3. Results

The first surge produced symmetrical deposition ranges similarly among cases (Fig. 2). The runout of the first
surge continued for approximately 30 seconds. The deposition depth of the fan at that time was almost similar to the 
single surge system (Fig. 3). In contrast, the second surge produced fans that were asymmetrical and had different 
topography among cases (Figs. 4 and 5), due to the differences in inundation and deposition processes.  

Fig. 2. DSMs of double surge cases after deposition of first surge. (a) case 1. (b) case 2. (c) case 3. Color of the legend indicates elevation when 
the elevation of the area with a slope of 6° is 0 (3 m from the end of upper channel). The contour interval is 1 cm. 

Fig. 3. Comparison of the deposition depths at the center of the fans.The black lines indicate the deposition depths of the fans produced by the 
first surge. The solid red line indicates the deposition depth of the single surge case after 30 seconds from the start of the run out.  
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Although the fans tended to bank to the right side in all single surge cases (Fig. 6), the deposition distances 
reached further downstream and had a greater area compared with those of the double surge cases (Figs. 2-5). Along 
the edge of the flow path, topography similar to a natural levee was produced, and the bed slope of the path was 
consistent at approximately 6 degrees.  

Fig. 4. DSMs of double surge cases after deposition of second surge. (a) case 1. (b) case 2. (c) case 3. 

Fig. 5. Photographs of double surge cases after deposition of second surge. (a) case 1. (b) case 2. (c) case 3. 
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Fig. 6. SfM-MVS results of single surge cases after finish of surge deposition. (a) DSM. (b) Ortho photograph. 

Fig. 7. DSMs of double surge cases after 10 seconds from the start of runout of second surge. (a) case 1. (b) case 2. (c) case 3. 

For the double surge cases, the time-series changes in flow path direction of the second surge were different 
among the cases. The results of SfM-MVS showed that in all cases, the front of the second surge stopped 
approximately 1.2 m downstream from the outlet of the channel, and above the fan produced by the first surge (Fig. 
7). After this stoppage, the flow following the front changed their direction of descent. Fourteen seconds after the 
start of the runout of the second surge, the flow descended with a right side in cases 1 and 2 (Figs. 8a, b), whereas 
the flow descended with a left bank in case 3 (Fig. 8c). 

The avulsion processes in the flow paths continued and progressed with differentiation in topography. After 4 
seconds, the flow directions were changed again in cases 1 and 3 (Figs. 9a, c), whereas the flow continued to 
descend to the right side in case 2 (Fig. 9b). Consequently, the final topography of the fan inclined to the left bank in 
case 1 (Fig. 4a), and the right bank in cases 2 and 3 (Figs. 4b, c). 
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The difference in runout distance of the first surge front between the single and double surge cases was up to 0.2 
m (Fig. 10a). However, the difference between the first and second surge for the double surge cases was more 
significant, with the first surge and the second surge at around 2.8 m and 1.2 m, respectively. Through this decrease 
in the runout distance, almost all sediment from the second surge deposited upstream at a point where the bed slope 
changed 6 to 3 degrees. The travel time of the first surge was approximately 6 seconds, whereas the travel time of 
the second surge was 2 seconds longer at 8 seconds (Fig. 10b). Correspondingly, the velocity of the first surge front 
was approximately 0.4 m/s, and the velocity of the second surge was 0.18 m/s, less than half of that of the first surge 
(Fig. 10c).  

Fig. 8. DSMs of double surge cases after 14 seconds from the start of runout of second surge. (a) case 1. (b) case 2. (c) case 3. Arrows indicate 
estimated vectors for velocity of debris-flow surface. 

Fig. 9. DSMs of double surge cases after 18 seconds from the start of runout of second surge. (a) case 1. (b) case 2. (c) case 3. 
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Fig. 10. Characteristics of surge front. (a) Runout distance from the end of upper channel. (b) Travel time from start of run out to stop of front. (c) 
Average velocity. 

4. Discussion

The travel distance of the second surge decreased in the double surge system. A larger amount of sediment 
tended to deposit in the upper and middle portion of the fan when compared to the fan produced by the single surge 
system. There is a clear indication of backfilling of the channel after the deposition of materials from the initial 
surge. 

In debris-flow mechanics, sediment deposition has been described by the deposition (entrainment) rate equations 
(Takahashi, 2007). Several deposition rate equations have been proposed (e.g., Takahashi and Kuang, 1986; 
Egashira et al., 2001; Suzuki et al., 2011). Although the parameters involved in evaluating deposition rate are 
different among these equations, these equations were based on the concept that the current flow state is transitional 
to the equilibrium state. Here, the equilibrium state is the state where both deposition and entrainment do not occur 
due to the steady flow condition (Takahashi, 2007). The flow direction of the single surge cases was fixed due to the 
development of the channel, with a relatively consistent bed slope surrounded by topographies similar to natural 
levees. Running through this channel, sediments reached and deposited further downstream compared to the double 
surge cases. These results indicate that the continuing flow was able to reach further downstream due to the 
prevention of deposition by the equilibrium bed slope formed by the continuous flow in the fixed channel. 

In contrast, the travel distance of the second surge was short, where sediment was deposited upstream with a 
thick depth. This result implies that the deposition and stoppage of the second surge were induced by the factor 
differed from the transition from the current flow state to the equilibrium state in the single surge cases. De Haas et 
al. (2016, 2018) indicated that the low-gradient zones produced by the deposition of previous surges progress the 
backfilling of channels. Although the runout of the first surge continued for approximately 30 seconds, the 
deposition depth of the fan at that time was almost similar for all cases. Therefore, the difference in the slope of the 
fan was small between the single surge and double surge systems until 30 seconds after the start of the runout. This 
result implies that the deposition of the second surge was affected by not only the slope of the fan but also the 
condition produced by the intermittency of the surges. 

In the double surge cases, there was no surface flow on the fan produced by the first surge when the second surge 
that was generated by second water supply reached the deposition area. In other words, the surface was in a state 
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that was almost unsaturated. On the unsaturated bed, the deposition of flow is accelerated through the increase in the 
sheer resistance stress due to the decrease in the pore-fluid pressure at the boundary between the bottom of the flow 
and the bed surface (Gonda, 2009). Similar deposition patterns induced by unsaturated deposits had been reported 
before in a field survey (Staley et al., 2011). Therefore, the deposition of the second surge may be caused by the 
unsaturated fan. The decrease in flow velocity at the front of the second surge also supports the notion that the flow 
stoppage and deposition was due to the increased resistance on this unsaturated bed. 

Importantly, the flow direction shifted through the topographic changes in the fan due to the stoppage of the 
second surge front. Therefore, the final deposition range of the fan differed among the double surge cases. This 
result implies that the deposition range may be different among debris-flow where there had been multiple 
intermittent surges flowing down, even where the hydrograph is similar. This indicates there is a possibility that 
accurate numerical simulation of the deposition range cannot be achieved even where the correct observed debris-
flow hydrograph is being used. Therefore, the representation of the saturation condition in deposition layers needs 
consideration in order to simulate the fan development process accurately. 

5. Conclusion

This study demonstrated that double surge cases produce different fan morphology among cases, due to the 
differences in inundation and deposition range of the second surge. This implies that the unsaturated surface 
condition of the fan produced by the first surge led to a change in the deposition range of the second surge. These 
results indicate that a change in the saturated condition of the bed surface induces differentiation in fan morphology. 
Therefore, examination of characteristics of the fan and surge affecting saturation, such as surge duration and grain-
size distribution, is necessary for understanding flow deposition. Additionally, the elucidation of the mechanism of 
entrainment and deposition of debris flow in relation to the degree of saturation in the bed would be the key to the 
development of more accurate numerical simulations of debris flow.  
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2.1. Study site and data 

452



Uchida / 7th International Conference on Debris-Flow Hazards Mitigation  (2019) 

2.2. Numerical simulation model 
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3.2. Front shape and velocity of the debris flow 
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Abstract 

Process of sediment and woody debris transport generated by landslides and debris flows are simulated numerically using the 
depth-integrated two-dimensional forms for mass and momentum conservation equation with Egashira et al., (1997)’s formulas for 
resistance law and erosion-deposition formulas. In order to discuss woody debris behavior, a convection equation is formulated 
with erosion-deposition term where the yield of woody debris takes place proportionally to sediment erosion and deposition. A 
small drainage basin located within Akatani River basin of the Fukuoka Prefecture of Japan, where a large number of landslides 
and debris flows with woody debris occurred during a heavy rainfall event in 2017, is selected for this study. The numerical solution 
reproduced the spatial distribution of erosional area and depositional area, and run out volume of sediment at the outlet of the valley. 
The solution also reproduced the spatial distribution and run out volume of woody debris. 

Keywords: landslide; debris flow; sediment and woody debris run out; numerical modeling 

1. Introduction

Sediment and woody debris transported by shallow landslides and debris flow associated with heavy rainfalls
change river courses and riverbeds drastically in mountainous drainage basins. In addition, accumulated woody debris 
at bridges causes upstream flood inundation. The amount of the transported sediment and woody debris sometimes 
becomes extremely large and this damages lives and assets severely. The flood and sediment disasters occurred in the 
northern Kyushu, 2017 and in Iwate Prefecture, 2016 are the examples which show the fact that a large amount of 
sediment and woody debris caused severe disasters. 

This study formulates processes of yield and transport of sediment and woody debris resulting from landslides and 
debris flows. A soil block released by a landslide associated with heavy rainfall will fluidize when internal strain 
energy of the soil block due to boundary shear exceeds a certain threshold value (Ashida et al., 1984). When the soil 
block satisfies the threshold conditions, the soil block change into debris flows easily on its run out process. The 
mobility of debris flow is influenced by the fine sediment fraction of debris flow material. A mass density of pore 
fluid will increase because fine sediment behaves as a fluid phase. In addition, numerous woody debris is produced 
by a landslide and debris flow and part of woody debris deposit with sediment transported by debris flow (Mizuyama 
et al., 1985, Ishikawa et al., 1989). 

Numerical models which deal with debris flow as continuum body are proposed (Medina et al., 2008, Armanini et 
al., 2009, Hussin et al., 2012, Frank et al., 2015). In the numerical model, bed shear stress and sediment entrainment 
play important role in characterizing run out processes of debris flow. Bed shear stress is composed of terms for 
Coulomb friction and turbulent friction. Coulomb friction is evaluated by internal friction angle, sediment 
concentration, but sometimes coulomb friction as it is omitted. The sediment entrainment is evaluated by mainly 
empirical method or method which is based on local equilibrium. 
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Characteristics of debris flow such as flow depth, velocity, sediment consecration, and bed elevation are determined 
by solutions obtained from mass and momentum conservation equation of debris flow as well as bed sediment. This 
study proposes convection and storage equations of woody debris with a term for yield and deposition by using the 
erosion and deposition formula of debris flows. This study applied those equations to one of a small drainage basin of 
Akatani River drainage basin in Fukuoka Prefecture where many landslides and debris flows occurred from the heavy 
rainfall in 2017, and discusses the suitability of the equations and run out processes of the sediment and woody debris. 

2. Governing equations for debris flow with woody debris

The sediment on mountain slope is composed of particles of various sizes. In this study, sediment is divided into 
fine sediment and coarse sediment by a threshold size, because the fine sediment influences the mobility of debris 
flow as suggested before. When the sediment is saturated with water and starts to fluidize, fine sediment and coarse 
sediment stay as solid status, and the pores are saturated with water. When the sediment fluidizes, coarse sediment 
behaves as solid phase and fine sediment and water behave as a fluid phase. In the erosion process on a river bed, the 
coarse sediment is entrained in debris flow body as a solid and the fine sediment as a fluid with water in pores. In the 
deposition process, the fluid composed of water and fine sediment is entrained into pores formed by deposition of 
coarse sediment. Thus, the different mass conservation equations are formulated in the erosion and the deposition 
processes for the total flow body and the coarse and fine sediment (Egashira et al., 2016): 

In the erosion process: 

𝜕ℎ

𝜕𝑡
+

𝜕𝑢ℎ

𝜕𝑥
+

𝜕𝑣ℎ
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In the deposition process: 
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𝜕𝑦
= (1/𝑐∗D − 1)𝑐f𝐸 (6) 

in which 𝑡 is the time, ℎ is the depth of debris flow, 𝑥 and 𝑦 are the directions of orthogonal coordinate system, 𝑢 and 
𝑣  are the depth-averaged velocity of 𝑥  and 𝑦  directions, respectively, 𝐸  is the erosion-deposition rate, 𝑐∗  is the
volumetric concentration of sediment on the mountain slope and river bed, 𝑐c is the concentration of coarse sediment,
𝑐f is the concentration of fine sediment, 𝑝c is the composition rate of coarse sediment, 𝑝f is the composition rate of
fine sediment, and 𝛾 is the correction parameter for the sediment transport. The erosion-deposition rate is defined by 
(Egashira et al., 2001) as follows: 

𝐸

√𝑢2 + 𝑣2
= 𝑐∗ tan(𝜃 − 𝜃e) (7) 

tan 𝜃e =
(𝜎/𝜌 − 1)𝑐c

(𝜎/𝜌 − 1)𝑐c + 1
tan 𝜙 (8) 

𝜌 = (𝜎 − 𝜌w)𝑐f + 𝜌w (9) 
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in which 𝜃 is the local gradient, 𝜃e is the equilibrium gradient of debris flow, 𝜎 is the mass density of sediment, 𝜌 is
the mass density of the mixture of fine sediment and water, 𝜙 is the internal friction angle, and 𝜌w is the mass density
of water. 

2.1. Momentum conservation equation of debris flow 

The momentum conservation equation of debris flow is described as follows (Egashira, 2007), 

𝜕𝑢ℎ

𝜕𝑡
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𝜏by
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in which 𝛽 is the correction parameter for momentum, 𝑔 is the acceleration of gravity, 𝐻 is the elevation of debris 
flow surface, 𝜏bx and  𝜏by are the 𝑥, 𝑦 component of bed shear stress, and 𝜌m is mass density of debris flow body. The
mass density of debris flow body is described as follows: 

𝜌m = (𝜎 − 𝜌)𝑐c + 𝜌 (12) 

Bed shear stress 𝜏bx and 𝜏by, are defined by (Miyamoto and Ito, 2002, Egashira, 2007) as follows:

𝜏bx = 𝜏b𝑢/√𝑢2 + 𝑣2 (13) 

𝜏by = 𝜏b𝑣/√𝑢2 + 𝑣2 (14) 

in which 𝜏b is the bed shear stress and described as follows:

𝜏b = 𝜏y + 𝜌𝑓b(𝑢2 + 𝑣2) (15)

in which 𝜏y is the yield stress, 𝑓b is the friction factor. The yield stress 𝜏y and the friction factor 𝑓b are described as
follows: 

𝜏y = (
𝑐c

𝑐∗

)
1/5

(𝜎 − 𝜌)𝑐c𝑔ℎ cos 𝜃 tan 𝜙 (16) 
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in which 𝑓d and 𝑓f are defined as follows:

𝑓d = 𝑘d(𝜎/𝜌)(1 − 𝑒2)𝑐c
1/3 (18) 

𝑓f = 𝑘f(1 − 𝑐c)5/3/𝑐c
2/3 (19) 

in which 𝑒 is the restitution coefficient 0.85 in the case of natural sands, and 𝑘d and 𝑘f are the universal constants
specified as 𝑘d = 0.0828 and 𝑘f = 0.16. In case of gentle slope or large relative depth or turbulent flow, 𝑓d  is
evaluated as follows (Julien and Paris, 2010): 
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Fig. 1. (a)  Location of the drainage basin; (b) Aerial photograph the drainage basin after heavy rainfall. 
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in which 𝐴r = 8.5, 𝜅 = 0.4, and 𝜅s is the roughness.

2.2. Mass conservation equation of woody debris 

Assuming the yield and deposition of woody debris are in proportion to erosion and deposition of debris flow, 
convection equation of woody debris in debris flow and storage equation of woody debris on river bed are described 
as follows: 
In the erosion process: 
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In the deposition process: 
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in which 𝑐drf is the concentration of woody debris of debris flow body, 𝑑drf is the average diameter of trees, 𝑟 is
correction factor, and 𝑆 is the volume of deposition of woody debris on the river bed per unit area. In the erosion 
process, 𝑟 = 1.  In the deposition process, when  ℎ ≥ 𝑑drf ,  𝑟 = 1,  and when ℎ < 𝑑drf , 𝑟 = 0. In this study, we
assume that woody debris does not influence the mass and momentum of debris flow. 

3. Yield and run out of sediment and woody debris by heavy rainfall in 2017

A heavy rainfall event occurred in the northern Kyushu in July 2017. Landslides and debris flows extensively
occurred, resulting in a drastic topographical change along Akatani channel. We selected a small drainage basin 

Study site 
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Fig. 2. (a) Topography of the drainage basin; (b) Longitudinal profiles of [ P1, P2 and P3 ]indicated in Figure. 2. (a). 

Fig. 3. (a) Changes in elevation before and after the heavy rainfall; (b) Longitudinal profile of stream channel between section A and B. 

from Akatani River basin to investigate yield and run out of sediment and woody debris based on field surveys, aerial 
photographs, and elevation data taken by laser from airplane before and after the event. Fig.1 (a) shows the location 
of the target drainage basin site in Fukuoka Prefecture of Kyushu, Japan. The area of the drainage basin is 6.7 ha and 
covered with coniferous trees. The maximum 24-hour rainfall was 450 mm and the maximum hourly rainfall was 100 
mm around the drainage basin, based on the radar of Japan Meteorological Agency (Yamazaki et al., 2018). Fig. 1 (b) 
shows the aerial photograph of the drainage basin after the heavy rainfall. The photograph shows a run out mark of 
sediment in the upper and middle of the valley and deposition of sediment and woody debris in and around the outlet 
of the valley. Those depositions in their run out paths are assumed to be formed by the sediment and woody debris 
due to erosion by landslides and debris flows. In this valley, the deposition in the run out paths is assumed to be partly 
transported by flood water of main channel. A detailed investigation is required for the volume of transportation to 
the downstream. A number of trees per unit area, locations and lengths of woody debris are investigated by counting 
tree crowns of conifers on this aerial photograph. 

Fig. 2 (a) and (b) show the topography of the drainage basin before the heavy rainfall and longitudinal profile along 
the stream segments P1, P2, and P3 shown in Fig.2 (a). The longitudinal profile indicates the gradient of the slopes 
where landslides occurred is around 30 degrees.  The gradient of the stream bed from the confluence point of P1, P2, 
and P3 to cross section B ranges from 10 to 6. Sediment deposits were collected at M1, M2, and M3 in Fig. 2 (a). 
These samples were sieved in the laboratory. The result of the sieving is shown in Fig. 4 (a). 

Fig. 3 (a) shows changes in elevation before and after the heavy rainfall. This study classifies these areas where 
elevation decreased as erosional areas, and these areas where elevation increased as depositional area. Based on the 
elevation change, the volume of sediment yield and deposition within the drainage basin is estimated at 59,000 m3 
from the erosional area and the volume of deposition is estimated at 12,000 m3 from the depositional area. Because 
the volume of sediment transport from the drainage basin is calculated as the sum of the volume of elevation change  
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Fig. 4. (a)Grain size distribution of soil samples; (b)Spatial distribution of woody debris and area of sediment run out. 

Fig. 5. (a) Simulated erosion and deposition area; (b) Simulated spatial distribution of woody debris deposition with the overlay of measured 
woody debris. 

on erosional area and depositional area, the volume of sediment transport is estimated at 47,000 m3. The deposition in 
the area between cross section A and B is 23,000 m3. Sediment run out from the drainage basin to the mainstem may 
be estimated around 24,000 m3. A section of streambed from 350 m to 450 m in Fig. 3 (b) is eroded and depth is 0.5 
m. A section from 350 m to the outlet of the valley is a deposited area and the gradient of the deposited area is around
6.5 degrees. 

Fig. 4 (a) shows the grain size distribution of soil samples of a mountain slope taken at M1, M2, and M3 displayed 
in Fig. 2 (a).  Although M3 locates in the center of the mainstem, the sample is taken from a large soil lump attached 
to root zone of a tree which is estimated to be originally located in the mountain slopes. Here, a soil particle with a 
diameter less than 0.2 mm which is generally called as wash load is treated as a fine sediment which behaves as a fluid 
in a debris flow. The grain size distribution shows 𝑝f ranges from 0.3 to 0.5. The topographical gradient of deposition
on stream bed from 250 m to 450 m after the heavy rainfall ranges from 6 to 10 degrees (Fig. 3 (b))The equilibrium 
gradient of debris flow calculated by the equation (8) becomes 𝜃e = 10.3, 8.0, 6.1 degrees when 𝑝f = 0.3, 0.4, 0.5 with
soil physical parameter described in section 4. This support the validity of the equation. 

Fig. 4 (b) shows the locations and lengths of the woody debris investigated on the aerial photograph and the region 
where sediment transports occurred by landslides and debris flows. Woody debris heavily accumulated around the 
outlet of the drainage basin and slightly deposited in the stream channel within the drainage basin. Run out volume of 
the woody debris is estimated as follows. A calibrated number of trees per unit area is 0.09 based on the aerial 
photograph. The average height and the average breast high diameter (diameter at 1.2 m) are 30 m and 0.3 m, 
respectively based on the field survey heavily empirical. Assuming a shape of a tree is a cone, a volume of a tree is 
0.77 m3. Ignoring leaves and small branches of trees, the volume of trees per unit area is 668 m3/ha. The eroded area 
is 1.58 ha. Assuming woody debris is yielded in erosion area, the volume of woody debris yield becomes 1055  
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Fig. 6. (a) Temporal changes in run out volume of debris flow; (b) Temporal changes in run out volume of coarse sediment (without pore). 

Fig. 7. (a) Temporal changes in run out volume of fine sediment (without pore); (b) Temporal changes in run out volume of woody debris. 

m3. The remaining woody debris within the drainage basin is 70 m3. The run out volume of woody debris from the 
drainage  
basin is 985 m3. The deposition of woody debris around the outlet of the drainage basin is 120 m3, then the volume of 
woody debris supply to the mainstem is estimated at 865 m3. 

4. Transport processes of sediment and woody debris estimated by numerical simulation

To investigate the transport processes of sediment and woody debris, the governing equation of debris flow and 
convection and storage equation of woody debris are solved numerically.  

Condition and setting for the simulation are as follows. The initial condition of surface soil layer is saturated with 
water, and the area marked by dotted circle becomes fluidized with ℎ = 𝐸 shown in Fig.3 (a), 𝑐c = 𝑝c𝑐∗, 𝑐f = 𝑝f𝑐∗,
𝑢 = 0, 𝑣 = 0 when 𝑡 =0. Potential erosion depth of area is set to 0.5 m. Size of grid cells is 5 m. Physical constants 
are set as follows, 𝑔=9.8 m/s2, 𝜎 =2650 kg/m3, 𝜌w=1000 kg/m3 𝜙 =37°, 𝑒=0.85, 𝑝f=0.4, and 𝑝c=0.6.

Fig. 5 (a) shows the simulated spatial distribution of erosion and deposition of sediment and Fig. 5 (b) shows the 
simulated spatial distribution of woody debris storage expressed by height. Although the deposition of sediment around 
upper stream area of cross section A is simulated less than the estimation by using elevation data, the trend of the 
spatial distribution of erosion and deposition simulated by this study looks similar to the estimation by elevation data. 
Assuming sediment yield volume is the total amount of the volume of erosion area multiplying that erosion height, the 
sediment yield volume is 53,000 m3, and volume without pore of coarse sediment is 19,000 m3 and the volume of fine 
sediment is 13,000 m3 because 𝑐∗=0.6，𝑝c=0.6，𝑝f=0.4. The trend of spatial distribution of woody debris deposition
is similar to that of the spatial distribution obtained from the aerial photograph (Fig. 5 (b)). A volume of the woody 
debris deposition within the drainage is 7 m3.  

Fig. 6 (a) shows the temporal changes in the accumulated volume of debris flow passing the cross section B and C. 
It indicates the debris flow reached at the outlet of the drainage basin in 15 seconds, and 90% of the total volume of 
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debris flow run out in 100 seconds. The volume of debris flow at the cross section B is 44,200 m3 (@ t=600 s in Fig. 
6 (a)). Debris flow temporarily staying around the area between cross section B and C, flows to the lower reaches 
crossing section C. Fig. 6 (b) and Fig. 7(a) show accumulated run out volume of coarse sediment and fine sediment 
without pore at the cross section B and C. The volume without pore of coarse and fine sediment at cross section B is 
9,070 m3 and 12,170 m3, respectively. The deposition volume without pore of coarse and fine sediment around outlet 
is estimated at 6,230 m3 and 750 m3, respectively based on the difference in the value of cross section B and C. 
Sediment supply from the drainage basin to the mainstem is estimated at 2,840 m3 and 11,420 m3, respectively. This 
indicates 70 % of coarse sediment remain within the drainage basin, on the other hand, 90 % of fine sediment run out 
from the drainage basin to the mainstem. 

Fig. 7 (b) shows temporal changes in the accumulated volume of woody debris. Run out volume at the outlet is 
1,630 m3, deposition at the outlet is 130 m3, and supplying to the mainstem is 1,500 m3.  

5. Conclusion

This study proposed convection and storage equations with a term for yield and deposition to describe transport 
process of woody debris using the erosion and deposition equation of debris flows. The proposed equations for woody 
debris and governing equations were applied to a small drainage basin which experienced heavy rainfall in 2017. The 
result shows the equations reproduced the actual process of yield and run out of sediment and debris flows well. It is 
estimated by this study that 70 % of run out coarse sediment deposit around the outlet of the drainage basin and 90 % 
of fine sediment run out into the main stem, which is difficult to estimate by using only aerial photographs and elevation 
data. It is estimated that 90 % of woody debris flows into the mainstem while the rest remains within the drainage 
basin and is deposited around the outlet. Although r still needs to be discussed, this study is expected significantly to 
contribute to flood disaster and risk research in the middle and lower reaches from the perspective of considering the 
sediment and woody debris supply. 
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Abstract 

The importance of understanding the extent of areas threatened by post-wildfire debris flows cannot be overstated, as illustrated by 
the post-Thomas Fire flows through Montecito, California, in January 2018. Methods and models developed by the U.S. Geological 
Survey to identify burned basins at risk of producing post-wildfire debris flows are well established, effective and commonly used. 
In contrast, there is no similarly established methodology for delineating debris-flow hazard zones downstream of basins prone to 
producing post-fire debris flows. Understanding potential inundation zones is critical for protecting human life, property and 
infrastructure. Recently, some communities and local government agencies have begun assessing potential risks from post-wildfire 
hazards before an area burns (pre-fire hazard assessments). These assessments utilize modeled burn severity maps and existing 
methodologies to identify basins likely to generate post-fire debris flows should the basins burn. In most studies, however, there 
have been no attempts to delineate hazard zones downstream of the basins that could produce post-fire debris flows. This 
information is critical for identifying mitigation opportunities and for establishing emergency evacuation routes and procedures. 
Here, we report on work using a newly developed process-based model and an empirical model, Laharz using two different sets of 
mobility coefficients, to assess debris-flow runout from a recently burned basin. The actual extent of debris-flow runout is known, 
which allows us to compare model performance. Laharz is efficient for assessing large areas but requires the user to select the 
location of deposition a priori, and mobility coefficients for post-fire debris flows have not yet been developed. Laharz did not 
adequately predict the downstream extent of deposition using either set of mobility coefficients. The process-based model using 
two sets of parameters, friction angle, φ, and ratio of pore fluid pressure to total basal normal stress, λ, provided a range of results. 
The simulation using parameters λ = 0.8 and φ = 0.35 provided the best match between mapped and modeled deposits and provided 
a better estimate of inundation relative to Laharz. This two-model approach is helpful for assessing the shortcomings and benefits 
of each model, and for identifying the next steps needed for developing a method to identify post-fire debris-flow hazard zones 
before a fire begins. 

Keywords: Wildfires; debris flows; inundation modeling; Arizona 

1. Introduction

Increasing wildfire size and severity across the western U.S. and continued encroachment into the wildland-urban
interface place more people, property, and infrastructure at risk from post-wildfire hazards. Extensive research efforts 
focused on post-wildfire debris flows have led to an improved understanding of initiation mechanisms (e.g. Kean et 
al., 2013; McGuire et al., 2017), the development of objectively-defined rainfall-intensity duration thresholds (Staley 
et al., 2013; Staley et al., 2017), and new logistic regression models to predict debris-flow probability and volume 
(Gartner et al., 2014; Staley et al., 2016). As such, it is possible to identify burned basins at risk of producing post-
wildfire debris flows. These methods are now being employed to identify, proactively, basins that are at risk of 
producing post-fire debris flows should a fire occur (Tillery et al., 2014; Tillery and Haas, 2016; Staley et al., 2018). 
While these studies provide valuable information, there is also a need for local governments and communities to 
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identify post-wildfire hazard zones downstream of burned areas for planning and mitigation purposes. For example, a 
series of devastating post-fire debris flows and floods from the 2010 Schultz Fire in Coconino County, Arizona (Figure 
1; Youberg et al., 2010), caused significant impacts to homes and infrastructure, the loss of one life, and economic 
impacts to the greater Flagstaff area between $133 and $147 million (Combrink et al., 2013). To help prevent similar 
situations in other areas of the county, Coconino County Public Works conducted a pre-fire assessment of post-fire 
hazards in areas not yet burned by wildfires (Loverich et al., 2017). 

Figure 1. 2010 Schultz Fire location map (a) and burn severity with location of study basin (b). Post-Schultz Fire removal of debris-flow deposits 
from channels on forest (c; photo: M. Nabel) and debris-laden flows in a subdivision below the burn area (d; photo: A. Youberg). 

One of the goals of the Coconino County pre-fire study was to delineate potential debris-flow hazard zones, based 
on a reasonable wildfire scenario, to identify mitigation opportunities that would reduce impacts from the aftermath 
of wildfires. A challenge with this study was selecting an appropriate model to assess debris-flow inundation that 
adequately balanced model complexity with available information. While more detailed, physically based models 
might have provided better approximations of debris-flow behavior and inundation zones, time and resource 
constraints, data limitations, and the size of the study areas precluded the use of these models. In addition, few, if any, 
models have been developed for, calibrated, or tested on post-fire debris flows. Unlike debris flows mobilized from 
shallow landslides, post-fire debris flows are frequently triggered when runoff concentrates in steep channels (Meyer 
and Wells, 1997; Kean et al., 2011). As such, post-fire debris-flow surges are often embedded within, and interact 
with, water-dominated flows. The resulting implications for debris-flow mobility are not clear. 

The empirical, volume-driven Laharz model (Iverson et al., 1998; Schilling, 2014) was selected to simulate post-
fire debris-flow inundation for the Coconino County study. This model was selected because modified mobility 
coefficients had been developed for Arizona debris flows (Magirl et al., 2010) and the model could be further tested 
with data of mapped post-Schultz Fire flow deposits (Youberg, 2017). Laharz, in its current form, requires the user to 
determine where deposition will begin and, because it simply deposits flow across the topography based on volume 
and mobility coefficients, it does not accurately reflect flow behavior. Based on Laharz results from the Schultz burn 
area, this model was deemed acceptable for the Coconino County study. We revisit this issue because better 
methodologies for assessing and delineating potential inundation zones are needed for upcoming pre-fire hazard 
assessments. In this study, we use Laharz and a process-based model to assess debris-flow runout from a recently 
burned basin. The actual extent of debris-flow runout is known, which allows us to compare model performance and 
assess the utility of the two modelling approaches. 

2. Study Area

In June 2010, the small but severe Schultz Fire burned 6100 ha on the eastern slopes of the San Francisco Peaks 
northeast of Flagstaff, Arizona (Figure 1). This wind-driven fire burned 60% of the area within the first 24 hours with 
the majority of the fire area burned at moderate (27%) to high (40%) severity on moderate to very steep slopes (Figure 
1; USDA Forest Service, 2010). The fire was followed by a wetter than average monsoon which resulted in numerous 
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debris flows, extensive flooding, the destruction of a city waterline, damage to homes and other infrastructure, and the 
loss of one life (Youberg et al., 2010). Reconnaissance fieldwork was conducted in August and September 2010 to 
document which storms and basins produced debris flows (Youberg, 2015) and to map and classify deposits as debris 
flow, flood, or reworked/mixed (i.e. deposits with debris-flow characteristics - unsorted, snouts, levees - reworked by 
hyper-concentrated and flood flows) (Youberg, 2017). The modeling efforts in this study focus on basin 9120, which 
produced debris flows on June 20 and August 16, 2010, and numerous floods throughout the summer (Youberg et al., 
2010). The mapped reworked/mixed deposit (Figure 1, orange polygons) may have initially been emplaced during the 
first debris-flow event, June 20, and subsequently reworked. The mapped debris-flow deposits (Figure 1, dark brown 
polygons) were likely emplaced during the second debris-flow event, August 16. Debris-flow volume estimates for 
basins in the Schultz Fire burn area ranged from 1000 m3 to 14,000 m3 but were most frequently 3000 m3 and averaged 
5000 m3 (Youberg, 2015). 

Figure 2. Debris flow (dark brown), reworked/mixed (orange), alluvial (yellow) deposits, and sheetflow areas (light blue) mapped during August 
and September 2010 (a) (from Youberg, 2017). Basin 9120 on June 29, 2010, looking upstream from FR 146 (b), when it was an unincised swale 
(Photo: City of Flagstaff), and on August 4, 2010, looking NE from FR 146 (c) with debris-flow deposits on and above the road (Photo: City of 
Flagstaff). Below the road, the channel is incised 2-3 m.  

3. Methods

3.1. Laharz modeling 

Laharz is a volume-driven empirical model first developed to identify potential hazard zones from volcanic lahars 
(Iverson et al., 1998), and later modified to include rock avalanches and worldwide debris flows (Griswold and Iverson, 
2008), and saturation-induced debris flows in Arizona (Magirl et al., 2010). Laharz uses digital topography and two 
volume-based flow equations with mobility coefficients, α1 and α2, to define inundation of cross-sectional area, A, and 
planimetric area, B (Table 1), occupied by the flow as it moves down the channel until the volume is exhausted 
(Schilling, 2014). The mobility coefficients are statistically derived from past debris-flow inundation data of high-flow 
marks (e.g. scouring, strandlines, log jams) and runout (e.g. snouts, levees) (Griswold and Iverson, 2008). Here, we 
calculated and assessed results using both worldwide and modified Arizona mobility coefficients.  

Table 1. Laharz coefficients for two different mobility characteristics. Volumes modeled were 1,000, 3,000 and 
5,000 m3. 

Mobility coefficients, x and y Cross-sectional area, A = α1V2/3  Planimetric area, B = α2V2/3 
Worldwide (Griswold and Iverson, 2008) 0.1 20 
Arizona (Magirl et al., 2010) 0.1 40 
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Simulations were run to assess inundation downstream of basin 9120 with deposition beginning where the channel 
debouches onto the piedmont at approximately 444832 m E and 3906084 m N (Figure 3a). Debris-flow volumes of 
1000 m3, 3000 m3 and 5000 m3 were chosen based on previous mapping (Youberg, 2015) and expected debris-flow 
volumes from 1- to 2-year precipitation (Youberg, 2017). The digital topography (1 m) was derived from airborne 
lidar collected in 2012. We selected this post-event topography as the available pre-event digital topography was of 
poor quality and hydrologically incorrect (drainages didn’t follow actual topography). The extent and locations of 
modeled deposition and mapped deposits, which reflect geomorphic conditions after the second set of debris-flow-
producing storms on August 16, 2010, were assessed using two different metrics. First, we computed the percentage 
of aerial overlap between modeled and mapped deposits. Second, to assess differences between observed and modeled 
runout potential, we report the distance between the base of the modeled deposit and the base of the mapped deposits. 

Figure 3. Laharz results for volumes of 1000 m3 (yellow), 3000 m3 (light blue), and 5000 m3 (dark blue) using the equations for worldwide (WW) 
debris flows (a) and the modified Arizona (AZ) equations (b). Black line is a debris-flow deposit, and brown lines are reworked/mixed debris-flow 
deposits reworked by hyperconcentrated and flood flows. The white arrow indicates where deposition begins in the model runs. 

3.2. Process-based debris flow routing model 

The debris flow routing model is based on a set of conservation laws for mass and momentum in a 3D depth-
averaged framework, similar to that used by Denlinger and Iverson (2001). The governing equations are given by, 
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where h is flow depth, u and v represent velocity in the x and y directions respectively, gx, gy, and gz are the components 
of gravitational acceleration in the x, y, and z, directions, λ=pb/ρgzh is the ratio of the pore fluid pressure (pb) to the 
total basal normal stress, φ is the bed friction angle, and µ is the pore fluid viscosity. The flow resistance is dominated 
in most cases by the second term on the right-hand side of equations (2) and (3), which represents the effects of friction 
modified by pore fluid pressure. The viscous resistance, represented by the third term on the right-hand side of 
equations (2) and (3), is generally small in comparison. Here, we assume a pore fluid viscosity of µ=0.1 Pa s, consistent 
with muddy water (e.g. Denlinger and Iverson, 2001). The governing equations are solved using a Godunov-type finite 
volume method, where the numerical fluxes are computed with the Harten-Lax-vanLeer-Contact (HLLC) approximate 
Riemann solver (e.g. Toro, 2013) and source terms are treated explicitly. Additional details on the numerical solution, 
including a thorough description of the flux computations, can be found in McGuire et al. (2016).  

The ratio of the pore fluid pressure to the total basal normal stress, λ, is held fixed throughout each simulation 
although its value does vary among simulations. In reality, the pore fluid pressure will change with time throughout 
the flow event. Here, rather than reconstructing detailed dynamics of a flow event, we instead seek to simulate debris-
flow runout following wildfire using a simplified process-based routing model with a minimal number of parameters. 
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Results from this model can then be used to assess the benefits and weaknesses of employing Laharz and to provide 
guidance for moving forward with refining the process-based model. 

Debris-flow runout simulations were performed using the routing model at basin 9120 (Figure 2). For all 
simulations, a static volume of debris was initialized in a channel reach defined between points 444539 m E - 30906328 
m N and 44698 m E - 3906274 m N (Figure 4a). This particular reach was chosen since it is near the bottom of the 
study basin, but the banks of the channel are still defined. Thus, it was possible to initialize the debri- flow volume 
within the channel, where post-fire debris flows typically initiate, in a channel section where we can reasonably assume 
that the debris flow was no longer entraining a substantial amount of material, and had likely achieved its final volume 
at that point in the basin. The debris flow moves from its static initial position once the simulation begins and is routed 
downslope to its final stopping point. Simulations were run with two different volumes, 1000 m3 and 5000 m3, as well 
as for two different values of λ (λ=0.65 and λ=0.8) and two different friction angles (φ=30° and φ=35°) for a total of 
eight simulations. 

4. Results

4.1. Laharz 

Laharz runs were conducted using the worldwide debris-flow equations (Griswold and Iverson, 2008) and the modified 
Arizona equations (Magirl et al., 2010) with volumes of 1000 m3, 3000 m3 and 5000 m3 (Table 1). The Arizona model 
more reasonably captures the mapped debris-flow deposit and begins to encompass the reworked/mixed deposit, while 
the worldwide model more dramatically underestimated the runout distance (Table 2, Figure 3).  

4.2. Process-based debris flow routing model 

Debris-flow runout varies considerably among simulations due to changes in the friction angle, φ, and the ratio of 
pore fluid pressure to total basal normal stress, λ (Figure 4). In cases were λ=0.65, the debris flow spreads out of the 
channel and runout is severely underestimated regardless of whether φ=30° or φ=35°. Increasing λ leads to a decrease 
in the effective normal stress and a corresponding increase in flow mobility, as expected. Varying the friction angle 
from φ=35° to φ=30° increases the runout distance of the leading edge of the flow by roughly 400 m. Choosing λ=0.8 
and φ=35° results in the best match between the modeled and mapped deposits. Although volume clearly affects 
deposit thickness, it has minimal impacts on flow mobility at our study site. 

5. Discussion

Laharz with the Arizona mobility coefficients appears to better capture the extent of the mapped debris-flow deposit
(Figure 3, black line) and begins to capture the reworked/mixed deposit (Table 2, Figure 3, brown lines), however 
neither set of mobility coefficients result in a simulation that fully captures the downstream extent of reworked/mixed 
deposits. There may be several reasons for this. First, mobility coefficients developed from and for post-fire debris 
flows may provide better results. Second, mapped debris-flow and reworked/mixed deposits were likely deposited 
during two different storms and thus may be difficult to reproduce by assuming they were emplaced at the same time. 
Lastly, we route the debris flows over post-event topography due to the poor quality of pre-event DEMs, which has 
potential implications for debris-flow spreading and runout. As such, model results reflect those expected under current 
topographic configurations rather than topography at the time of the flows. 

A drawback of using Laharz is that users are required to define where deposition begins, which is difficult to 
estimate, especially given the dramatic geomorphic changes typical of the disturbed post-fire environment. In the 
Coconino County study, this problem was addressed by modeling a wide range of volumes (half-order magnitudes 
from 103 to 105 m3), and selecting multiple deposition points using channel gradients and potential fan avulsion areas 
(Youberg, 2017). Results were then combined and generalized to create debris-flow hazard zones (first-order 
approximations) in each pilot study area (Loverich et al., 2017). 

The benefit of using a process-based routing model is that the deposition location does not need to be defined a 
priori. A debris-flow initiation location is still needed, but it may be possible to estimate initiation locations within a 
watershed using a hydrologic model and critical discharge thresholds required for bed failure (Gregoretti and Fontana, 
2008). The major uncertainties associated with the routing model used here include the friction angle and the ratio of 
pore fluid pressure to total basal normal stress. Runout extent and deposit shape were quite variable due to changes in 
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the friction angle, φ, and the ratio of pore fluid pressure to total basal normal stress, λ (Figure 4). Note that post-fire 
topography was also used with this model which likely influenced lateral spread and runout patterns. In all cases when 
λ = 0.65, regardless of friction angle, the model overestimated lateral spread and severely underestimated debris-flow 
runout (Table 2). The simulations for both volumes using λ = 0.8 and φ = 0.35 provided the best match between 
mapped and modeled deposits and performed better than other model configurations and Laharz (Table 2, Figure 4). 
A challenge in using a process-based routing model, even one with a minimal number of parameters as presented here, 
is that the results can be sensitive to small changes of parameters. Both λ = 0.65 and λ = 0.8 are reasonable choices, 
given that pore fluid pressures are likely high initially (i.e. λ=0.9) and then decay with time (e.g. Denlinger and Iverson, 
2001), yet they result in very different inundation predictions. Using λ = 0.8 is consistent with a debris flow that 
maintains high pore fluid pressure throughout the entirety of its runout. The fact that simulations assuming high pore 
fluid pressures perform the best could be a result of the interaction between the debris flows and the surrounding water-
dominated flow. Here, however, we only simulate the debris flow and neglect the water-dominated flow that the debris 
flow was likely embedded in.  

Figure 4. Results from the 8 process-based model runs for various values of λ and φ as well as total flow volumes 
of 1000 m3 (a, d, b, e) and 5000 m3 (c, f, g, h). White line with arrows in (a) shows the model initiation reach. 
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While the process-based debris-flow model is generally more complex and time consuming to run compared with 
Laharz, it may provide results that more accurately reflect debris-flow behavior and it is possible to constrain certain 
parameters (e.g. friction angle) given knowledge of debris-flow constituents (Table 2). Hence, there is potential for 
using the process-based routing model described here to develop inundation zones, particularly when there is not an 
immediate time constraint posed by an impending rainstorm (i.e. pre-fire assessments of post-fire hazards), if λ and ϕ 
can be sufficiently constrained. Given the spread in inundation scenarios simulated by the model for relatively narrow 
parameter ranges (0.65<λ<0.8, 30°<ϕ<35°), studies that help to identify typical parameter values for post-fire debris 
flows would aid in limiting the number of simulations required for sensitivity analyses. 

Table 2. Metrics used to compare model results with mapped deposits. The downstream extent of modeled deposits 
is compared with the downstream extent of mapped debris-flow (column 2) and reworked/mixed flow (column 3) 
deposits. Negative numbers indicate modeled deposits stop upslope of the downstream extent of the mapped 
deposits. The percent-area overlap between modeled deposits with mapped debris-flow (column 4) and 
reworked/mixed (column 5) deposits provides another assessment of each model  

6. Conclusions

The two-model approach presented here is helpful for assessing the shortcomings and benefits of empirical and 
process-based debris-flow inundation models, and for identifying the next steps needed for developing a method to 
identify post-fire debris-flow hazard zones before a fire begins. While Laharz is efficient for assessing inundation over 
large areas, especially under data limitations and constraints of time and resources, it requires the user to reasonably 
determine the location of deposition a priori. Also, mobility coefficients for post-fire debris flows have not yet been 
developed. A new version of Laharz is under development, and will allow the user to identify initiation areas and 
channel-slope thresholds below which deposition begins (Reid et al., 2016; D. Brien, personal communication). Once 
mobility coefficients for post-fire debris flows are developed, Laharz may more adequately represent post-fire debris-
flow inundation zones. The process-based routing model, using two sets of parameters, provided quite variable results. 
Nevertheless, results using λ = 0.8 and φ = 0.35 provided a reasonable match between mapped and modeled deposits. 
Future work with this model could focus on identifying the typical range of key parameters for post-fire debris flows, 
such as ratio of pore fluid pressure to total basal normal stress (λ), that could be used for developing plausible 
inundation zones. Mapped deposits from the Schultz Fire and other fires could be used to help develop Laharz mobility 
coefficients and constrain the range of parameters needed for process-based routing models for post-fire debris flows 
in Arizona. 

Process-Based 
Model 

Average distance upstream (-) / 
downstream (+) from base of modeled 

deposits to 

Percent area overlap between 
modeled deposit and mapped 

deposits 

Base of mapped 
debris-flow deposit 

Base of mapped 
rework/mixed 

deposit 

Mapped 
debris-flow 

deposit 

Mapped 
reworked/mixed 

deposits 
depthV1k_λ0.80 φ30 516 320 0% 23% 
depthV1k_λ0.80 φ35 137 -77 98% 20% 
depthV1k_λ0.65 φ30 -203 -285 0% 0% 
depthV1k_λ0.65 φ35 -272 -309 0% 0% 
depthV5k_λ0.80 φ30 475 263 0% 42% 
depthV5k_λ0.80 φ35 156 -12 100% 57% 
depthV5k_λ0.65 φ30 -112 -324 13% 0% 
depthV5k_λ0.65 φ35 -179 -353 0% 0% 
Laharz Model 
AZ_V1k 28 157 89% 3% 
AZ_V3k 99 163 95% 11% 
AZ_V5k 68 113 98% 20% 
WW_V1k -56 -254 67% 0% 
WW_V3k -40 -239 82% 0% 
WW_V5k -35 -234 89% 0% 
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Abstract 

Debris flows are one of the typical mountain hazards in the Qinghai Tibet Plateau, and they are also one of the most active and 
harmful hazards in the southeast of Tibet. Different from the formation mechanism of debris-flow hazard at low altitude, the 
debris flows in this alpine region are caused by the coupling of glacier movement, snow melting, and precipitation. To get the 
meteorological conditions in formation area of debris flows at the time of disaster occurrence, the daily temperature and 
precipitation in the areas near glacier tongues were obtained from the method of Anulspin and optimized TRMM data to analyze 
the influence of meteorological conditions on the formation of debris flows, and the ten mega debris flows that occurred after 
1980 in Guxiang, Peilong and Tianmo drainage basins in southeastern Tibet were selected as research samples. The results show 
that the values of climate extremes during the year and the month when most hazards occurred were obviously greater than at 
other times. In addition, we developed a hazards identification model                   (where   represents accumulated 
snow water equivalents in basin and   is the rise rate of accumulated temperature) through a combination of the accumulated 
snow water equivalents and the rise rate of accumulated temperature (> 0℃) in the areas near glacier tongues. The threshold of 
annual climate (       )for identifying the occurrence of mega debris-flow hazard was determined as 5.46. The threshold was 
also verified by three debris-flow events that occurred in other basins (Zhamu, Bianche and Jiaqinbu) in 2007. Moreover, in 
terms of meteorological condition before the debris flows, the cumulative precipitation and average temperature in the areas near 
glacier tongues prior to the first five mega debris flows occurence matched the formula                     

      (where      

is the cumulative precipitation and        is average temperature for 30 days), and all the values of        calculated from the 
subsequent five debris flows exceeded the threshold (155287), which means that the model was satisfactory for predicting the 
occurrence of mega debris flows in this region. 

Keywords: Mega debris flows; Global warming; Climatic conditions; Alpine region 

1. Introduction

Global warming has accelerated the melting of more accumulated snow and glaciers in the Tibetan Plateau
(Alexander et al., 2006; Yao et al., 2012; IPCC, 2013; Pepin et al., 2015). The increase in water from melting, a key 
triggering factor for debris-flow hazard in the area, reduces the shearing resistance of the material resulting in an 
increase in mobility, which greatly increases the potentiality of a variety of mountain hazards, including debris-flow 
hazard. Moraine deposits can easily be entrained into debris flows with the coupling effects of rainstorms, ice 
avalanches, glacier movement, and melt water, 

On global scale, there is a correlation between increases in global temperature and the scale and numbers of 
debris-flow events (Choi et al., 2009; Cui and Jia, 2015). On regional scale, debris-flow hazard can be related to the 
availability of glacier melt water and the topography of the area (Cui et al., 2010). Understanding debris-flow hazard 
processes in the region is important for the mitigation of geohazards in mountainous terrains, and for infrastructure 
development and protecting human lives and properties. The topic is also a frontier scientific issue for multiple 
hazard processes, as well as disaster forecasting in a complex environmental background. 
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In this paper, we studied the triggering conditions for ten mega debris flows that occurred after 1980 in Guxiang, 
Peilong and Tianmo drainage basins in the alpine region of southeastern Tibet (Fig.1). We analyzed these debris 
flows using long-time scale climatic data and meteorological conditions before the mega debris-flow occurrence.  

Fig. 1. Location of Peilong (a), Tianmo (b), Guxiang (c), Bianche (d), Zhamu (e), Jiaqinbu (f) drainage basins in southeastern Tibet 

2.Climate background for debris-flow occurrence

2.1 The method of principal components extraction from climate data 

Sixteen extreme temperature indices and five extreme precipitation indices, recommended by the Expert Team on 
Climate Change Detection and Indices (ETCCDI), were calculated, and the variation and abrupt characteristics of 
these indices in southeastern Tibet over the past 50 years were analyzed (Table 1). 

Because of the large number of extreme climate indices, which is not conducive to the overall analysis of regional 
climate change, the method of Principal Component Analysis (PCA) was used to reduce sixteen extreme temperature 
indices to three principal components (          using equation (1), also transformed five extreme precipitation 
indices to one principal component (Y) using equation (2). 

1 1 2 3 4 5 6

7 8 9 10 11 12

13 14 15 16

0.29 0.29 0.26 0.29 0.27 0.27
0.26 0.25 0.22 0.20 0.25 0.24
0.28 0.20 0.27 0.06

Y X X X X X X
X X X X X X
X X X X

           

           

       

2 1 2 3 4 5 6

7 8 9 10 11 12

13 14 15 16

0.16 0.24 0.33 0.11 0.05 0.26
0.12 0.01 0.21 0.11 0.21 0.06
0.24 0.30 0.03 0.68

Y X X X X X X
X X X X X X
X X X X

           

           

       

 (1) 

3 1 2 3 4 5 6

7 8 9 10 11 12

13 14 15 16

0.09 0.02 0.08 0.16 0.20 0.11
0.23 0.31 0.35 0.50 0.15 0.38
0.06 0.42 0.02 0.18

Y X X X X X X
X X X X X X
X X X X

            

           

       

where    is the daily maximum temperature,   is the daily minimum temperature,    is the cold night 
frequency,    is the warm night frequency,    is the cold day frequency,    is the warm day frequency,   is the 
warmest night temperature,    is the coldest night temperature,    is the warmest day temperature,     is the 
coldest day temperature,     is the warm spell duration indicator,     is the ice days,     is the frost days,     is 
the summer days,     is the length of growing season,     is the diurnal temperature range. 
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 1 2 3 4 50.45 0.48 0.39 0.44 0.46Y X X X X X           (2) 

where    is the annual total precipitation from wet days,    is the very wet day precipitation(＞95th),    is the 
annual maximum 1-day precipitation,    is the annual maximum consecutive 5-day precipitation,    is the 
Number of heavy precipitation days(≧10mm). 

2.2 Analysis of extreme climate anomalies 

Table 1 shows that the abnormal state of annual climate extremes when ten mega debris flows occurred in 
southeastern Tibet. It can be seen that high annual temperature and high annual precipitation are conducive to the 
occurrence of mega glacial debris flows. 

At the monthly scale of climate, air temperatures showed a higher value when 90% of debris flows occurred 
(Table 2). 

Table 1. Abnormal state of annual climate extremes when debris flow occurred in southeastern Tibet ("+" indicates a 
high level, which means a higher value than the average in the past five years;”-” indicates a low level, which means 
a lower value than the average in the past five years) 

the year of hazard 
occurrence Extreme temperature Extreme precipitation 

Peilong 1983 + - 

Peilong 1984 + + 

Peilong 1985 - + 

Peilong 2007 + + 

Guxiang 2004 + + 

Guxiang 2005 + - 

Tianmo 2007 + + 

Tianmo 2010 + + 

Table 2. Abnormal state of monthly climate extremes when debris-flow hazard occurred in southeastern Tibet ("+" 
indicates a high level, which means a higher value than the average of the same month in the past five years;”-” 
indicates a low level, which means a lower value than the average of the same month in the past five years) 

the month of hazard 
occurrence Extreme temperature 

Peilong Jul-1983 + 

Peilong Aug-1984 - 

Peilong Jun-1985 + 

Peilong Sep-2007 + 

Guxiang Sep-2004 + 

Guxiang Jul-2005 + 

Guxiang Aug-2005 + 

Tianmo Sep-2007 + 

Tianmo Jul-2010 + 

Tianmo Sep-2010 + 
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3. Climatic characteristics prior to debris-flow occurrence

3.1 Determination of the key factors at annual scale 

The snow cover in Tibet reaches its peak in January every year, followed by snow melt through springtime. If 
temperatures rise quickly, snow melts rapidly. In addition, new snowfall during the springtime can add additional 
water to the basins and increase the probability of debris-flow hazard during the snow accumulation and melting 
processes. 

In order to accurately describe the coupling of climate and surface environment on the formation of debris flows, 
we studied five mega debris-flow events occurred after 2000 in three typical glacial debris-flow basins (Peilong, 
Guxiang and Tianmo, see in Fig.2) in southeastern Tibet. The daily temperature data in the areas near glacier 
tongues (glacier activity region, also debris-flow initiation region, see the areas shaded in light blue in Fig.2) was 
interpolated by the method of Anusplin (Hock, 2003; Hijmans et al., 2005; Hutchinson, 1991; Hutchinson and Xu, 
2013) to characterize the active state of glacier melting indirectly. In addition to glacial activity, snow melting also 
provides a great deal of water for triggering mega debris flows. We calculated the cumulative snow-water equivalent 
to describe the active state of snow melting in Tianmo, Guxiang and Peilong basins prior to the occurrence of debris 
flows from the MODIS snow products (Hall et al., 2002; Tekeli et al., 2005; Hall et al., 2006; Gafurov et al., 2009; 
Morriss et al., 2016) and the passive microwave remote sensing data-SSM/I (Derksen  et al., 1998; Che et al., 2004; 
Tong et al., 2010; Stigter et al., 2017). 

Fig. 2. Definition of glacier activity regions (areas shaded in light blue) in the debris-flow basins studied 
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Table 3. The rising rate of air temperature in ℃ during the year prior to debris-flow occurrence in Peilong, Guxiang 
and Tianmo basins shown in Fig.2 (the value of rising rate calculating explained in Fig.3) 

Time Rising rate prior to debris-
flow occurrence 

Rising rate during the same 
period of no hazard occurrence 

Peilong Sep-2007 1.4379 1.6745 

Guxiang Sep-2004 1.5982 1.5564 

Guxiang Jul-2005 1.5366 1.6236 

Tianmo Sep-2007 1.5964 1.7285 

Tianmo Jul-2010 1.5103 1.6053 

Taking the Fig.3 as an example, the larger rising rate of cumulative temperature ( 0℃) in the areas near glacial 
tongues, and the faster melting rate of glacier. 

Fig. 3. Rising rate of accumulated temperature in the year prior to debris-flow occurrence (the black points represent the cumulative value of 
accumulated temperature from the first day in January to the time when hazard occurrence; the red line is the fitting trend of all black points.). 

The cumulative snow-water equivalent (Kodama et al., 1979; Gao et al., 2010; Alonsogonzález et al., 2018) from 
January to the time when hazards occurrence was calculated for the Guxiang, Tianmo and Peilong basins using 
equation (3), In addition, we defined the snow water equivalent (SWE) coefficient (the cumulative SWE was 
normalized by dividing newly accumulated snow volume by the area of each basin) in this paper, which eliminated 
the effect of area differences among different basins. 

              ∑        
      
    (3) 

where               is the total volume of newly accumulated snow,      is the number of newly 
accumulated snow days,      is the volume of newly accumulated snow per day. 

3.2 Analysis of the climate characteristics at annual scale 

An optimal threshold line (defined by equation 4) can be found by comparing the rising rate of accumulated 
temperature and the SWE, which effectively separates periods of debris-flow hazard and periods of no hazard. The 
threshold value is 5.46 (Fig.4a). 

                  (4) 

where         is the threshold determination model by annual climatic characteristics,   is SWE coefficient 
(normalized value of the cumulative SWE), and   is the rising rate of accumulated temperature in debris-flow 
initiation region. 

480



Cui / 7th International Conference on Debris-Flow Hazards Mitigation  (2019) 

Fig. 4. (a)The rising rate of accumulated temperature and SWE coefficient during the period of debris-flow hazard and the period of no debris-
flow hazard; (b) ‘vali’ means that we validate the model by the other three debris-flow basins (Zhamu, Bianche, Jiaqinbu, see Fig. 1.) during the 
period of debris-flow hazard and the period of no debris-flow hazard. 

The rising rate of accumulated temperature and the SWE coefficient when the debris-flow hazard occurred in 
Zhamu, Bianche and Jiaqinbu (Fig.1) in 2007 were calculated to validate the threshold model (Fig.4b), Results 
showed that the threshold line also effectively separates the model value in Zhamu, Bianche and Jiaqinbu basins 
during the period of debris-flow hazard and the period of no debris-flow hazard in terms of annual climatic change.  

4. Short-term meteorological characteristics prior to debris-flow occurrence

4.1 Extraction of daily temperature and precipitation for 30-day period prior to debris flows 

The formation of debris flows is influenced not only by the annual climatic characteristics, but also by the 
meteorological conditions in the 30-day period prior to the events. By using the method of Anusplin (Hock, 2003; 
Hijmans et al., 2005; Hutchinson, 1991; Hutchinson and Xu, 2013) and optimized TRMM data, the 30-day 
meteorological conditions (temperature and precipitation) prior to the ten mega debris flows occurrence in the 
Peilong, Guxiang, and Tianmo basins were estimated (Table 4). 

Table 4. 30-day temperature and precipitation prior to these ten debris flows 

The time of debris-
flow occurrence 

30-day average temperature prior to debris-
flow hazard (℃) 

30-day accumulated precipitation prior to debris-
flow hazard (mm) 

Peilong 

1983/7/28 13.36 99.24 

1984/8/23 11.76 132.45 

1985/6/18 10.02 193.70 

2007/9/4 12.83 97.77 

Guxiang 

2004/9/7 13.20 88.14 

2005/7/30 14.02 82.13 

2005/8/6 13.50 91.42 

Tianmo 

2007/9/4 13.09 93.40 

2010/7/25 14.31 108.23 

2010/9/4 13.11 103.37 

a b 
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4.2 Analysis of the meteorological characteristics at daily scale 

A threshold model was established by using the 30-day average temperature and accumulated rainfall of the five 
glacial debris flows with the earliest dates of occurrence (equation 5), and the value of threshold is 155287 (Fig.5a). 
The model results (      ) from the subsequent five debris-flow events were calculated, and the values were greater 
than 155287 (Fig.5b), which means that the model successfully predicted the occurrence of mega debris flows in the 
region. 

                   
      (5) 

where        is the threshold model determined by meteorological characteristics prior to hazards,       is the 
30-day accumulated rainfall in debris-flow initiation region prior to hazards.       is the 30-day average 
temperature in debris-flow initiation region prior to hazards . 

Fig. 5. (a) Meteorological conditions in the areas near glacier tongues in the 30 days prior to the first five mega debris flows; (b) validation of 
model using five subsequent debris flows 

5. Conclusion and discussion

This paper innovatively obtained the change of air temperature and precipitation in debris-flow initiation region
by using the method of Anusplin and optimized TRMM data, which were used to describe the climatic conditions 
conductive to the formation of debris-flow hazard from different time scales, and build the corresponding threshold 
models. Although we use redundant samples of debris-flow hazard to validate these models we built, and the results 
showed that the threshold line of model could effectively separates the model value in the validation sample debris-
flow basins (Zhamu, Bianche and Jiaqinbu) during the period of debris-flow hazard and the period of no debris-flow 
hazard.  

However, there are still some space to revise and upgrade the research conclusions in this paper: 
1) At present, we only use the changes of temperature and SWE to describe the active state of the glacier and

snow indirectly in debris-flow basins, and cannot quantify the water supplied from of glacier or snow melting, 
which is not conducive to set up a quantitative equation to describe the initiation process of debris-flow 
hazard.  

2) For getting the climatic condition conducive to trigger a mega debris-flow hazard, there are a small number
of mega glacial debris-flow samples in southeastern Tibet since 1980 we collected to reduce the impact of the 
strong earthquakes happened in Motuo in 1950 (M 8) on providing a lot of fresh loose materials for debris-
flow drainage basins. It is necessary to collect more samples of debris-flow hazard to validate or optimize the 
model in this paper. 

a b 
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Abstract 

Wildfire impacts on vegetation, soils, and resulting hydrologic processes often result in debris-flow activity in mountainous areas, 
particularly in response to intense rainfall events that follow. Rainfall thresholds for debris-flow initiation in burned areas have 
been studied in a variety of settings. It has been proposed that short duration, high-intensity rainfall events are responsible for 
debris-flow initiation in burned areas. The timing of these responses relative to rainfall intensity peaks is not well understood, 
leaving uncertainty regarding the duration of intense rainfall necessary to trigger debris flows, which is pertinent to debris-flow 
initiation thresholds and processes, as well as potential risk mitigations. This study evaluates timing of debris-flow initiation relative 
to various periods of rainfall intensity at a burned area in Colorado. Detailed local monitoring data from the first intense rainfall 
events following the 2010 Medano Fire are presented and provide insight into temporal correlations between rainfall intensity peaks 
and debris-flow initiation. Findings indicate that flow arrivals were within approximately 10 minutes after the beginning of periods 
of peak short duration rainfall intensity and as soon as 6 minutes after the first rainfall of a storm event was recorded, suggesting 
that short periods of intense rainfall were responsible for initiation. Tests for equality of variances and means indicated that rainfall 
intensity values of up to 1-hour duration differentiated between storms that triggered debris flows and those that did not, while 
average storm intensity did not distinguish between them. The return intervals of storms that triggered debris flows in the Medano 
Fire burned area burned areas evaluated was as low as 2 years; however, short-period rainfall intensity within the triggering storms 
were similar in magnitude and correlated temporally with debris flows.  

Keywords: debris-flow initiation; rainfall intensity-duration; wildfire burned area 

1. Introduction

Debris and sediment-laden flows are often observed in mountainous burned areas in response to rainstorms shortly
after wildfires. Their increase in frequency can be attributed to increases in runoff and erosion of material affected by 
the fire, which are most dramatic in the year or two following the fire (Cannon and Gartner, 2005). As vegetation 
recovers, and as the supply of ash and soil affected by the fire is eroded away, debris-flow activity generally decreases 
over time. Monitoring of rainfall and debris-flow activity in the initial years following a wildfire provides insight into 
the rainfall conditions and processes responsible for debris-flow initiation, as well as the recovery of the burned area 
and resulting decrease in debris-flow activity.  

The investigation discussed herein includes evaluation of rainfall conditions and debris-flow responses using 
instrumented monitoring data from a wildfire burned area in Colorado. Instrumentation was installed within the 
Medano Fire burned area for monitoring as part of a research investigation by the authors. 
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2. Background

2.1. Precedent for debris-flow initiation mechanisms in wildfire burned areas 

In basins burned by wildfire in the intermountain western US, debris flows and floods are often triggered by short-
duration convective thunderstorms (Cannon, 2001; Cannon et al., 2003; Cannon and Gartner, 2005; Cannon et al., 
2008). Wildfires change the infiltration characteristics and erodibility of soils through alteration of physical properties 
and enhancement of water repellency (Cipra et al., 2003; Parise and Cannon, 2011). Removal of vegetation and 
consumption of organic litter and duff by severe wildfire reduces rainfall interception and transpiration, exposes bare 
soil to raindrop impact, and reduces storage capacity. Effects of fire-induced changes include decreased infiltration, 
increased overland flow, runoff in channels, and movement of soil. These changes in hydrologic response are generally 
accompanied by a lowering of the intrinsic threshold of erosion (Moody and Martin, 2001; Schumm, 1973) that 
changes the geomorphic response of a burned watershed.  

The generation of debris flows can generally be attributed either to runoff and scour processes, or to slope failures 
that mobilize sediment to a channel (Cannon, 2001; Cannon et al., 2003; Parise and Cannon, 2011). Studies have 
shown that the majority of debris flows in burned areas are initiated by progressive bulking of storm runoff with eroded 
material, as opposed to slope failure (Cannon, 2001; Cannon et al., 2003; Santi et al., 2008). Santi et al. (2008) found 
that the majority of material in debris flows in burned areas in the intermountain western U.S. came from channel 
erosion and incision, with an average of only 3% from hillslope erosion. Cannon et al. (2003) found that debris flows 
in burned areas were initiated in incised channel reaches through excavation of stepped plunge pools that contribute 
episodic fluxes of sediment and concluded that this process appears necessary to entrain sufficient material in runoff 
to impart debris-flow characteristics. This process, referred to as progressive sediment bulking, involves the increase 
in sediment load and thus density of runoff by erosion and entrainment of soil and ash.  Flooding that occurs in response 
to intense rainfall and concentrated runoff leads to scour, sediment-laden flows, and debris flows when a supply of 
erodible material is available. The latter phase of sediment-laden flooding prior to debris-flow initiation is commonly 
referred to as hyper-concentrated flooding. In this paper hyper-concentrated and debris flows are considered to be part 
of the same process of progressive sediment bulking that generates debris flows. The timing of these hydrologic and 
geomorphic responses relative to rainfall intensity peaks is pertinent to the timing of debris-flow initiation by runoff 
and progressive sediment bulking. 

2.2. Medano Fire burned area 

The Medano Fire occurred in June and July of 2010, burning approximately 6000 acres, mainly within the Great 
Sand Dunes National Park and Preserve in south-central Colorado (Figure 1). The wildfire occurred almost entirely 
within the Medano Creek Watershed, on the west side of the northern Sangre de Cristo Mountain Range. Medano 
Creek flows from headwaters in at Medano Lake, on Mount Herard (4069 meters elevation), through a wide upper 
basin and into a narrow canyon between Mt. Herard to the north and Mt. Zwischen (3659 meters elevation) to the 
south. The creek emerges from the canyon, crosses over the range bounding Sangre de Cristo Fault, and runs between 
the range front and the Great Sand Dunes complex. The portions of the upper Medano Creek Watershed burned by the 
fire are underlain primarily by gneissic bedrock and igneous intrusions, along with various surficial deposits (Johnson 
et al., 1989). The large deposit of eolian sand at the Great Sand Dunes complex plays a role in the morphology and 
sediment transport processes of the Medano Creek Watershed. The prevailing westerly winds transport sand up into 
the watershed and over basin divides. The sand mantles the lee hillslopes of the watershed and collects in its drainage 
network, especially on the western end, near the dune complex. 

The Medano Fire occurred near the end of the summer rainfall season, and the low-intensity rainstorms that 
followed triggered few minor, ashy sediment-laden floods carrying primarily fine sand. The spring, summer, and fall 
of 2011 provided an ideal opportunity to monitor flood and debris-flow activity in response to the first intense storms 
since the fire. Beginning in July 2011, approximately one year after the fire, a series of short-duration and high-
intensity convective thunderstorms delivered rain to the watershed, triggering ashy, sandy sediment-laden floods, 
hyper-concentrated flows, and debris flows. 
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Fig.1. Map of the Medano Fire at Great Sand Dunes National Park and Preserve, Colorado (National Park Service, 2004; National Park Service, 
2009). 

3. Instrumented Debris-Flow Monitoring

This research includes instrumented monitoring and field mapping of geomorphic response to rainfall events in the
severely burned basins of Medano Creek Watershed. Analysis of rainfall characteristics and temporal correlation with 
pressure transducer records from nearby channels provided insight into the relationship of rainfall intensity to debris-
flow initiation by runoff. 

The purpose of the study was to integrate rainfall data, debris-flow and flood timing information, and observations 
of geomorphic response in order to characterize the rainfall conditions responsible for debris-flow initiation in the 
severely burned alpine basins of Medano Creek Watershed, as well as the timing of these flow events relative to rainfall 
intensity peaks. This data was used to define a rainfall intensity threshold for debris-flow response, and to compare 
the timing of peak rainfall intensity to that of sediment-laden- and debris-flow occurrence.   

3.1. Methods 

A variety of methods have been utilized for instrumented monitoring of debris flows over the last 30 or more years 
(Itakura et al., 2005; Arratano and Marchi, 2008). The pressure transducer has been successfully used as a low cost 
and reliable instrumented method to detect debris-flow occurrence (McCoy et al., 2011; Kean et al., 2011; Kean et al., 
2012). In this study, unvented pressure transducers and rain gauges were installed to measure the timing of hyper-
concentrated- and debris-flow responses relative to rainfall intensity peaks. Rain gages and pressure transducers 
installed in several low order tributary channels recorded the first major rainfall events of the summer following the 
fire and resulting runoff responses. Monitoring identified the relative timing of flows with respect to rainfall intensity 
peaks and allowed calculation of threshold rainfall intensity for debris-flow occurrence. Tributary basins were selected 
for instrumentation based on debris-flow hazard models (Friedman and Santi, 2014), mapping by Robert Kirkham, 
field observation of debris-flow deposits, and exposure of bedrock in which to install pressure transducers. Three 
basins were initially chosen for instrumentation based on these criteria, and a fourth basin later instrumented.  

3.2. Monitoring results 

Forty-seven individual storms were recorded in the instrumented basins during the monitoring period. Defining 
criteria for a storm event included a minimum of 0.5 mm rainfall and no more than one hour between rain gauge bucket 
tips. Figure 2 shows peak intensities of rainfall for various time periods, and average intensity, plotted against the 
storm durations. 

Mt. Herard 

Mt. Zwischen 

Medano Creek 
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During two recorded storm events, on August 22 and August 28, the peak hourly rainfall intensity measured on the 
installed rain gauges exceeded 18.9 mm, the magnitude of the 2-year, 1-hour storm (Miller et al., 1973). During the 
August 28 storm event, the peak hourly rainfall was 26.0 mm, equal to the 5-year, 1-hour storm. These two storm 
events produced the greatest total rainfall and average rainfall intensity of any recorded storms.  

Based on field observations and monitoring records, flows occurred in basins 7, 24, 25, and 32 during the August 
22 storm, and in basins 7, 12, 15, 23, 24, and 25 during the August 28 storm. Pressure transducers captured flows in 
basins 24 and 32 during the August 22 storm event. However, data recorded on pressure transducers in basin 7 during 
the August 22 flow event and in basins 7 and 24 during the August 28 flow events was not retrieved before the data 
logger’s memory capacity was exceeded and the data overwritten. Figure 3 shows the relative timing of debris flows 
with respect to peak rainfall for the recorded events data. The precipitation data for the basin 32 flow is from the 
nearest rain gauge at that time, located in basin 16 approximately 1.2 km from the basin 32 pressure transducer, at a 
similar elevation. No rain gauge was installed in basin 32 at the time of the event on August 22. The precipitation data 
for the basin 24 flow is from the nearest rain gauge, in basin 24 approximately 30 meters from the pressure transducer. 

One additional flow occurred in basin 32, presumably during one of several storm events on July 11, 28, 29, or 
August 14; however, no pressure transducer data was recorded during this time period and a site visit was not made 
between the storm events to confirm the flow timing. Flows also occurred in basin 7, presumably during at least one 
other storm event on July 11 and/or July 29; however, the pressure transducer was lost in the flow event, thus no data 
was recovered, and a site visit was not made between the storm events to confirm the flow timing. No flows were 
observed or recorded in basin 16. 

Fig. 2. 10-minute, 15-minute, 30-minute, 1-hour, and average storm rainfall intensity (a, b, c, d, and e, respectively) plotted against duration for 
all storms recorded during the monitoring period and the subset of flow-triggering storms. (f) Relationship between peak 10-minute intensity and 
average storm intensity. 

a b 

d c 

e f 
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Fig. 3. Pressure transducer level (a and b), cumulative rainfall (c and d), and instantaneous average intensity (e and f) versus time in basins 24 and 

16/32, respectively.  Red arrows indicate timing of flow arrivals at pressure transducers in basins 24 and 32.

4. Discussion

4.1. Rainfall intensity thresholds for debris-flow initiation 

Intensity of rainstorms recorded on rain gauges often varied between basins during the same event. In several of 
the July storms, significant rain events recorded on one gauge were not recorded at all on another gauge. This indicates 
that some intense storm cells that trigger debris flows in the study area are small enough to affect only portions of the 
Medano Creek watershed. Field observations and data suggest that many storms tend to be centered either over Mt. 
Zwischen to the south of Medano Creek or Mt. Herard to the north (Figure 1). However, the large storm on August 22 
had similar intensity and duration on all three rain gauges. The storm on August 28 had similar intensity on two of the 
rain gauges in basins 7 and 24, but much lower intensity in basin 32, in the upper elevations of the Medano Creek 
Watershed.   
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The total rainfall amounts recorded during the largest storm events in the watershed, on August 22 and 28, were 
both 26.0 mm in basin 24, which recorded greater rainfall amounts than the other rain gauges in both events. The storm 
of August 22 had a total duration of 159 minutes, while that of the August 28 storm was 74 minutes. The maximum 
1-hour rainfall intensity within the August 28 storm was 25.6 mm/hr, roughly equal to the magnitude of the 5-year 
return interval, 1-hour storm for the area (Miller et al., 1973). Debris-flow responses in the vicinity of the basin 24 rain 
gauge included events in two basins during the August 22 storm and in four basins during the August 28 storm. Average 
rainfall intensity was greater during the August 28 storm than the August 22 storm, as were peak 1-hr, 30-min, 15-
min, 10-min, and instantaneous rainfall intensities (Table 1). The 1-hr peak rainfall intensity values for these two 
storms are between the magnitude of the 2- and 5-year return intervals for the area, while the 30-, 15-, and 10-min 
peak intensities for the storms are all approximately equal to or less than the 2-year return interval (Miller et al., 1973; 
Arkell and Richards, 1986). 

Table 1. Total storm duration and rainfall intensity measures for August 22 and 28 storms, recorded in basin 24. 

Storm 

Date 

Duration 

(minutes) 

Average 

Storm 

Intensity 

(mm/hr) 

Peak 

Hourly 

Intensity 

(mm/hr) 

Peak 30-min 

Intensity 

(mm/hr) 

Peak 15-min 

Intensity 

(mm/hr) 

Peak 10-min 

Intensity 

(mm/hr) 

Peak 

Instantaneous 

Intensity 

(mm/hr) 

8/22/12 159 9.8 20.2 28.8 36.0 39.6 72.0 

8/28/12 76 20.5 25.6 41.6 46.4 62.4 144.0 

Storm intensity-duration plots in Figure 2 suggest that short duration (10-minute to 1-hour) peak rainfall intensity 
values distinguish between storms with positive and negative debris-flow responses. Figure 2 shows significant overlap 
in average intensity values of storms that trigger debris flows and those that do not, while there is no overlap in the 
peak rainfall intensity values for any of the short period (10-minute to 1-hour) of measurement evaluated. Tests for 
equality of variances and means between sample sets of storms with positive and negative debris-flow response for 
logarithmic transformations of all measures of intensity indicated that average storm intensity is the only measure for 
which the two data sets are equal at α = 0.05. The lower right graph in Figure 2 shows the relationship between peak 
10-minute rainfall intensity and average storm intensity. It is apparent from this plot that less than half of the storms 
above a minimum threshold value of average storm intensity (8.9 mm/hr) triggered debris flows, whereas all of the 
storms above a minimum threshold value of peak 10-minute rainfall intensity (25.2 mm/hr) triggered debris flows. 
The differences in values of peak instantaneous rainfall intensity (defined as the amount of rainfall per bucket tip 
divided by the time between bucket tips) between storms with positive and negative debris-flow responses is much 
larger than that of any other intensity measure (Table 2). The magnitude of peak instantaneous rainfall intensity for 
storms that triggered debris flows ranged between approximately 72.0 mm/hr to 144.0 mm/hr, while the maximum 
instantaneous intensity of storms that did not trigger debris flows was approximately 40.0 mm/hr. 

Table 2. Various rainfall intensity measures for storms that define the threshold for debris-flow initiation. 

Average 

Storm 

Intensity 

(mm/hr) 

Peak 

Hourly 

Intensity 

(mm/hr) 

Peak 30-min 

Intensity 

(mm/hr) 

Peak 15-min 

Intensity 

(mm/hr) 

Peak 10-min 

Intensity 

(mm/hr) 

Peak 

Instantaneous 

Intensity 

(mm/hr) 

Minimum of Debris Flow Storms 9.1 16.8 20.4 26.4 31.2 72.0 

Maximum of No Debris Flow Storms 16.5 9.2 15.6 20.8 25.2 40.0 

Difference -7.4 7.6 4.8 5.6 6.0 32.0 

Based on the data collected for this study, we propose that short-duration peaks of intense rainfall within a storm 
event are responsible for triggering debris flows in this setting. While average rainfall intensity over the full duration 
of storm events has been correlated to debris flow initiation in past studies, we suggest that the average rainfall intensity 
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for an entire storm does not accurately represent the critical threshold intensity for debris-flow initiation by runoff. 
Within a given debris flow triggering storm, substantial rainfall may occur after the debris flow initiates, which is 
figured into the average rainfall intensity of the event though it may not have contributed to debris-flow initiation. 
Recent work by Staley et al. (2017) also found that short duration (15-minute) peak intensity correlated strongly with 
debris flow occurrence. 

A rainfall intensity-duration threshold for Medano Creek Watershed in the first year following the Medano Fire is 
presented in Figure 4. Each storm event recorded is represented by data points for peak intensities of different durations 
within the storm. The Medano Fire threshold is similar to other published thresholds from Colorado burned and 
unburned areas (Cannon et al., 2008) at short durations (approximately 5 to 20 minutes). 

Fig. 4. Rainfall intensity-duration threshold for debris-flow initiation at the Medano Fire (red line) drawn between intensity values of storm 

events that triggered debris flows (above) and those that did not (below), calculated for various durations of rainfall within the storms.   

4.2. Timing of rainfall and debris flows 

Comparison of rainfall hydrographs with plots of pressure transducer recordings (Figure 3) from flow events during 
the August 22 storm, in basins 24 and 32, shows the relative timing of rainfall to flows for these basins. In basin 24, 
the storm began at approximately 4:16 pm, and the peak 10-minute intensity (39.6 mm/hr) period of the storm began 
at approximately 4:59 pm. Rainfall intensity peaked at approximately 5:05 pm, with an instantaneous value of 72.0 
mm/hr. A flow arrival was recorded near the bottom of the basin at approximately 5:10 pm, approximately 5 minutes 
after the peak instantaneous rainfall intensity. The flow was recorded near the end of the peak 10-minute rainfall 
intensity period of the storm, after 17.8 mm of total rainfall over the previous 54 minutes (19.8 mm/hr), of which 6.6 
mm had fallen during the 10 minutes prior to the arrival of the flow (39.6 mm/hr). 

In basin 16, rainfall began at approximately 4:12 pm on August 22 and the peak 10-minute intensity (40.8 mm/hr) 
period coincided with the start of the storm. Rainfall intensity peaked at approximately 4:15 pm, at an instantaneous 
value of 144.0 mm/hr. At approximately 4:18 pm, only 3 minutes after the peak instantaneous rainfall, a small flow 
arrival was recorded on the pressure transducer near the outlet of basin 32. The flow was initiated during the peak 10-
minute intensity period, after a total of approximately 5.2 mm of rainfall over the first 5 minutes of the storm (62.4 
mm/hr). The antecedent rainfall prior to the event was minimal (approximately 0.8 mm in the previous week) and a 
flow was recorded within 6 minutes after the start of the storm, suggesting that the flow occurred in direct response to 
this short period of high intensity rainfall. A smaller flow was recorded in basin 32 later in the storm, at approximately 
4:55 pm. This flow was recorded approximately 43 minutes into the storm, after a total of approximately 15 mm of 
rainfall (20.9 mm/hr), immediately following another peak in rainfall intensity during which approximately 3.0 mm 
of rain fell in within a 5-minute period (37.9 mm/hr). 

These examples support the concept that short periods (as little as 5 minutes) of high intensity rainfall are 
responsible for debris-flow initiation in severely burned areas, which agrees with findings of Kean et al. (2011), who 
found that the peak 5-minute intensity was the rainfall intensity measurement best cross-correlated temporally with 
peak flow stage in post wildfire floods and debris flows. 

I = 12.0 D -0.5
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5. Conclusions

 Hyper-concentrated flows and debris flows occurred in 7 tributary basins of Medano Creek Watershed (7, 12, 15,
23, 24, 25, and 32) in response to multiple storm events throughout July and August of 2011.

 Tipping bucket rain gauges and unvented pressure transducers were found to be a useful way to monitor rainfall
and associated hydrologic response in basins within the burned area of Medano Creek Watershed.

 Peak rainfall intensity values for periods of 10, 15, 30, and 60 minutes during storm events distinguish between
populations of positive and negative debris-flow responses, whereas average storm intensity values do not.

 Recorded flow initiations occurred within periods of peak 10-minute rainfall intensity, and correlate temporally
with peak 5-minute and instantaneous rainfall intensity values, occurring less than 6 minutes after onset of peaks.

 An intensity-duration threshold for debris-flow initiation in the Medano Fire burned area during 2011 was defined
as I = 12.0D-0.5, which is within the range of other published values for burned areas in the western U.S.
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Abstract 

Forest harvesting is one of the most common and significant land cover changes and largely affects hydrogeomorphic processes in 
mountainous areas. Many studies have reported the direct impacts of forest harvesting on the susceptibility of slopes to landslides 
and surface erosion. However, ambiguity still remains in the impacts of forest harvesting on the occurrence of debris flows in 
channel. The impact of forest harvesting on the susceptibility of torrents to debris flows and associated hydrogeomorphic processes 
was interpreted in the Sanko catchment, central Japan, where the forest management record dates back to 1912. In order to clarify 
the contribution of landslides on the initiation of debris flows, landslides were classified into three types based on the termination 
point of the landslide sediment. Effects of terrain on the susceptibility of debris flows coming directly from landslides and those 
caused by mass movement of channel deposits were analyzed separately using aerial photographs taken in nine different years. 
Impact of forest harvesting on debris-flow occurrence was greatest in forest stands that were clearcut 1 to 10 yr earlier, with 
progressively lesser impacts continuing up to 25 yr after harvesting. The frequency of debris flows, which came directly from 
landslides, showed a similar time variation to that of landslides. A higher ratio of landslides turned directly into debris flows in 
steeper channel sections than in gentler channel sections. Angle of the landslide-channel junction also affected the ratio of landslides 
turning into debris flows.  Debris flows caused by mass movement of channel deposits during high streamflow events also 
frequently occurred within 25 yr of clearcutting, possibly associated with active sediment supply from hillslopes by the landslide. 
Debris flows classified into this type were mostly initiated in channel sections steeper than 20°. Therefore, the effect of forest 
harvesting on debris flow susceptibility is variable depending on catchment terrain. Field monitoring showed that volume and 
spatial distribution of channel deposits, which affects bedload rate, depends on debris flow history in the catchment. Suspended 
sediment rate was also affected by debris flow and landslide history, because debris flows create sources of suspended sediment, 
such as bare areas along channel banks. Therefore, the impacts of debris flows on hydrogeomorphic processes after forest harvesting 
likely continue beyond the decline in debris flow and landslide frequency, due to changes to the sediment storage and sediment 
source by the occurrence of debris flows. 
 
Keywords: Forest harvesitng; Debris flow; Landslide  

1. Introduction 

The occurrence of debris flows, which cause severe sediment disasters all over the world, is controlled by sediment 
and water supply from hillslopes into channels (Bovis and Jakob, 1999; Imaizumi et al., 2017). Forest harvesting is 
one of the most common and significant land cover changes and largely affects hydrogeomorphic processes on 
mountain hillslopes (Ueno et al., 2015; Borrelli et al., 2017). Although many studies have reported the direct impacts 
of forest harvesting on the susceptibility of slopes to landslides and surface erosion (Imaizumi et al., 2008; Goetz et 
al., 2015), ambiguity still remains in the impacts of forest harvesting on the occurrence of debris flows (May, 2002; 
Jakob et al., 2005)  Increases in the landslide frequency on hillslopes affects debris flows originating directly from 
landslides (Imaizumi et al., 2007). Additionally, changes in the sediment and water supply caused by forest harvesting 
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possibly alters the frequency of debris flows triggered by streamflow erosion of channel deposits. Understanding of 
the susceptibility of debris flows triggered by each mechanism after forest harvesting is important in reducing the risk 
of sediment disasters by the forest management.  

The predominant type of sediment transport process is highly affected by channel gradient. Debris flows are 
predominant in steep channel sections (e.g., >15 degrees), while bedload transport is predominant in gentler channel 
sections (VanDine, 1985; Imaizumi et al., 2007). Thus, increases in the sediment supply rate into channel networks 
does not simply increase debris-flow frequency in gentler channels. Impacts of forest harvesting on the occurrence of 
debris flows need to be evaluated under the consideration of catchment topography.   

Occurrence of debris flows does not only directly alter channel topography (e.g., Imaizumi et al., 2017), it also 
creates possible sediment sources for fluvial processes by erosion of channel banks and deposition of unstable sediment 
within the channel (Imaizumi et al., 2012). Therefore, the impact of a debris flow on hydrogeomorphic processes after 
forest harvesting possibly continue beyond the decline in debris flow and landslide frequency. 

The aim of this study is to clarify the effects of forest harvesting on the susceptibility of debris flows and associated 
hydrogeomorphic processes. Occurrence of debris flows and landslides were interpreted using aerial photographs for 
the Sanko catchment, central Japan, where forest harvesting and replanting have been conducted for over 100 years 
(Imaizumi et al., 2008; 2012). Effects of harvesting on the occurrence of debris flows were evaluated by analyses of 
the forest management history and the topography using GIS. Field surveys were also conducted to reveal the volume 
of sediment storage (i.e., channel deposits and landslide sediment in this study) in the basin and sediment transport 
activity by fluvial processes including bedload and suspended sediment transport. 

2. Study Site

The Sanko catchment is an 8.50 km2 basin which forms the headwaters of the Kanno River, a tributary of the
Kumano River, central Japan (Fig. 1). The area is underlain by the Cretaceous Shimanto belt comprised of sandstone 
and claystone. Sandstone dominates surface geology and is relatively homogeneous throughout the catchment. 
Elevation of the catchment ranges from 750 to 1372 m a.s.l. Despite the east of the catchment being slightly steeper 
than other portions, hillslope gradient is relatively homogeneous throughout the catchment with a mean of 34˚. Channel 
gradients are 1.5–5˚ in the main stream (Kanno River), and 5–35˚ in the tributaries. All channels in the subcatchments 
are deeply incised with narrow riparian areas (ranging from 5 to 10 m wide). Soil depth is shallow (typically ranging 
from 0.5 to 1.0 m) because of the steep terrain.  

Mean annual rainfall measured at Kyoto University’s Wakayama Forest Research Station located about 3 km west 
of Sanko catchment is 2500 mm (Imaizumi, 2008). Heavy rainfall events (i.e., total storm rainfall > 100 mm) occur 
during the Baiu rainfall front (June and July) and in the typhoon season (from late August to early October). Snowfall 

Fig. 1. Topographic map and stream network for the Sanko Catchment, Japan, with the location of the four surveyed sub-catchments shaded 
and labelled. 
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occurs at higher elevations within the catchment, but precipitation in winter (from December to February) is only about 
10% of total annual precipitation. Annual maximum snow depth is generally <20 cm, and snow usually melts within 
one week.  

About 95% of the Sanko catchment has been converted to industrial managed forest (largely Japanese cedar with 
minor amounts of Japanese cypress); the remainder is secondary broadleaf forests, forest roads, and log landings where 
debris flows and landslides were not interpreted in this study because of their different geographic positions. 
Clearcutting has been the only harvesting method used in the catchment, and replanting typically occurs one or two 
years after logging. In the Sanko catchment, forest records (harvesting and replanting) are available from 1912. 
Because timber harvesting is typically confined to within individual subcatchments, both the clearcutting and 
replanting periods are almost the same throughout each subcatchment (Imaizumi et al., 2008). Thus, changes in the 
frequency of debris flows related to forest age (and elapsed time after clearcutting and replanting) can be analyzed in 
the Sanko catchment. Since only skyline logging, which transports harvested logs by suspending them using a thick 
metal cable, was conducted, we expect that timber removal practices did not affect the occurrence of landslides. 

We monitored bedload and suspended sediment transport in four selected subcatchments (S5, S11, S12, and S17; 
Fig. 1) with different histories of forest harvesting and mass movements (Table 1) (Imaziumi et al., 2012). Drainage 
area of these subcatchments ranges from 3.2 to 7.1 ha. Mean channel gradient was similar amongst the four headwater 
channels (ranging from 24° to 29°). Several landslides were identified based on aerial photo observations and field 
surveys in each subcatchment. Catchments S5 and S12 experienced the most recent debris flows during a typhoon on 
June 21, 2004 (total precipitation 171 mm at the Gomadan observation station located at the south end of the Sanko 
catchment).  

Table 1. Topography, histories of mass movements, and sediment source in the four surveyed subcatchments (partly 
from Imaizumi et al. 2012). 

 

 
 
 
 

3. Methodology

Monochrome aerial photographs for nine different years (1964, 1965, 1967, 1971, 1984, 1989, 1994, 1998, and
2003) and color aerial photographs for 1976 were used to assess the location of mass movements (i.e., debris flows, 
landslides) in the Sanko catchment. Mass movements were identified by stereo photograph pairs and mapped on 
1:5000 forest management maps. Most of the aerial photographs were taken in March (before the Baiu season), thus 
almost all of the mass movements (i.e., landslides and debris flows) identified by aerial-photo stereographs likely 
occurred prior to December of the previous year. Ne  occurred mass movements were identified by comparing 
successive aerial photographs. All mass movements on hillslopes, mainly characterized as shallow translational 
landslides, were designated as landslides and all in-channel mass movements were designated as debris flows. 
Landslides initiating from forest roads were excluded from assessment in this study in order to clarify the impact of 
clearcutting and subsequent forest regeneration on landslide occurrence. Channel reaches affected by debris flows 
were interpreted based on continuous loss of artificial trees along channels, because artificial trees are not planted in 
the riparian areas and are not by damaged by runoff events without debris flow. Landslides were classified into 3 
groups based on the descent of the landslide sediment: landslides terminating on hillslopes (Type A, Fig. 2a), landslides 
whose sediment immediately stops at the junction with a channel (Type B, Fig. 2b), and landslides which turned into 
debris flows (Type C, Fig. 2c). In addition to debris flows originating directly from landslides without termination of 
the sediment, debris flows triggered by erosion of landslide sediment, which was deposited during previous rainfall 
events, are included in Type C if the landslide and the debris flow occurred in the same photograph period. These two 
types of debris flows were grouped in this study because of the difficulty in classification of the two types based on 
aerial photographs.  Average channel gradient within 20 m below the landslide-channel junction of Types B and C 
landslides were calculated from a 5 m resolution DEM  which was constructed from airborne LiDAR data by 

Subcatchment Drainage 
area (ha) 

Year of last 
planting 

Year of last 
debris flow 

Number of 
landslides 

Volume of sediment 
storage in the system 

(m3) 

Bare area 
along channel 

(m2) 
S5 3.97 1973 2004 2  13 768 
S11 6.52 1970 1989 9 254 141 
S12 7.13 1988 2004 4 185  47 
S17 3.15 1915 Before 1964 2  28  6 
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Geospatial Information Authority, Japan. The angle between landslide and channel at the junction of Types B and C 
landslides were also measured on GIS (θ in Fig 2b).      

Fig. 2. Classification of landslides based on the descent of landslide sediment. Concept of the channel junction angle is illustrated as  in (b). 

Volumes of 11 landslide scars, including their initiation and transport zones, were measured in the field to develop 
an approximate volume–area relationship for landslides within the catchment (Imaizumi et al., 2008). This relationship 
was used to estimate the volume of all landslides from landslide area measured in GIS. Volume of landslide sediment 
reaching channels was estimated from the total volume of Type B and C landslides multiplied by the ratio of total 
landslide sediment that reached channels. The ratio of sediment reaching channels was obtained in the Miyagawa river 
basin, central Japan, which has similar topographic, geological, and climate conditions to the Sanko catchment 
(Imaizumi and Sidle, 2007). 

In the four selected subcatchments (S5, S11, S12, S17), we observed bedload transport rate in the period June 25 to 
September 26, 2005, by weighing sediment stored behind a weir at the lowermost part of each subcatchment (Imaizumi 
et al., 2012). We interpreted volume of detached sediment (hereafter sediment storage) stored across the four 
subcatchments. Length and width of individual sediment deposits (i.e., channel deposits and landslide sediment) were 
measured by tapes and stadia rods (Imaizumi and Sidle, 2012) in all four subcatchments. We also measured depth of 
deposits at many points (usually about ten points per individual deposit) by inserting a sharp metal rod to bedrock. 
Volume of individual deposits was obtained from the area of deposits multiplied by its average depth. Total volume 
of sediment deposits in each subcatchment was obtained from the total volume of all sediment deposits in the 
catchment. Interpretation of the sediment storage volume was conducted only at the beginning of the monitoring period 
under the assumption that the temporal changes in the storage volume are negligible, because volume of sediment loss 
by bedload transport was several orders lower than that in the storage volume (see next chapter). Size of the bare area, 
which is the area with exposed soil due to the removal of vegetation by recent debris flows, was also measured along 
the channels.  

4. Results

4.1. Debris-flow frequency after forest harvesting 

A total of 133 debris flows originated in the period 1964 to 2002, including 74 debris flows that were directly 
initiated by landslides and 59 debris flows that were caused by mobilization of channel deposits or bank failures. 
Frequency of debris flows initiated by landslides was greatest 1-5 yr after clearcutting and decreased with increasing 
forest age. The impact of forest harvesting continued up to 25 yr after forest harvesting. The frequency of landslides 
showed a similar time variation to those of debris flows originating directly from landslides. Temporal changes in the 
frequency of debris flows caused by the mass movement of channel deposits showed a similar trend to those initiated 
by landslides.  

Landslide

Deposits

Landslide

Channel

Deposits

Landslide

Deposits

(a) (b) (c)Type A Type B Type C
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Fig. 3. Temporal changes in debris-flow and landslide frequency after clearcutting (modified from Imaizumi et al., 2008). (a) Debris-flow 
frequency. (b) Landslide frequency. 

4.2. Debris flows originating directly from landslides 

  Debris flows rarely occur from deposits of type A landslides because the amount of overland flow on hillslope 
(maximum of several millimeters) is likely not sufficient for the mobilization of deposits. In addition, not all of the 
landslides that reached channel networks turned into debris flows (Fig. 3). Ratio of landslides that turned into debris 
flows, which was obtained by the number of Type C landslides divided by the total number of Type B and C landslides 
(Fig. 2), was higher in steeper channels (Fig. 4). Only 25% of landslides turned into debris flows in the channel sections 
gentler than 20 , while 86% of landslides turned into debris flows in the channel sections steeper than 35 . Another 
important factor affecting the occurrence of debris flows originating directly from landslides is channel-junction angle 
of the landslide (Fig. 2b). A higher ratio of landslides turned into debris flows in the case of smaller channel-junction 
angles (Table 2). No landslides turned into debris flows in the case of channel-junctions > 90 . 

Table 2. Effect of channel junction angle on ratio of landslides 
that turned into debris flows. 

Channel junction 
angle (o) 

Number of 
debris flows 

Ratio of landslides that 
turned into debris flows 

0~45 100 0.68 
45~90 45 0.13 

90~ 8 0 

Fig. 4. Ratio of landslides that turned into debris flows in 
each channel gradient class. 
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4.3. Debris flows caused by mass movement of channel deposits 

Landslides on the hillslope do not only directly turn into debris flows, but also supply large volumes of sediment 
into channel networks. Volume of landslide sediment reaching channels, which is considered an important material 
for debris flows caused by the mass movement of deposits within the channel, was largest just after harvesting, with 
progressively lesser volume continuing up to 30 yr after harvesting (Fig. 5). Channel gradient is also an important 
factor controlling initiation points of debris flows caused by mass movement of channel deposits. Initiation points of 
fifty debris flows (91% in number) was in channel sections steeper than 20o, while only five debris flows initiated in 
channel sections gentler than 20o. 

Fig. 5. Temporal changes in the volume of landslide sediment reaching channel after forest harvesting. 

4.4. Impact of debris flows on fluvial processes in harvested areas 

Initiation of debris flows and landslides largely changes the volume of sediment storage, which is a potential source 
of future fluvial sediment transport, in the basin. Volume of sediment storage in catchment S5, in which a large part 
of the sediment storage had been discharged from the system by a debris flow in 2004, was lowest among the four 
surveyed subcatchments (Table 1). On the contrary, volume of sediment storage in S12 was much higher, despite a 
debris flow also occurring in the catchment at the same time as in S5. This is because the debris flow in S12 left a 
large volume of sediment within the system. Volume of sediment storage in catchment S11, within which nine 
landslides were identified, was highest among the four subcatchments.  

Debris flows also form bare areas, which are potential sources of suspended sediment, along channels. The size of 
the bare area in S5, in which a debris flow in 2004 severely eroded the channel bank, was the largest among the four 
subcatchments. 

Weight of bedload had a positive relationship with the volume of sediment storage in the subcatchments (Fig. 6). 
Weight of bedload was high (>3000 kg) in the subcatchments with a large volume of sediment storage (S11 and S12), 
and was significantly lower (<300 kg) in the subcatchments with a small volume of sediment storage (S5 and S17). 
Suspended sediment rate also varied among subcatchments (Imaizumi et al., 2012). Suspended sediment rate was 
highest in S5, in which wide bare areas were formed by debris flow erosion. 

Fig. 6. Comparison of volume of sediment storage (i.e., channel deposits and landslide sediment) in the system and weight of bedload trapped by 
weirs. 
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5. Discussion

Temporal changes in the frequency of debris flows showed a similar time variation to that of landslides (Fig. 3),
implying that frequency of landslides affects that of debris flows in the harvested area. Previous experimental and 
field-based studies showed that increases in landslide frequency after forest harvesting is highly affected by decreases 
in the root strength of harvested trees (Sidle, 1992; Imaizumi et al., 2008). Debris flows originating from landslides 
increased as the number of landslides reaching channels increased (Fig. 3a). In addition to increases in the number of 
debris flows originating directly from the landslide without termination of the sediment, increases in the number of 
debris flows triggered by erosion of in-channel landslide sediment, which was deposited during previous rainfall events, 
possibly affected increases in this debris-flow type.   Ratio of landslides that turned into debris flows was small in 
gentle channel sections (< 15 ; Fig. 4). This agrees with previous studies that debris-flow initiation zones are generally 
located in steep channel sections (VanDine, 1985; Imaizumi et al., 2017). Another factor affecting initiation of the 
debris flow originating directly from a landslide is the angle at landslide-channel junction; ratio of landslides directly 
turning into debris flows is smaller if the angle is larger (Table 2). Benda (1990) also reported that many debris flows 
terminate at channel junctions with a large angle. 

Water and sediment supply are needed for the occurrence of debris flows caused by the mass movement of channel 
deposits (Imaizumi et al., 2017). Many mountainous basins are characterized as supply limited (weathering limited) 
basins, in which the occurrence of debris flows is controlled by the volume of debris-flow material in the system (Bovis 
and Jakob, 1999). Increases in the volume of sediment supply into channel networks by high landslide activity in the 
forest just after harvesting likely facilitated the occurrence of debris flows in such supply limited channels (Fig. 5). 
Another potential factor affecting the debris flows caused by the mass movement of channel deposits is changes in the 
rainfall-runoff process on hillslopes, which controls water discharge in channels. However, difference in the rainfall-
runoff characteristics was not clear among basins with different forest ages in the Sanko catchment (Imaizumi et al., 
2012). 

Occurrence of debris flows, facilitated by forest harvesting, affects fluvial processes in the channel (Imaizumi et al., 
2012). Volume of sediment storage, which is largely variable by deposition and erosion of sediments by debris flows, 
affected bedload transport rate in the basin (Fig. 6), while size of bare areas formed by debris-flow erosion affects 
suspended sediment rate (Table 2). Therefore, the impact of debris flows on fluvial processes in the harvested areas 
likely continues for a longer period after decreases in the debris-flow activities.  

6. Summary and Conclusion

In order to clarify the impact of forest harvesting on debris flow and related hydrogeomorphic processes, aerial
photograph interpretations and field surveys were conducted in the Sanko catchment, central Japan, where forest 
harvesting records are available from 1912. Our study showed that temporal changes in the debris flow frequency after 
forest harvesting is closely related to the occurrence of landslides accelerated by root decay following forest harvesting. 
Frequency of debris flows originating directly from landslides increases just after forest harvesting. Frequency of 
debris flows caused by the mass movement of channel deposits was increased following increases in the sediment 
supply from hillslopes into channel networks by landslides. Thus, the impact of harvesting on the occurrence of 
landslides is essential to explain the impact of harvesting on the occurrence of debris flows. Ratio of landslides directly 
turning into debris flows is affected by the channel gradient and junction angle with channels. Initiation of this type of 
debris flow is also affected by channel gradient. Consequently, the impact of forest harvesting on the occurrence of 
debris flows is highly affected by the terrain in the basin. The junction angle between hillslope and channel in 
headwaters is usually smaller than that in lower channel reaches. In addition, channel gradient is steeper in headwaters. 
Therefore, forest harvesting in headwaters should be conducted carefully in order to prevent sediment disasters 
following harvesting. 

Field monitoring showed that the volume of channel deposits, which affects bedload rate, depends on debris flow 
and landslide histories in the catchment. Suspended sediment rate was also affected by debris flow history, because 
debris flows create sources of suspended sediment, such as bare areas along channel banks. Therefore, the impacts of 
debris flows on hydrogeomorphic processes after forest harvesting likely continue beyond the decline in landslide and 
debris flow frequency, due to changes to the sediment storage and sediment source by the occurrence of debris flows. 
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Abstract 

A strong winter storm moved across slopes above Montecito recently burned by the December 2017-January 2018 Thomas Fire, 
producing disastrous debris flows and flash flooding that killed 23 people, injured many others, and damaged or destroyed 
residential buildings and community infrastructure. Prior to the event, the National Weather Service issued a flash flood watch, 
forecasting periods of intense precipitation that had the potential to produce debris flows below recently burned slopes. The 
Geotechnical Extreme Event Reconnaissance (GEER) Association formed a team to document some of the effects of the Montecito 
disaster within San Ysidro creek and on bridges along State Route 192, which included geologists, engineers, and a graduate student 
with a background in public health. The Santa Ynez Mountains are comprised of steeply dipping Tertiary sedimentary rocks that 
include thick-bedded durable sandstone, with interbeds of shale, claystone, and silty sandstone, which weather to bouldery and 
cobbly clayey and silty sand sediments. The drainage basins have large upper subbasins separated from the coastal plain where 
Montecito is located by narrow steep-sided canyons. Alluvial fan deposits on the coastal plain contain boulders of local historic 
debris flow deposits. The debris flows overwhelmed debris-catch basins at the mouths of canyons and the shallow channels where 
homes and community infrastructure had been built. The debris flows damaged or destroyed the bridges observed for this study. 
Stream channels were blocked by accumulated boulder and woody debris in a number of locations during the debris flow event, 
which diverted flows away from the channels and onto adjacent land with residential and commercial developments. Above-grade 
stream crossings of some utility pipelines, including water supply, were on the upstream sides of the larger bridges, in part because 
of difficult and expensive excavation into bouldery alluvial-fan deposits. The flows also ruptured a natural gas pipeline and the 
leaking gas ignited, causing fire damage during the flood event. Damage in Montecito occurred to property adjacent to the five 
major stream channels, but life in all parts of the community, and to the region, was severely disrupted, highlighting the need for 
consideration of potential impacts from rare and extreme geologic processes in land-use decisions and infrastructure design. 

Keywords: Montecito; Debris-flow, Flash-flood; GEER; Geotechnical effects; Post-fire 

1. Introduction

The Thomas Fire burned approximately 113,000 hectares between December 4, 2017 and January 20, 2018, making 
it, at the time, the largest fire in California’s history (InciWeb, 2018). Los Padres National Forest mobilized a Burn 
Area Emergency Response (BAER) team within the first week of the fire to assess soil burn severity and subsequently 
partnered with the California Watershed Emergency Response Team (WERT; covers land outside the national forest) 
to develop debris flow and flooding hazard maps to be issued to counties and other agencies (USDA-Forest Service, 
2018 and WERT, 2018).  
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A storm system moving east during the evening of January 8, 2018 and early morning hours of January 9, 2018 
produced short periods of rainfall intensities on the order of 7.6-15.2 centimeters per hour over the freshly burned 
slopes, triggering debris flows in several drainages that resulted in 23 fatalities and widespread destruction to homes, 
businesses, and infrastructure in Montecito, California. Boulders exceeding six meters in diameter and woody debris 
including mature trees were transported by the debris flows.  

Montecito is an unincorporated community in Santa Barbara County located between the Pacific Ocean to the south 
and the Santa Ynez Mountains to the north, a distance of approximately 3.2 kilometers. This narrow strip of land on 
which the community is built is itself an accumulation of debris flow deposits and other alluvial and colluvial sediments 
derived from the mountains to the north (Dibblee and Ehrenspeck, 1986). US Highway 101 runs parallel to the 
coastline in an approximately east-west direction, and State Route (SR) 192 runs east-west about 2.4 kilometers inland 
(north) (Fig. 1). At the time of the debris flows, a mandatory evacuation order had been issued for areas of Montecito 
north of SR 192, and a voluntary evacuation order had been issued for the remainder of Montecito south of SR 192. 
These evacuation orders extended west towards Santa Barbara and east to the City of Carpinteria. The evacuation 
orders were issued because the forecasted rainfall intensities of 12.7 to 38.1 mm/h exceeded the predicted debris flow 
triggering threshold of 28 mm/h (1.1 in./h) (USDA-Forest Service, 2018). 

Significant and destructive debris flows occurred in the Montecito Creek, San Ysidro Creek, Buena Vista Creek, 
and Romero Creek drainages (Fig. 1). Additional debris flows and flooding occurred to the east, affecting the 
Carpinteria; however, damage was minimal compared to Montecito. In response to the event, GEER initiated a formal 
response effort including field reconnaissance and interpretation of remote sensing data. The primary reconnaissance 
effort consisted of two days of field observations on January 29-30, 2018 by a six-person team that focused primarily 
on the San Ysidro Creek drainage. This was preceded by observations of damaged bridges on SR 192 on January 18, 
2018 by B. Turner and by additional geologic observations in the affected drainages by P. Alessio. In addition to field 
observations, team members collected burn intensity data on the Thomas Fire and precipitation data from the January 
8-9, 2018 storm, and analyzed remote sensing data to assess burn extent and sediment erosion and accumulation. 

Fig. 1. Location map of Montecito area drainages impacted by debris flows on January 9, 2018, shown on hillshade with extent of debris flows, 
as mapped by CalFire, outlined in blue (left). Hillshade image with Thomas Fire perimeter and San Ysidro Creek drainage basin (right). 

2. Background

GEER is comprised of volunteer members of the engineering, engineering geology, and earth science community 
and includes members from both the public and private sectors. Based on recommendations from the GEER Steering 
Committee, a GEER Team will respond to geotechnical extreme events to conduct reconnaissance and document 
observations. The ultimate purpose for a GEER team is to prepare a report documenting their observations, which can 
be used by others to advance research and improve engineering practice (http://www.geerassociation.org/about-geer). 
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3. Montecito GEER Team

The Montecito GEER team was comprised of a combination of geologists, engineers, and graduate students. The
Montecito team featured two co-leaders: Dr. Jeff Keaton of Wood was a member of the GEER steering committee and 
organized the team and investigated the rain fall intensity associated with the storms that lead to the debris flows. The 
second co-lead was Dr. Ben Turner of Dan Brown and Associates, PC., who lead the field reconnaissance team and 
the drafting of the reconnaissance report. The remainder of the team was composed of Paul Alessio, Ph.D. candidate 
in earth science at U.C. Santa Barbara, Richard Ortiz, CEG, Senior Engineering Geologist at Lettis Consultants 
International, Inc, John Duffy, Engineering Geologist at Yeh and Associates, Inc., Grace Parker and Taylor Watts, 
graduate students at U.C. Los Angeles, Danielle Smilovsky, Remote Sensing Scientist at Wood, and Dr. Joseph 
Gartner, geologist at BCG Engineers. The field team was composed of a subset of the Montecito GEER team and 
included Dr. Turner (GEER Team co-lead), Mr. Alessio, Mr. Ortiz, Mr. Duffy, Ms. Parker and Ms. Watts. 

4. Observations

Twenty days after the Montecito debris flows, the Montecito GEER team mobilized and made observations over
the course of two days of reconnaissance on January 29-30, 2018. The observations made by the team were focused 
on the impacts the debris flows had on existing infrastructure, such as debris-catch basin, roads, and bridges. At the 
time of the GEER reconnaissance, recovery and rebuilding activities were already underway, including the removal 
of much of the debris from the entire length of the San Ysidro creek channels and debris-catch basins. Observations 
by the GEER team were limited to the San Ysidro Creek drainage and condition of bridges along SR 192.  

4.1. Debris-Catch Basins 

Large amounts of sediment, woody debris, and large boulders were observed within and upstream of the debris-
catch basin located at the base of the range front approximately 360 meters upstream of E. Mountain Drive (Fig. 2). 
Heavy equipment had removed the majority of boulders and sediment from the basin at the time of observation, but 
material was still present and stockpiled along the margins of the basin (Fig. 3a and 3b). The culvert for the basin was 
reinforced concrete pipe and was damaged and undermined on the downstream end of the culvert (Fig. 4a and 4b). 
This basin became filled with debris and spilled over the top and along the margins of San Ysidro Creek during the 
debris-flow event (Fig. 2).  

Fig. 2. Google Earth images of the San Ysidro debris-catch basin at the mouth of the range front approximately 360 meters upstream of East 
Mountain Drive. Image date April 14, 2017 (left); January 12, 2018 (right). © Google Earth (both images). 

4.2. Roads and Bridges 

Impacts to roadway infrastructure due to direct inundation of debris were significant, and resulting highway closures 
affected the entire southern California region for weeks. Road closures were primarily due to debris deposits on the 
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roadway surface that made passage impossible; closures due to damage to roadway surfaces and structures such as 
bridges constituted a significantly smaller portion of the impact. US Highway 101, the main north-south thorough fare 
along the Pacific Coast, was closed for 13 days (January 9-21, 2018.) while; approximately 76,000 cubic meters of 
material up to 3.6 meters thick was removed by Caltrans crews working 24/7 (Ferreira and Holden, 2018). At the time 
of the GEER reconnaissance, many primary and secondary roads in the impacted areas had been cleared of enough 
debris to allow access into individual properties and across major stream crossings at safe locations (Fig. 5). 

Fig. 3. (a) View downstream showing remaining sediment, boulders, and woody debris within San Ysidro creek debris basin during clean out 
operations. (b) Cross stream view of debris basin outlet and stock pile of boulders removed from San Ysidro creek debris basis during clean out 
operations.  

Fig. 4. (a) Upstream view of San Ysidro creek debris-catch basin culvert, showing damage sustained during the January 9, 2018 debris flow 
event. (b) Detail view of damage to culvert. 

Dr. B. Turner performed a reconnaissance-level inspection of the State Route (SR) 192 bridges through Montecito 
on January 18, 2018. He traversed SR 192 from west to east and observed bridges at Montecito Creek, San Ysidro 
Creek, and Romero Creek. Each of these bridges are single-span, simply supported concrete girder structures with 
rectangular channel openings on the order of 4.5 to 7.5 meters wide and 3 to 4.5 meters tall (Fig. 6). The Romero 
Creek Bridge is an exception; the channel opening is arch shaped. It is not clear if the Romero Creek Bridge structure 
is a true arch or is actually a simply-supported span with an architectural arch finish for aesthetic purposes (Fig. 7). 
Anecdotal reports from Caltrans employees indicate these bridges were constructed in the first half of 20th century. 

Initial inspection of the bridges following the event revealed that the upstream openings of the bridges were clogged 
with woody debris, typically up to the deck level. It is notable that each of these bridges was likely the first significant 
channel constriction encountered by the respective debris flows and a significant amount of woody debris had 
accumulated on the leading edge as the debris flow travelled through the burned source area towards SR 192. Sediment 
deposits consisting of a primarily sand-sized soil matrix with cobbles and boulders up to approximately 4.5 meters in 
diameter then accumulated upstream, on top of, and laterally relative to this woody debris jam. 

a b

a b
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Fig. 5. View north of E. Valley Lane, approximately 150 meters south of State Route 192, showing the condition of cleared secondary roads at 
the time of the GEER reconnaissance.   

Fig. 6. Montecito Creek Bridge at SR 192, January 18, 2018. Note lack of scour behind/below abutment wingwalls. Significant amounts of debris 
had been removed from the channel at the time of this photo.  

Fig. 7. Looking downstream at Romero Creek Bridge, SR 192. Photo January 18, 2018. 

While guardrail on the upstream and downstream edges of the bridge decks were completely destroyed, the overall 
level of damage to the bridges along SR 192 was remarkably low in light of the degree of damage to surrounding 
residential structures. The most significant damage occurred to the girders on the upstream edges of the bridges and 
consisted of cracked/spalled concrete, exposed steel reinforcement and residual flexural deformation (Fig. 8). Scour 
behind the upstream abutment wingwalls was notably absent which may also have been due to the woody debris jam 
acting as a buffer against sediment and flood water with otherwise significant scour potential. 

The East Mountain Road bridge crossing San Ysidro Creek was completely destroyed during the event (Fig. 9), 
although the circumstances of the destruction are uncertain because an explosion occurred when a natural gas pipeline 
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that also crossed the creek at the bridge location exploded. It is unclear whether or not this explosion occurred during 
or after the debris flow, and therefore uncertain whether the bridge succumbed to loads imposed by the debris flow, 
forces of the explosion, or a combination thereof. 

Fig. 8. Damaged girder and utilities, upstream side of Montecito Creek bridge at SR 192. Note exposed girder reinforcement consists of 
embedded steel beam section and continuously twisted steel bar; steel beam sections exhibit residual curvature.  

Fig. 9. Abutments of former East Mountain Road bridge at San Ysidro Creek, January 30, 2018. Burned vegetation due to fire associated with gas 
line explosion.  

4.3. Stream Channels 

Prior to the debris flow event, San Ysidro creek was heavily vegetated (Fig. 2) and confined within relatively narrow 
and entrenched channel, with suburban development along the margins of the channel from the canyon mouth to the 
Pacific Ocean (Fig. 1). The action of the debris flow removed the majority of the existing vegetation and scoured the 
channels an unknown amount (Fig. 10a and 10b). A significant amount of accumulated debris had been removed from 
the San Ysidro Creek channel along its entire length from canyon mouth to the ocean by the time the GEER Montecito 
team was able to gain access and complete the reconnaissance. The majority of the remaining debris was still in-place 
beyond the channel margins downstream of the locations where the flow became blocked or constricted, such as at 
bridge crossings. The debris flow avulsed, overtopped the channel margins, and flowed into the surrounding 
neighborhoods built upon floodplain surfaces, where the majority of catastrophic damage occurred (Fig. 11a and 11b). 

4.4. Utility Infrastructure 

The Montecito debris flows affected all major utilities services within the areas of impact. The water transmission 
and distribution system for the Montecito Water District was significantly damaged during the debris flow event, 
including multiple breaks of the Highline (Fig. 12) and Jameson Pipeline transmission mains and the destruction of 
many fire hydrants. 
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Fig. 10. (a) Looking upstream from SR 192 bridge at San Ysidro Creek, pre-event. Google Maps Street View image taken May 2016 (© Google). 
(b) Post-event photo taken from same location as Fig. 10a on January 18, 2018. Note a significant amount of debris had already been removed 
from stream channel. 

Fig. 11. (a). accumulated debris flow deposit and intact structure on East Valley Lane approximately 360 meters downstream of the point of 
debris flow avulsion from San Ysidro Creek channel at SR 192 bridge and 277 meters due west of the San Ysidro Creek channel. Note prominent 
mudline, this home was located along the western margin of the debris flow deposit. (b) accumulated debris flow deposit and partially destroyed 
structure on East Valley Lane approximately 165 meters downstream of the point of debris flow avulsion from San Ysidro Creek channel at SR 
192 bridge and 135 meters due west of San Ysidro Creek channel. This home was located within the direct flow path of the debris flow after the 
flow overtopped the San Ysidro Creek channel.  

Fig. 12. Downstream view of temporary repair of the “Highline” water main by Montecito Water District. Sections of the previously buried water 
main were exposed due to channel scour during the debris flow event within San Ysidro Creek. 

a b

a b
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The primary impact to Southern California Edison infrastructure was the toppling of power poles within the 
footprint of the debris flow, which lead to downed power lines and transformers throughout the impacted area. The 
GEER Montecito team observed many field technicians from the Southern California Gas Company working to restore 
service to the residential distribution network within the footprint of the debris flow. One large diameter gas 
transmission line was observed cut and capped within an open excavation adjacent to East Mountain Road 
approximately 50 meters west of San Ysidro creek and likely was an intact section of the gas pipeline that ruptured, 
exploded, and destroyed the East Mountain Road bridge (Fig. 9). 

5. Conclusions

 The existing debris-catch basins were overwhelmed by the high volume of large woody debris and boulder-size
materials that were transported downstream by the Montecito debris flows.

 Bridges crossing creek channels acted as artificial choke points that clogged with debris and subsequently
blocked flow and lead to stream channel avulsion by the debris flow, which resulted in damage to structures
within the footprint of the debris flow.

 Primary and secondary roads experienced minor damage but acted as flow paths for the debris flow into
neighborhoods adjacent to stream channels downstream of avulsion points.

 Above ground and buried utilities were both damaged or destroyed by the debris flows. Utility lines that were
hung under bridges were consistently damaged or destroyed along the entire flow paths of the debris flow.
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Abstract 

Poorly sorted loose granular materials deposited by the coseismic landslides in the 2008 Wenchuan Earthquake provided abundant 
source material for debris flows to occur during saturation and agitation by rainfall as well as surface and groundwater flow. Debris 
flows in southwest China are concentrated in the annual monsoon season when substantial precipitation occurs and have resulted 
in catastrophic damage to downstream regions. With debris-flow susceptibility increasing in regions affected by mega-earthquakes, 
mitigation systems are considered as critical infrastructures, the performance and resilience of which are vital to the local 
communities. In this paper, we present 1) the analysis on rainfall intensity-duration (I-D) thresholds, Rainfall Index (RI), Rainfall 
Triggering Index (RTI) and characteristics of the debris flows that occurred in the gullies located in three watersheds affected by 
the Wenchuan Earthquake, and 2) the evaluation of the performance of both conventional and some novel mitigation systems 
deployed in these gullies. Sharp decreases in the associated rainfall thresholds were found in the gullies after the earthquake; 
however, the level of increase in the rainfall thresholds is highly site- and system-dependent. Most of the existing debris-flow 
mitigation systems exhibited fair performance yet insufficient resilience to the impact. Notwithstanding the large amount of source 
materials available to be mobilized in debris flows and the intense surface run-off, many conventional mitigation structures required 
constant maintenance after each event and even reconstruction after the monsoon season.  

Keywords: Debris flow; Mitigation system; Rainfall thresholds; Wenchuan Earthquake; Resilience 

1. Introduction

The 2008 Wenchuan Earthquake (MW 7.9) occurred in Sichuan province, China on May 12, 2008. The long-lasting
ground motion and the substantial amount of energy released at a shallow focal depth (15-20 km) resulted in one of 
the deadliest and costliest seismic event in China (Huang and Fan, 2013); it claimed 87,145 lives (including 17,923 
reported missing) and resulted in 374,643 injures (National Development and Reform Commission, 2008). The severe 
damage was intensified by the coseismic geohazards; the coseismic landslides have caused more than 30,000 fatalities, 
exceeding 1/3 of the total fatalities of the earthquake (Fan et al., 2018). Various estimations on the number of 
geohazards are reported in previous literature following study of the earthquake. Huang and Li (2009) reported more 
than 1,200 geohazards that were posing direct risks to downstream communities in Sichuan Province. Gorum et al. 
(2011) mapped about 60,000 landslide scarps. Dai et al. (2011) and Parker et al. (2011) have separately reported more 
than 50,000 coseismic geohazards in their studies.  

The coseismic landslides and the subsequent debris flows represent a post-earthquake instability process (Huang 
and Fan, 2013; Zhang et al., 2014). Debris flow is the sudden downward surge of saturated and poorly sorted sediments 
under gravitational forces (Iverson, 1997); it poses significant risks to downstream communities as a large amount of 
landslide deposit becomes the source material for rainfall-induced debris flow, which can increase the magnitude 
through progressive entrainment during the movement (Iverson et al., 2011; Cui et al., 2013). A significant increase 
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in debris flow was observed after the Wenchuan Earthquake, and can be attributed to the increase in sediment flux 
caused by coseismic landslides (Huang and Fan, 2013; Guo et al., 2016); similar changes were found after the 1999 
Chi-Chi Earthquake (Jan and Chen, 2005). 

The increase in debris-flow events is reflected by comparing the pre- and post-earthquake rainfall thresholds in the 
corresponding regions. In this paper, the changes of the rainfall thresholds, including the rainfall intensity-duration (I-
D), Rainfall Index (RI), and Rainfall Triggering Index (RTI), after the earthquake are reviewed and analyzed for the 
quake-stricken region. Emphasis in the analysis is placed on three catchments with debris-flow mitigation systems 
implemented between 2010 and 2012, with the aim of using different rainfall thresholds: 1) to assess the long-term 
impacts of earthquake on debris flows, and 2) to compare the performance and resilience of the conventional and novel 
mitigation systems in the region. 

2. Study Area

The Wenchuan Earthquake originated along the Longmen Mountain Fault zone with a length of 300-500 km and a 
width of 50 km between the Sichuan Basin and the eastern margin of the Tibetan Plateau (Shen et al., 2009), as 
illustrated in Fig 1. The autochthon of Longmen Mountain Fault zone encompasses the Proterozoic granite massifs, 
unconformably overlapped the Lower and Middle Jurassic strata, Cretaceous strata, and deformed Paleozoic sediments 
with Quaternary alluvium extended to the rheologically strong lithosphere of the Sichuan Basin (Burchfiel et al., 2008; 
Wang et al., 2011). The steep margin of the Tibetan Plateau is intensely dissected by the tributaries of the Yangtze 
River (Ouimet et al., 2007), shaping one of the most mountainous regions for human settlement in China. The main 
surface rupture is along the Yingxiu-Beichuan Fault (YBF) and the Jiangyou-Guanxian Fault (JGF) with lengths of 
240 km and 72 km, respectively. 

Fig. 1. Tectonic and geomorphic settings of the 2008 Wenchuan Earthquake (ASTER image). The Longmen Mountain Fault zone is located 
between the Tibet Plateau and the Sichuan Basin (upper left). Satellite images of catchment areas of some representative gullies in the study area 
are shown (Google Earth image). The epicenter and the main ruptures of the earthquake are highlighted. 
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The study area includes the watersheds of Qingping, Yingxiu, and Dujiangyan (Fig. 1); these regions contain a 
more detailed collection of pre-/post-earthquake as well as pre-/post-mitigation records, of rainfall and debris to assess 
the impacts of earthquake and debris flows. The region is incised by the waterways of the Mianyuan River (Qingping), 
the Min River (Yingxiu), and the Longxi River (Dujiangyan), which resulted in a relative elevation of 770-4000 m in 
the study area. The study area comprises a complex lithological assemblage, including mainly 1) shale, sandstone, and 
limestone in Qingping, 2) granite, limestone, and sandstone in Yingxiu, and 3) granite, sandstone, and mudstone in 
Dujiangyan. The annual average precipitation in Qingping, Yingxiu and Dujiangyan is 1086 mm, 1253 mm, and 1135 
mm, respectively. Rainfall concentrates in the monsoonal season between June and August, with typically 60%-80% 
of the annual precipitation of the study area.  

Numerous destructive debris flows occurred immediately after the earthquake during the monsoonal seasons of 
2008 and 2009, including the debris flows in the Wenjia gully in Qingping and in the Weijia gully that buried part of 
the ruins of Beichuan town. Many debris-flow mitigation systems that were being designed or implemented at the time 
followed the conventional design specifications which later proved to be insufficient for debris flows after an 
earthquake due to high sediment flux (Xu et al., 2012). The intense precipitation during August 12-13, 2010, triggered 
debris flows in more than 80 gullies in the study area, including 20 in Qingping, 21 in Yingxiu, and 44 in Dujiangyan. 
The debris flows caused fatalities and resulted in damage to the post-earthquake reconstruction process (Tang et al., 
2012; Xu et al., 2012; Huang and Li, 2014). The debris flows also destroyed many conventional mitigation systems, 
which exclusively consisted of a large number and variety of concrete check dams and channels that were inadequately 
designed. The basic characteristics of the mitigated gullies in the study area are shown in Table 1.  

Table 1. The basic geometry of the gully and the estimated amount of the source materials for the debris flow with 
mitigation system (re-)implemented after August 13, 2010. 

Gully Length 
(km) 

Height 
(km) 

Catchment 
Area (km2) 

Loose deposit volume (before 
August 2010) (×106 m3)* 

Loose deposit volume (after 
August 2010) (×106 m3) 

Hongchun 3.6 1.29 5.35 3.58 3.1 
Shaofang 1.85 1.1 1.5 2.52 2.23 
Niujuan 3.9 1.78 10.7 7.89 7.43 
Maliu 1.59 0.95 1.98 - 8.14 
Dashui 0.88 0.32 0.45 - 2.7 
Wenjia 3.25 1.52 4.5 80.6 74.5 
Zoumalin 3.5 0.59 5.7 4.37 3.26 
Note: the estimated volume of source material before August 2010 may not represent the total volume of loose deposit after 
the earthquake due to subsequent debris flows without detailed records in literature.

3. Rainfall Threshold and Mitigation Systems

3.1. Pre-/Post-earthquake I-D thresholds 

Prior to the earthquake, rainfall data for gullies that were susceptible to debris flows were typically collected by the 
nearby rain gauge without the systematic frameworks of an Early Warning System (EWS) for debris flows. The studies 
on pre-earthquake debris flows in the region commonly rely on distant rain gauges that may not be at the comparable 
elevation or the same side of the ridge, as indicated by Guo et al. (2016).  

A rainfall threshold represents the minimum precipitation required to trigger a debris flow, slope failure, or shallow 
landslide. Typical approach includes rainfall intensity-duration relationship that can be expressed as 𝐼 = 𝛼𝐷−𝛽, where 
I is the mean rainfall intensity (mm/hr), D is the rainfall duration (hr), and α and β are empirical coefficients (Caine, 
1980). However, a single critical rainfall parameter, such as peak rainfall intensity or daily cumulative rainfall, has the 
tendency to overestimate debris-flow occurrence for mitigated gullies (Liu et al., 2017), and thus additional rainfall 
threshold parameters are employed to better characterize the critical conditions and the variations after implementing 
the mitigation system. The Rainfall Index (RI) is defined as RdImax (Chen et al., 2013), where Rd is the daily cumulative 
rainfall and Imax is the peak rainfall intensity. The Rainfall Triggering Index (RTI) is expressed as the product of RtImax, 
where Rt is the 7-day antecedent rainfall. The RTI has been used to establish probability of debris flow occurrences in 
predication models (Jan et al., 2002; Jan and Lee, 2004; Huang et al., 2015). 
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Guo et al. (2016) summarized the I-D thresholds and duration that triggered debris flows between 2008 and 2013 
for the entire region that was impacted by the Wenchuan Earthquake. Ma et al. (2017) studied the debris-flow events 
between 2008 and 2013 and summarized a more watershed-scale regional I-D threshold. These rainfall thresholds are 
compared with some proposed global and regional thresholds, as shown in Fig 2. 

A pre-earthquake I-D threshold for the entire region is not available for the Wenchuan Earthquake; but the post-
earthquake I-D thresholds are significantly lower than the global or regional thresholds included in this study, which 
implies a possible severe impact caused by the earthquake. The gradual increase in the I-D thresholds between 2008 
and 2013 indicates a decreasing susceptibility to debris flow at a regional scale since the earthquake. Notwithstanding 
the sediment influx caused by the subsequent geohazards after the earthquake (Huang and Fan, 2013; Huang and Li, 
2014), the recovery of the I-D thresholds can be largely ascribed to the decrease of the overall loose materials, as they 
were entrained and removed by previous debris flows from the gullies. The watershed I-D thresholds are considerably 
higher than the regional thresholds (Fig. 2); it is postulated that the study on these watersheds were affected by the 
implementation of debris-flow mitigation systems.  

Fig. 2. Global and regional mean rainfall I-D thresholds for debris flows proposed in previous literatures (refernces see Liu et al., 2017). The 
regional I-D thresholds for the Wenchuan Earthquake impacted area are highlighted; the watershed I-D thresholds are marked by dash lines. The 
sharp decrease in thresholds #17 and #18 represents the changes after the 1999 Chi-Chi Earthquake. 

3.2. Conventional mitigation systems 

The mitigation systems implemented in the representative gullies are discussed and the effects on rainfall thresholds 
are analyzed. The discussion focuses on the design and performance of mitigation systems implemented after August 
2010. An Early Warning Systems (EWS) was implemented for each mitigated gully; it is designed to better collect 
rainfall and erosion data and monitoring the debris flow events. The conventional mitigation systems in the studied 
gullies are typically deigned with concrete check dams and drainage channels. 

3.2.1. Yingxiu 

The heavy rainfall event on May 17, 2008, July 23, 2009, and May 29, 2010 induced numerous landslides, rockfalls, 
and debris flows. The extreme rainfall event on August 12-14, 2010 caused severe damage to the reconstruction of 
Yingxiu with urban flood inundation, which resulted from the blockage of the Minjiang River due to the debris flows 
that occurred in the Hongchun gully, Shaofang gully, and the adjacent gullies. The precipitation reached 163 mm in 2 
hours on the morning of August 14, 2010; it triggered debris flows around 3:00 AM local time. The volume of debris 
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from the Hongchun gully was estimated as 7.5105 (Huang and Li, 2014), and the level of flood was 2-3.5 m in 
Yingxiu and remained in the area for more than 7 days (Tang et al., 2011). The mitigation system in Hongchun gully 
was completed before the monsoon season of 2011, and was comprised of a large concrete check dam at the exit of 
the gully with a drainage channel, and 3 small check dams along the gully. The high slope gradient of the Shaofang 
gully posed challenges to the design of the mitigation system; it consisted of 3 large check dams and a short drainage 
channel to divert the debris flow into the Minjiang River to reduce damage to the roadway. The epicenter of the 
Wenchuan Earthquake is located in the Niujuan gully, in which abundant loose materials were deposited by the 
coseismic landslide. A total of 8 check dams were implemented, of which half are for the branches to prevent sediment 
supply into the main gully, with a drainage channel to guide the debris flows.  

3.2.2. Qingping 

A large amount of loose sediment was deposited by coseismic landslides in the Zoumalin gully, with no prior 
reports of debris flows before the Wenchuan Earthquake. The conventional mitigation system consists of 7 large check 
dams and 4 drainage channels in the branches with small sectional barriers, and an additional 3 barriers. The intense 
rainfall events on August 17, 2012 and July 8, 2013 resulted in two large-scale debris flows. The debris flow in 2012 
filled most of the basins of the check dams and blocked the drainage channels (Fig 4a and 4b); the basins were 
subsequently emptied. The debris flow in 2013 overflowed the check dams and caused damage to the community. 

3.2.3. Dujiangyan 

The source material in the gullies of the Dujiangyan watershed were mainly deposited by the coseismic landslides 
of the Wenchuan Earthquake. The peak hourly rainfall on August 12-14, 2010 was 75 mm, with a high 2-hr cumulative 
precipitation of 128.3 mm. A large-scale debris flow occurred in Maliu and Dashui gully on August 13 and 18 during 
intense rainfall, which have collectively mobilized more than 10×106 m3 of loose sediments. The mitigation system in 
the Maliu gully comprises 7 check dams, with the aim of preventing sediments from reaching downstream, as the exit 
was close to a temporary settlement for residents of Longchi town that were severely damaged by the earthquake. The 
volume of the remaining loose materials in the Dashui gully is less compared to other gullies after August 2010, and 
therefore, the design of the mitigation system was modified to include only 2 larger check dams (height > 13 m) with 
a drainage channel at the exit of the gully. 

3.3. Novel mitigation system 

A novel mitigation system was subsequently designed and implemented in the gully (Fig. 3), as discussed in detail 
in Liu et al. (2017). The new system integrates three key elements, i.e. the water-sediment segregation (water control), 
source material stabilization (sediment control), and channelized erosion prevention (erosion control), with the aim of 
minimizing surface run-off by separating the fluid and solid components of the debris flow. The sediment control and 
erosion control focus on the mid-/down-stream of the gully where a large amount of loose materials can be entrained 
by a debris flow originating from the up-stream. The water-sediment segregation system is shown in Fig. 4; the debris-
flow breaker consists of 4 arrays of steel fins aligned perpendicular to the dominant flow direction. In the event of 
overflowing of check dams #4 and #5, the sediment basin reduces the dynamic impact by permitting settlement of 
larger boulders and rocks. The breaker system enables rapid drainage of surface runoff through the drainage tunnel, 
which in turn, prevents erosion and mobilization of the loose particles in the mid- and down-stream. Fluid and small-
scale sediment removed from the bulk of the debris flow are drained through the drainage tunnel and discharged to 
branch #1. Therefore, the debris flow can be contained within a certain branch or a small area, to prevent entrainment 
of the loose materials in the mid-stream of the gully. 

3.4. Pre-/Post-mitigation rainfall thresholds 

The rainfall parameters associated with the pre-/post-mitigation debris flows in the studied gullies are summarized 
in Table 4. The variations in the number and volume of the debris flows as well as the associated rainfall thresholds 
are of direct interest in evaluating the performance of the mitigation system. Since no known debris flows existed in 
these gullies before the earthquake, the rainfall data prior to the earthquake cannot be identified for many of the studied 
gullies (Fig. 5). However, the increased number of debris flows is prominent, and decreased abruptly with sharp 
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increases in the critical rainfall parameters after implementation of the mitigation system, as demonstrated by the 
Wenjia gully. Although the interplay between rainfall and debris flows are complex and dynamic, plotting the 
occurrences in such fashion offers an intuitive representation on the variations in the number of debris-flow events 
and rainfall thresholds. Notwithstanding the difficulties in comparing the pre-/post-mitigation rainfall parameters due 
to the lack of data, the proposed rainfall parameters can serve as an effective factor to evaluate the performance of the 
system, as demonstrated by changes of the critical rainfall condition of the Wenjia gully case. 

Fig. 3. The debris flow mitigation system in the Wenjia Gully. The midstream section consists of a flexible drainage channel. Three check dams 
were constructed in the downstream of the gully. A large number and variety of sensors were installed in the gully and/or its catchment, including 
the rain gauges (blue), deposit thickness gauges (red), piezometers (orange), and video cameras (yellow) (after Liu et al., 2017). 

Fig. 4. An overview of the water-sediment segregation system formed by a sediment basin and a breaker system. The drainage conduits are 
underneath the steel fins of the debris flow breaker, and connects to the drainage tunnel. 

4. Concluding Remarks

A typical problem for the design of a mitigation system in a gully that was impacted by a major seismic event is
that a large amount of loose materials is deposited by coseismic landslides, and thus debris flows in such a gully is 
almost inevitable under heavy rainfall. In this paper, we summarize the debris-flow events after the 2008 Wenchuan 
Earthquake in the entire region emphasizing three watersheds. The study area contains gullies that are extremely 
susceptible to debris flows under rainfall, and demonstrated significant decreases in the critical rainfall condition. 
Discussion focused on the design and implementation of mitigation systems, and employs rainfall parameters to 
evaluate the performance of the systems. The study proposed to use pre-/post-mitigation rainfall parameters to evaluate 
the performance of the system as indicated by the Wenjia gully mitigation system. 
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Fig. 6. The variations in the rainfall parameters contributing to the pre- and post-mitigation debris flows in the studied gullies. The gray region 
represents the period of the construction of the mitigation system, during which no dataset was collected systematically, and thus not included in 
the analysis. 
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Abstract 

The extreme heat from wildfire alters soil properties and incinerates vegetation, leading to changes in infiltration capacity, ground 
cover, soil erodibility, and rainfall interception. These changes promote increases in runoff and sediment transport that increase the 
likelihood of runoff-generated debris flows. Over a period of several years, referred to as the window of disturbance, the landscape 
recovers and wildfire-induced changes become less accentuated. Debris flows are most common in the year immediately following 
wildfire, but changes in the likelihood and magnitude of debris flows throughout the window of disturbance are not well 
constrained. Assessing debris-flow hazards throughout the post-wildfire recovery period is complicated, in part, by the myriad of 
wildfire-induced changes and their nonlinear relationships with sediment transport and runoff generation processes. In this study, 
we combine measurements of soil hydraulic properties with vegetation survey data and numerical modeling to understand how 
debris-flow threats are likely to change in steep, burned basins during the first two years of recovery. We focus on documenting 
recovery following the 2016 Fish Fire in the San Gabriel Mountains, CA, USA and demonstrate how a numerical model can be 
used to predict temporal changes in debris-flow properties and initiation thresholds within that region. Substantial increases in 
sorptivity, which represents the capillarity contribution to infiltration, and reductions in the percentage of bare soil occurred during 
the first 18 months following the Fish Fire. Numerical modeling suggests that these changes lead to a roughly 40% increase in the 
15-minute rainfall intensity-duration threshold associated with debris-flow initiation as well as more than a three-fold decrease in 
debris-flow volume from post-fire year 1 to post-fire year 2. These results provide valuable constraints on changes in debris-flow 
thresholds within the San Gabriel Mountains as well as a general framework for exploring the impact of changing vegetation and 
soil hydraulic properties on debris flow magnitude and susceptibility. 

Keywords: debris flow, wildfire, recovery, threshold, infiltration 

1. Introduction

Wildfire is a well-documented catalyst for change in hydrologic and geomorphic systems (e.g. Shakesby and Doerr,
2006). Post-wildfire reductions in infiltration capacity (Ebel and Moody, 2017) and canopy interception (Stoof et al., 
2012) promote increased runoff. Increased runoff combined with the effects of lower critical thresholds for sediment 
entrainment (Moody et al., 2005) and a high percentage of bare soil lead to a substantial increase in debris-flow 
likelihood after a wildfire. Post-wildfire debris flows are triggered when runoff concentrates in steep channels and 
mobilizes large volumes of sediment, in contrast to debris flows that initiate from shallow landslides (e.g. Meyer and 
Wells, 1997; Cannon et al., 2008; Gabet and Bookter, 2008; Kean et al., 2011). With few exceptions (e.g. Cannon et 
al., 2008), previous work has focused on the threats posed by runoff-generated debris flows in the first year following 
disturbance by wildfire, but the extent to which debris flow hazards persist into subsequent years is not well 
understood. 

Rainfall intensity-duration (ID) thresholds are commonly used to assess post-wildfire debris-flow potential, with 
debris flows often initiating once a critical rainfall intensity is exceeded (Cannon et al., 2008; Staley et al., 2013). 
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Staley et al. (2017) recently developed an empirical model to predict debris-flow likelihood as a function of terrain 
attributes, soil burn severity, and rainfall intensity (averaged over 15, 30, or 60 minutes). However, it is not clear how 
rainfall ID thresholds change with time following wildfire because data regarding debris-flow occurrence are most 
common in the first post-wildfire year and because there is no clear connection between the magnitude of empirically 

Fig. 1. (a) Overview of study area; (b) Photo looking across the hillslope along a transect at the Las Lomas site where infiltration measurements 
were conducted. (c) Aerial photo of the Arroyo Seco watershed following the 2009 Station Fire. 

derived rainfall ID thresholds and the hydrologic and geomorphic variables that are changing as the landscape recovers. 
Since runoff is a necessary condition for most post-wildfire debris flows, it is critical to understand how wildfire-
driven changes to soil infiltration capacity change with time since burning and how the magnitude of those changes 
translates into changes in debris-flow potential. Post-wildfire reductions in infiltration capacity are often attributed to 
increased soil water repellency (Shakesby and Doerr, 2006), which may persist for up to five years but typically decays 
over timescales of 1-2 years (e.g. Larsen et al., 2009). The percentage of bare soil, which is initially high following 
wildfire and decays as vegetation recovers, is also likely to be a key factor in determining debris-flow potential since 
bare soil on hillslopes is particularly vulnerable to erosion. Hillslope erosion can account for a substantial amount of 
the sediment within post-wildfire debris flows in certain cases (e.g. Smith et al., 2012; Staley et al., 2014) and 
contribute to sediment bulking in the channel that increases flow depth and discharge. 

Given measurements of how wildfire-affected variables change over time, such as ground cover and soil hydraulic 
properties, physically-based models have the potential to be used to quantify the corresponding changes in debris-flow 
response. In this study, we utilize the numerical model developed by McGuire et al. (2017), which represents the 
coupled processes of runoff, sediment transport, and debris-flow initiation, to assess changes in debris-flow ID 
thresholds and debris-flow magnitude within an 18-month period following wildfire in the San Gabriel Mountains, 
CA, USA. We make use of data from two study areas, referred to as Las Lomas and Arroyo Seco, both of which are 
located in the San Gabriel Mountains and have produced numerous debris flows following wildfire. Although the two 
study sites were burned at different times and in different fires (Figure 1), we utilize them as representative sites for 
debris-flow prone headwater basins in the San Gabriel Mountains. Data from the Las Lomas study site are used to 
quantify changes in soil hydraulic properties and canopy/ground cover with time following wildfire. Changes in soil 
hydraulic properties were quantified at Las Lomas through in situ measurements throughout an 18-month period 
following the 2016 Fish Fire. Canopy and ground cover were negligible at the start of the study period and were 
quantified through a field survey 18 months after the Fish Fire. These measurements are then used as inputs for a 
numerical model in conjunction with a high resolution digital elevation model (DEM), obtained at the nearby Arroyo 
Seco site (which was the focus of intensive debris-flow monitoring following the 2009 Station Fire), to simulate debris-
flow initiation during different stages of recovery. Here, we report on the measured changes at Las Lomas and a series 
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of simulations designed to assess how debris-flow response is likely to change in the San Gabriel Mountains from the 
first to second year after the wildfire. 

2. Study Area

The Fish Fire, which started on 21 June 2016, burned 4253 acres of the Angeles National Forest in the San Gabriel
Mountains near Los Angeles, CA (Figure 1). The wildfire burned mainly in rugged terrain with steep hillslopes 
dominated by chaparral vegetation. Soils in the area are generally thin (0.5-1 m), rock outcrops are common, and a 
highly weathered layer of saprolite is occasionally exposed on the hillslopes (Staley et al., 2014). Repeat measurements 
of soil hydraulic properties were conducted on a roughly 40-degree hillslope, which we will refer to as the Las Lomas 
study site, in an area that experienced moderate-to-high soil burn severity during the Fish Fire. No vegetation canopy 
remained and all litter and duff at the surface had been consumed by the wildfire. The hillslope is located in the upper 
portion of a 0.12 km2 basin that drains into the Las Lomas debris basin. A series of rainstorms between December 
2016 and February 2017 incised a network of rills through the study area and produced a number of debris flows and 
floods at the outlet of the drainage basin.  

The Arroyo Seco site, also located in the San Gabriel Mountains in an area dominated by chaparral vegetation, is a 
small drainage basin (0.012 km2) that burned at moderate-to-high severity in the 2009 Station Fire. A number of runoff-
generated debris flows were observed in the first winter following the fire (Kean et al., 2011). A DEM derived from 
terrestrial laser scanner (TLS) surveys performed by Staley et al. (2014) following the first post-wildfire rainstorms 
provides high-resolution topographic data that are ideal for detailed simulations of runoff and debris flow initiation. 

3. Methods

3.1. Field measurements following the Fish Fire 

Field saturated hydraulic conductivity (Ks) and sorptivity (S) were determined through in situ measurements 
conducted with a mini disk tension infiltrometer. The tension infiltrometer has a disk with a radius of 2.25 cm. The 
suction head was set to 1 cm for all measurements. Measurements were made during site visits to the Las Lomas study 
area (burned in the 2016 Fish Fire) in September 2016, November 2016, January 2017, February 2017, July 2017, and 
March 2018. Measurements were performed every 1 meter along a 20 meter transect that extended in the cross-slope 
direction, with the exception of those made in September 2016. When time permitted, additional measurements were 
made on the hillslope in the vicinity of the established transect. In September 2016, the transect had not yet been 
established and measurements were made in nearby areas burned at moderate-high severity. 

A total of 26, 35, 28, 40, 21, and 21 infiltration measurements were made during the site visits in September 2016, 
November 2016, January 2017, February 2017, July 2017, and March 2018, respectively. During each measurement, 
the total volume of water infiltrated is tracked as a function of time and must later be post-processed to infer field 
saturated hydraulic conductivity (Ks) and sorptivity (S) (e.g. Zhang, 1997). Estimates of Ks and S were derived using 
the methods described by McGuire et al. (2018). The wetting front suction head (hf), a parameter in the Green-Ampt 
infiltration model, can then be estimated as (Ebel and Moody, 2016) ℎ" = 𝑆%/2𝐾)𝜃), where 𝜃) denotes the volumetric 
water content at saturation.  

In March 2018, we conducted a vegetation survey on a hillslope adjacent to the infiltration transect using the point- 
intercept method (e.g. Crocker and Tiver, 1948). A measuring tape was extended between two control points marked 
with steel rebar. The distance between the two control points was 20.8 meters. Every 20 cm along the transect (for a 
total of 105 measurements), we sighted directly down toward the surface with a laser pointer and recorded the first 
obstacle that intercepted the light. The laser either hit the vegetation canopy, bare soil, litter, or a rock. Litter was 
classified as any loose plant material on the soil surface. Any sediment with a diameter greater than 5 mm was classified 
as rock cover. If the laser hit any portion the canopy, the maximum height of that vegetation was recorded. 

3.2. Numerical model 

The numerical model represents fluid flow using the shallow water equations, which contain additional source terms 
to account for changes in flow resistance as a function of sediment concentration (McGuire et al., 2016; 2017). 
Infiltration is modeled with the Green-Ampt equation, using estimates of Ks and hf obtained from field measurements. 
Hydraulic roughness was taken into account using a depth-dependent Manning friction coefficient (Mugler et al., 
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2011). Debris-flow resistance is represented using a Coulomb friction approach (e.g. Iverson and Denlinger, 2001) 
where the effective basal normal stress is modified by pore fluid pressure within the flow. In all simulations, the ratio 
of pore fluid pressure to total basal normal stress (λ) was set to a constant value of λ=0.65.   

The Hairsine-Rose (HR) model (Hairsine and Rose, 1992a; 1992b) was used to account for sediment entrainment 
and deposition, as described in detail by McGuire et al. (2016). In the HR model, particles can be detached and 
entrained into the flow via raindrop impact or flow-driven detachment. The rate at which sediment is detached by 
raindrops is a function of flow depth, rainfall intensity, and raindrop diameter while the rate of flow-driven sediment 
detachment is a function of stream power. Since the canopy and ground cover (e.g. litter) can shield the underlying 
soil from raindrop impact, changes in ground and canopy cover will also influence the rate of raindrop-driven sediment 
detachment (e.g. McGuire et al., 2016).  

3.3. Debris-flow simulations at Arroyo Seco 

For model simulations, we applied the vegetation and hydrologic measurements from the Fish Fire to the nearby 
Arroyo Seco drainage basin (Figure 1) because a high-resolution DEM was available for that site. Although Arroyo 
Seco was not burned during the Fish Fire, it is representative of headwater areas within the San Gabriel Mountains 
where post-wildfire debris flows tend to initiate and its steepness is similar to other debris-flow producing basins in 
the San Gabriel Mountains (Kean et al., 2011). The small size of the basin makes it possible to perform a larger number 
of simulations, and we coarsened the DEM from 2 cm (Staley et al., 2014) to a grid spacing of 37.5 cm to further 
increase computational efficiency. Runoff is driven by a family of idealized rainstorms, with peak 15-minute rainfall 
intensities (I15) varying from 20 mm/h to 60 mm/h in increments of 2.5 mm/h (Figure 2).  

All simulations were performed using the same parameters and model setup as reported in McGuire et al. (2016) 
unless otherwise noted (Table 1). McGuire et al. (2016) calibrated the HR sediment transport parameters at the Arroyo 
Seco site by comparing simulated erosion patterns to those generated from repeat TLS surveys (Staley et al., 2014). 
The roughness coefficient was set to a value of n0=0.05 s m-1/3, which is in range of calibrated roughness values for 
recently burned, low-order drainage basins in the San Gabriel Mountains (Rengers et al., 2016). The fraction of bare 
soil exposed to raindrop impact is assumed to be 1.0 in the first year following the fire based on field observations of 
negligible vegetation and litter cover (Figure 1). Infiltration rates were computed for year 1 using the Ks and hf values 
obtained in September 2016 and November 2016, while Ks and hf values obtained in July 2017 and March 2018 were 
used for year 2. Each pixel within the computational domain was randomly assigned a value from the measured 
distribution of Ks and hf. Due to the number of pixels in the computational domain, we found that differences among 
simulations performed with different realizations of Ks and hf were not significant. 

Fig. 2. (a) Designed rainstorms used for simulations at Arroyo Seco. For display purposes only 3 curves are shown; however, for modeling we 
used curves with peak 15-minute rainfall intensity (𝐼,-

.	 ) varying from 20-60 mm h-1 in intervals of 2.5 mm h-1; (b) Shaded relief map of Arroyo 
Seco. 

A total of 19 simulations, each driven by one of the 19 different rainstorms (Figure 2a), were performed using the 
measured infiltration and vegetation characteristics from the first post-wildfire year. A second set of 19 simulations 
were performed using the measured infiltration and vegetation characteristics from the second post-wildfire year. 
Lastly, we performed a final set of simulations using measured soil hydraulic properties from year 2 and vegetation 
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characteristics (i.e. 100% bare ground) consistent with year 1. The goal of these simulations was to quantify the relative 
impact of vegetation recovery and soil recovery on post-wildfire debris flows. Flow depth, discharge, and sediment 
concentration at the basin outlet were recorded in all cases to assess differences among simulations. Debris flows were 
identified at the outlet of the basin based on exceedance of a sediment concentration threshold of 40%. Flows with a 
sediment concentration (c) less than 40% were classified as floods. The total volume of sediment exiting the basin, 
total volume of debris flows (i.e. flows with c>40%) leaving the basin, and peak debris flow discharge at the outlet 
were stored for each simulation. 

Table 1. Model parameters used for simulations of runoff, sediment transport, and debris flow initiation at the Arroyo Seco site. Notation follows 
McGuire et al. (2016). When appropriate, values for year 1 and year 2 are both presented and separated by commas. Median values are reported 
for Ks and hf. 

Parameter name (symbol) Units Value Source 

Roughness coefficient (n0) s m-1/3 0.05 Calibrated 

Raindrop detachability (a0) kg m-2 s-1 9000 Calibrated 

Raindrop redetachability (ad0) 

Fraction of effective stream power (F) 

Fraction canopy cover 

Fraction bare soil 

Field saturated hydraulic conductivity (Ks) 

Wetting front suction head (hf) 

kg m-2 s-1 

- 

- 

- 

mm h-1

m 

410000 

0.0065 

0, 0.29 

1, 0.63 

17, 13 

0.005, 0.022 

Calibrated 

Calibrated 

Measured 

Measured 

Measured 

Measured 

4. Results

4.1. Changes in soil hydraulic properties and ground cover 

Repeat field measurements of soil hydraulic properties reveal a change in sorptivity (S) between February 2017 and 
July 2017, which corresponds to a time period of 8 to 13 months after the wildfire (Figure 3). As a result, the median 
wetting front suction head (hf) increased with time from roughly 0.001 m in September 2016 to 0.021 m by March 
2018. In contrast, field saturated hydraulic conductivity (Ks) appears to be relatively constant with time following the 
wildfire (Figure 3). The first and third quartiles of Ks in year 1 are 9 mm/h and 33 mm/h, respectively, whereas they 
are 5 mm/h and 30 mm/h in year 2.  The fraction of bare soil decreased from 1.0 immediately following the wildfire 
to 0.63 in March 2018, after 18 months of recovery. The reduction in bare ground was primarily due to an increase in 
canopy cover fraction from approximately 0 to 0.29. The fractions of litter (0.07) and rock cover (0.01) were relatively 
minor. Although the recovering vegetation may be effective at reducing direct raindrop impact on the soil surface, it 
likely had a minimal ability to intercept and store water since the average vegetation height was less than 10 cm. 

Fig. 3. (a) Field saturated hydraulic conductivity (Ks) and (b) sorptivity (S) derived from field measurements at different times following the June 
2016 Fish Fire. 
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4.2. Simulations of erosion and debris flows 

Debris flows initiated in response to lower intensity rainstorms in year 1 relative to year 2 (Figure 4). The first sign 
of debris flow activity at the lower outlet (i.e. debris flow volume greater than 5 m3) during year 1 occurs in response 
to the designed rainstorm with a peak I15 of 27.5 mm/h whereas storms during year 2 with a peak I15 less than 37.5 
mm/h do not produce any debris flows at the outlet. In the theoretical case where vegetation recovery is neglected in 
year 2 and only changes in infiltration capacity are taken into account, a peak I15 of at least 35 mm/h is required to 
initiate debris flows.  

Fig. 4. Model simulations of (a) debris-flow discharge, (b) debris-flow volume, and (c) total volume eroded at the basin outlet as a function of 
rainfall intensity. Vertical lines indicate model-derived thresholds for year 1 (dotted line) and year 2 (dashed line). (a) Peak debris flow discharge 
and (c) total sediment volume eroded generally increase with peak I15 and are highest in the first year following the fire. (b) Debris flow volumes 
are limited at higher rainfall intensities due to the increased amount of water runoff, which can reduce sediment concentrations in the flow. 

The peak discharge of debris flows generally increases with peak I15 and decreases from year 1 to year 2, though 
peak flow depths (Figure 5) and discharges (Figure 4a) are sometimes comparable between years 1 and 2.  Debris-
flow volume initially increases with peak I15 and then remains constant (year 2) or decreases slightly (year 1). The 
total volume of sediment eroded, however, continues to increase with peak I15. Debris flow-volumes and total sediment 
eroded for a given rainstorm are higher in year 1, as expected, with the exception of the case where the site experiences 
high-intensity rainfall and vegetation recovery is neglected during year 2 simulations.  

Fig. 5. Model simulations of flow stage at the Arroyo Seco basin outlet under conditions consistent with (a) post-wildfire year 1, (b) post-wildfire 
year 2, and (c) post-wildfire year 2 where we assume that the vegetation did not recover (i.e. canopy and litter cover are negligible). 

5. Discussion

Simulations of erosion and debris-flow initiation suggest that there should be a substantial increase in rainfall ID
thresholds between the first and second year after a wildfire as well as decreases in expected debris flow volume due 
to changes in soil hydraulic properties. Simulations do not take into account the reductions in sediment supply that are 
likely to have occurred in the time between the first and second year after a wildfire. Results reported here can therefore 
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be viewed as conservative, with even greater increases in ID thresholds and reductions in volume being likely if 
sediment supply is reduced in subsequent years from erosion occurring during year 1.  

Thresholds of 27.5 mm/h and 37.5 mm/h can be inferred from simulations for years 1 and 2, respectively. The 
regional I15 threshold for debris flow initiation in the San Gabriel Mountains is 19 mm/h (Staley et al., 2013). The 
difference between the regional threshold and the value derived here could result from basin-specific morphological 
properties that influence debris flow thresholds (e.g. Staley et al., 2017), uncertainties associated with measured soil 
hydraulic properties, or from the choice of the designed rainstorm. Increases in the threshold rainfall intensity from 
27.5 mm/h in year 1 to 37.5 mm/h year 2 can be attributed to both the increase in hf and a decrease in percent bare 
ground. Increases in hf lead directly to decreases in runoff. Low values of sorptivity (and therefore hf) in the year 
immediately following wildfire are consistent with a recent compilation of soil hydraulic properties from burned soils 
(Ebel and Moody, 2017), which suggests that sorptivity rather than Ks may be more consistently affected by wildfire. 
Decreases in percent bare ground lead to less hillslope erosion, which subsequently decreases the amount of sediment 
transported into the channel network (where debris flows are likely to form) and reduces the sediment bulking 
processes that can increase flow depths and discharges. However, since simulations that neglect vegetation recovery 
still suggest a 7.5 mm/h increase in the 15-minute rainfall ID threshold, we conclude that changes in infiltration 
capacity have a greater impact on temporal variations in the rainfall ID threshold relative to changes in percent bare 
ground. 

Simulations also offer insight into how debris flow magnitude can be expected to change with rainfall intensity and 
time since burning. Simulations indicate that debris-flow volume increases, up to a point, with increasing I15 (Figure 
4). Gartner et al. (2014), in contrast, found that debris-flow volumes increase monotonically with I15 based on a large 
dataset of estimated volumes from post-wildfire debris flows throughout the Transverse Ranges of southern CA. The 
difference between our model results and field observations could be partly due to the definition of debris flow 
employed here, which requires that the sediment concentration exceed 40%. As I15 increases, the modeled erosion 
volumes increase monotonically but debris-flow volumes remain steady or decrease due to increased water runoff, 
which can dilute portions of the flow to sediment concentrations less than 40%. Since debris flow volumes estimated 
in the field are based on the amount of sediment deposited in debris basins or estimates of erosion occurring during 
debris-flow-producing rainstorms (e.g. Gartner et al., 2014), they may include sediment transported through a 
combination of water-dominated flood, debris flood, and debris-flow mechanisms. Regardless, it is clear that debris 
flow volumes appear to change more dramatically (i.e. a factor of roughly 3) between year 1 and year 2 compared to 
the I15 rainfall threshold (Figure 4), which increases by approximately 40%. Note that the high debris-flow volumes 
simulated in year 2 during a case with no vegetation recovery likely exceed those predicted for year 1 due to the fact 
that increased water runoff in year 1 will dilute some of the flows so that they have a concentration less than the critical 
value of 40%.  

While we focus on a particular geographic region, the San Gabriel Mountains in southern CA, the modeling 
framework presented here can be used in combination with estimates of post-wildfire infiltration rates from other 
regions (e.g. Moody et al., 2009; Nyman et al., 2011; Robichaud et al., 2016) to quantify the impact of changing soil 
hydraulic properties on debris-flow magnitude and initiation thresholds. Similarly, satellite-derived metrics of 
vegetation recovery, such as the enhanced vegetation index (e.g. Kinoshita and Hogue, 2011), could be used to drive 
temporal changes in percent ground cover within the model framework. Developing relationships between measurable 
hydrologic variables, ground cover characteristics, and debris flow properties is a necessary first step towards assessing 
how debris flow threats are likely to evolve with time following wildfire in different geographic regions. 

Conclusions 

Disturbance following wildfire leads to an increased potential for runoff-generated debris flows. The hazards posed 
by debris flows decrease with time following wildfire as soils and vegetation recover. In this study, we monitored 
changes in soil hydraulic properties and percent bare ground at a site in southern California and used a numerical 
model to determine how temporal changes in these two variables affect debris flow volumes and initiation thresholds. 
Simulations suggest that the threshold I15 rainfall intensity that triggers debris flows at our study site in the San Gabriel 
Mountains will increase by approximately 40%, from 27.5 mm/h to 37.5 m/h. In addition, if debris flows do initiate in 
the second post-wildfire year, simulations indicate they will be roughly three times smaller (even if sediment supply 
does not decrease between year 1 and year 2). Although we focus here on post-wildfire debris flows, the methodology 
used to assess changes in runoff-generated debris flow susceptibility could be applied in other settings, including rocky 
alpine regions, where runoff-generated debris flows may occur. 
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Abstract 

The destructive and deadly nature of debris flows has motivated research into empirical rainfall thresholds to provide situational 
awareness, inform early warning systems, and reduce loss of life and property. Disturbances such as wildfire and land-cover change 
can influence the hydrological processes of infiltration and runoff generation; in steep terrain this typically lowers empirical 
thresholds for debris-flow initiation. However, disturbance impacts, and the post-disturbance recovery may differ, depending on 
the severity, nature, extent, and duration of the disturbance, as well as on the prevailing hydroclimatic conditions. Thus, it can be 
difficult to predict impacts on debris-flows hazards in regions where historically such disturbances have been less frequent or 
severe. Given the increasing magnitude and incidence of wildfires, among other disturbances, we seek to develop a conceptual 
framework for assessing their impacts on debris-flow hazards across geographic regions. We characterize the severity of 
disturbances in terms of changes from undisturbed hydrologic functioning, including hillslope drainage and available unsaturated 
storage capacity, which can have contrasting influences on debris-flow initiation mechanisms in different hydroclimatic settings. 
We compare the timescale of disturbance-recovery cycles relative to the return period of threshold exceeding storms to describe 
vulnerability to post-disturbance debris flows. Similarly, we quantify resilience by comparing the timescales of disturbance-
recovery cycles with those of disturbance-recurrence intervals. We illustrate the utility of these concepts using information from 
U.S. Geological Survey landslide monitoring sites in burned and unburned areas across the United States. Increasing severity of 
disturbance may influence both recovery timescales and lower the return period for debris-flow inducing storms, thus increasing 
the vulnerability to disturbance-related hazards while also decreasing system resilience. The proposed conceptual framework can 
inform future data acquisition and model development to improve debris-flow initiation thresholds in areas experiencing 
increasingly frequent, severe, and even overlapping landscape disturbances.   

Keywords: disturbance; hydrologic thresholds; rainfall threshold; debris flows; wildfire; resilience; vulnerability 

1. Introduction

Debris flows are a particularly damaging and deadly category of landslides, which move rapidly down steep slopes
and channel networks (Iverson, 1997; Coe et al., 2008). Investigations of hydrologically triggered debris flows often 
focus on the historical rainfall conditions measured during widespread landsliding events, which has facilitated the 
development of critical rainfall intensity-duration (ID) thresholds for situational awareness (Caine, 1980; Keefer et al., 
1987; Kean et al., 2011; Jakob et al., 2012). These ID thresholds are a simple empirical proxy for the complex 
hydrological processes of infiltration, drainage, and runoff, which influence the force imbalance that triggers failures 
(Lu and Godt, 2013; Sidle and Ochiai, 2013). Despite recent efforts to develop hydro-meteorological thresholds that 
incorporate these processes (Mirus et al., 2018; Bogaard and Greco, 2018), empirical ID thresholds are constrained to 
a specific geographic area and, within this area, limited to hillslopes with similar hydrologic conditions (Guzzetti et 
al., 2008; Baum and Godt, 2010). As a consequence, such thresholds are stationary and non-transferrable to different 
regions, as they do not account for the dynamic influence of climate and land-use changes or other disturbances.  
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In zero-order basins that are typical of debris-flow source areas, the balance between rainfall input via infiltration, 
unsaturated soil storage, drainage, and runoff is controlled by soil-hydraulic properties, climate, topography, and land 
cover (Mirus and Loague, 2013; Sidle et al., 2018). Landscape disturbances can influence this hillslope water balance 
by abruptly changing these properties and process thresholds, which impacts hydrologic functioning (Ebel and Mirus, 
2014; Mirus et al., 2017a). One important hydrologic function in soil-mantled hillslope environments is balancing 
drainage and storage to maintain slope stability (Mirus et al., 2017b). Efficient subsurface drainage during large storm 
events can limit slope failures, but slopes must also store some water between storms to support transpiration by 
vegetation, whose root strength reinforces slopes.  

A wide variety of land-cover disturbances can influence the hillslope water balance across various landscapes and 
hydroclimatic settings in different ways. Wildfires reduce infiltration capacity, thereby increasing the likelihood of 
runoff-generated debris flows during relatively moderate rainfall events (Cannon, 2001; Staley et al., 2013). Following 
the recovery of soils impacted by wildfire, the lack of vegetation can increase the potential for landslides due to reduced 
root reinforcement or decreased interception and transpiration. Deforestation and road construction also limit root 
reinforcement and impact subsurface drainage, which can increase landslide susceptibility during prolonged storms 
(Swanson et al., 1975; Mirus et al., 2007). Previous landslides are another type of disturbance that influence the 
potential for further slope failures. Debris flows that evacuate mobile material can decrease the potential for a 
subsequent landslide until the source material is replenished (Imaizumi et al., 2015). However, when failed earth 
materials are not completely evacuated a positive feedback cycle of repeated landsliding or catastrophic debris flows 
may result (Iverson et al., 2015; Mirus et al., 2017b; Samia et al., 2017; Morino et al., 2018). 

The area of the Earth’s surface affected by wildfire and vegetation clearing is likely to continue rising (Cannon and 
DeGraaf, 2009; Mirus et al., 2017a), as is the frequency of extreme storm events. In this context, we propose a 
generalized conceptual framework for understanding disturbance impacts on associated debris-flow hazards. Our 
approach relates the transient changes caused by disturbances to the underlying hydrologic processes that trigger debris 
flows by relating the hillslope storage-drainage concept from disturbance hydrology (Ebel and Mirus, 2014) to the 
hydrologic cause-trigger concept proposed for improving hydrologic process representation in landslide early warning 
thresholds (Bogaard and Greco, 2018).  

2. Contrasting Debris-Flow Initiation Mechanisms

Debris flows involve substantial water contents with entrained sediment to maintain high pore-water pressures that 
enhance mobility (Iverson, 1997), and thus they are largely associated with rainfall triggering events. The high risk 
typically associated with debris flows has prompted an abundance of studies to identify critical rainfall thresholds for 
specific regions or conditions. However, when investigating the regional variations between rainfall triggering events, 
it becomes apparent that different underlying hydrological processes may dominate, depending on the hydroclimatic 
setting. In some regions, debris flows are associated with prolonged heavy rainfall, where steady infiltration into 
water-logged soils results in catastrophic and widespread slope failures (Crosta and Dal Negro, 2003; Coe et al., 2014; 
Wooten et al., 2016). In contrast, debris flows are also triggered in arid or semiarid settings and in areas disturbed by 
wildfire after only a brief period of higher rainfall intensity without distinct correlation to the initial moisture 
conditions (Cannon, 2001; Kean et al., 2011; Staley et al., 2013). These contrasting rainfall-triggering conditions 
reflect different hydrological processes and corresponding debris-flow initiation mechanisms (Cannon et al., 2001), 
which may also exhibit different geomorphic features (Morino et al., 2018; Staley et al., 2019). However, both 
initiation mechanisms tend to require steep terrain with available mobile regolith.  

In the case of wildfires, changes in near-surface hydraulic properties promote infiltration excess runoff (Moody et 
al., 2013), which can trigger rapid mobilization of available sediment and debris in stream channels within burn 
affected areas (Kean et al., 2013). This frequent phenomenon across arid and semiarid regions of the western United 
States has informed the development of short-duration rainfall intensity thresholds and other empirical metrics for 
rapid burn-area hazard assessments (Cannon et al., 2011; Staley et al., 2013). This empirical approach has been used 
in conjunction with quantitative precipitation forecasts to provide situational awareness of potential hazards in advance 
of incoming storms across the western United States (Oakley et al., 2017; Staley et al., 2017). Subsequent research 
has focused on distributed numerical models parameterized with measured (or measurable) soil properties to simulate 
the coupled surface and subsurface hydrological processes in burned areas (Ebel et al., 2016; McGuire et al., 2018). 
In southern California a more simplified process-based model of infiltration-excess runoff also compares well to 
measured debris-flow timing (Rengers et al., 2016). 
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Recent fires in more humid regions in Oregon and North Carolina created a need for U.S. Geological Survey 
(USGS) post-fire hazard assessments that were developed with the same empirical methods that assumes infiltration-
excess runoff (https://landslides.usgs.gov/hazards/postfire_debrisflow/). Neither the empirical approach nor process-
based modeling of post-fire debris flows have been rigorously evaluated in these humid settings, so it remains unclear 
how broadly transferrable either approach is to these types of environments where wildfire is typically infrequent and 
less severe. In Australia, the enhancement of post-fire runoff response correlates with aridity (Van der Sant et al., 
2018), which indicates that the post-disturbance impacts are strongly related to hydroclimatic setting. In the semiarid 
western U.S. streamflow has increased significantly following wildfire, but in the humid southeast no change in 
streamflow was observed following prescribed fires, because they are characterized by low fire severity and generally 
cover less than 20% of a basin, a critical threshold for fire impacts on streamflow (Hallema et al., 2018). Thus, wildfire 
and other disturbances may not have a universal impact on debris-flow hazards across different geographic regions.  

3. Monitoring Post-Disturbance Hydrologic Response

Limited observations of pre-and-post disturbance conditions is a major challenge in disturbance hydrology (Ebel 
and Mirus, 2014; Mirus et al., 2017a). Fortuitously, three USGS landslide monitoring sites in western North Carolina 
with similar instrument configurations (https://usgs.gov/natural-hazards/landslide-hazards/monitoring) provide an 
opportunity to directly examine the impacts of wildfire on hillslope hydrologic response in steep terrain that is 
particularly prone to debris flows. In 2016, prolonged drought contributed to numerous wildfires in the southern 
Appalachian Mountains. The Poplar Cove monitoring site was burned by the Knob Fire in November 2016, while the 
Mooney Gap and Bent Creek sites were not directly impacted by the various wildfires in the region. At Poplar Cove 
the duff groundcover and understory vegetation were largely incinerated, but the soils were relatively undisturbed and 
the larger trees on the hillslope survived the fire (Fig. 1). Site visits to the nearby Party Rock, Chimney Tops II, Rock 
Mountain, Tellico, and Maple Springs fires in North Carolina, Tennessee, and Georgia confirmed that the limited 
impacts of relatively low burn severity observed at Poplar Cove were common across the southern Blue Ridge 
physiographic province of the Appalachian region. 

Fig. 1. The Poplar Cove monitoring site before and after the November 2016 Knob Fire: (a) during summer 2014, and (b) on March 9, 2017.  

Regrettably, some of the instrumentation at Poplar Cove was damaged by the Knob Fire, and instruments at 
Mooney Gap were disturbed by wildlife following the fire, so the otherwise continuous data were disrupted for several 
months until we repaired the instruments during a site visit in early March 2017. Despite this data loss, comparison of 
the hillslope hydrologic response time series for shallower soil moisture and deeper pore-water pressure from all three 
sites before and after the wildfire reveals no clear impacts on infiltration events during the fall and winter months 
when soils remain wetter (Fig. 2). Similarly, field observations during the site visit did not reveal impacts on 
hydrophobicity or infiltration capacity. During the transition from spring to summer, when increased 
evapotranspiration rates lead to gradual and sustained drying, the pore pressures and soil water contents at Poplar 
Cove displayed similar drainage to the other two sites in the year before the fire. After the fire, deeper pore-water 
pressures at Poplar Cove exhibit a prolonged drainage that is likely the result of decreased interception and lower 
transpiration by the canopy and understory vegetation in the disturbed area. Considering that debris flows in the 
southern and central Appalachians are often infiltration triggered during hurricanes and tropical storm events in the 
summer and early fall, this delayed drainage has potentially important implications for slope stability.  
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Fig. 2. Time-series of tensiometer measured pore-water pressures at the burned (Poplar Cove, orange line) and unburned (Mooney Gap, blue line; 
Bent Creek, green line) sites in western North Carolina, measured before and after the November 2016 Knob Fire. Instruments at Poplar Cove 
and Mooney Gap were damaged during and shortly after the wildfire, which disrupted continuous data collection through March 9, 2017.  

Despite the temporary increase in susceptibility to infiltration-triggered debris flows during the early-mid summer 
of 2017, there were no reports of debris flows in the numerous burn areas since the 2016 wildfires. This lack of 
reported debris flows is not entirely consistent with our measured rainfall relative to the 15-minute rainfall thresholds 
indicating 50% probability of runoff-generated debris flows calculated for the USGS post-fire hazard assessments 
(Fig. 3). However, these thresholds assume the infiltration-excess runoff mechanism triggers debris flows, rather than 
subsurface pore-pressure development. In contrast, hillslope hydrologic monitoring data suggest that antecedent soil 
moisture is affected by the fire rather than infiltration rates. Therefore, a more complex conceptual model may be 
needed to fully assess post-disturbance impacts on hydrologic response and debris-flow hazards. For either runoff or 
infiltration triggered debris-flow initiation mechanisms, the extent of the impacts of wildfire disturbance were not 
sufficiently severe to lower debris-flow initiation thresholds to levels below the measured storms in 2016-2017. 

Fig. 3. Time-series of 15-minute peak rainfall intensity measured in areas that burned in November 2016 across North Carolina, relative to USGS 
calculated thresholds for 50% probability of post-fire debris flows (dashed red line). Gap in data at Chimney Rock fire likely due to clogged rain 
gage.  
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4. Disturbance Severity and Recovery of Hydrologic Function

Disturbances are abrupt, but inherently transient phenomena; following a disturbance, hydrologic functioning of a 
landscape generally recovers or shifts to a new equilibrium (Ebel and Mirus, 2014). When assessing the impacts of 
disturbances on debris-flow hazards, the magnitude of the disturbance impacts as well as the timescales of the 
disturbance-recovery cycle and disturbance recurrence interval are relevant.  

After several years, soil hydraulic properties altered by wildfire gradually return towards pre-disturbance conditions 
(McGuire et al., 2016; Ebel and Martin, 2017; Chandler et al., 2018), vegetation canopy regrows, and 
evapotranspiration recovers (Poon and Kinoshita, 2015; Kinoshita and Hogue, 2018). Similarly, several years after 
timber harvesting forests regrow and establish some root strength to stabilize slopes, though long-term impacts of 
anthropogenic disturbances may persist for centuries (Schmidt et al., 2001). Landslide deposits also recover from the 
disturbance impacts through the processes of pedogenesis, bioturbation, and revegetation (Mirus et al., 2017b), though 
indications are the timescale of recovery may take several decades (Samia et al., 2017).  

The magnitude of disturbance impacts, which influences changes in hydrologic function from the pre-disturbed (or 
normal) to the disturbed state, can be conceptualized in terms of changes that promote either runoff connectivity or 
available subsurface storage (Ebel and Mirus, 2014). Runoff generation mechanisms include those governed by the 
ratio of unsaturated storage capacity versus the cumulative storm totals (i.e. subsurface stormflow and saturation 
excess overland flow), and the ratio of infiltration capacity to rainfall intensity (i.e. infiltration excess overland flow) 
(Mirus and Loague, 2013). Similar hydrologic end-members of limited infiltration capacity and limited unsaturated 
storage can represent the continuum of disturbance impacts on debris-flow initiation potential. Assuming hillslope 
systems evolve within their hydroclimatic setting to drain water during typical storm events, and also retain water 
between storms to support vegetation, one can characterize how disturbances contribute to a hillslope water imbalance. 

Both of these contrasting impacts can decrease the factor of safety for debris-flow initiation, but in opposite ways, 
which is demonstrated for burned and unburned sites in different hydroclimatic settings (Fig. 4). In southern 
California, increased burn severity promotes connectivity of infiltration-excess runoff generated on hillslopes into 
sediment-laden channels where debris flows initiate (McGuire, et al. 2018), but vegetation recovers rapidly increasing 
transpiration and root strength. In contrast, a landslide on the coastal bluffs of Puget Sound in Washington reduced 
subsurface drainage relative to neighboring vegetated hillslopes, which creates a storage imbalance that promoted 
prolonged susceptibility to recurring slope failures (Mirus et al., 2017b). Our North Carolina monitoring data reveal 
that for the low severity burn, the disturbed landscape retains more moisture (Fig. 3) and remains more susceptible to 
infiltration-triggered debris flows during the subsequent hurricane season. The conceptual diagram relating these cases 
in Fig. 4 illustrates how shifts in hydrologic processes due to the immediate impacts of wildfire may differ with 
hydroclimatic settings, but also that different disturbances can result in similar decreases in factor of safety with 
variable recovery timescales and trajectories.   

Fig. 4. Conceptual diagram of disturbance impacts on runoff connectivity versus available subsurface storage, and the resulting changes in factor 
of safety. In undisturbed settings water retention and drainage are balanced to maintain slope stability for a typical storm event (large circle). In 
different post-disturbance environments changes in hydrologic function reduce factor of safety and recovery rates depending on the hydroclimatic 
settings (blue arrows): California wildfire, (CA), North Carolina wildfire (NC), and Washington landslide disturbance (WA).   
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5. Vulnerability and Resilience to Disturbances of Different Magnitude

For a given site or area, the timescale of the disturbance-recovery cycle for a different type and/or severity of 
disturbance is important for assessing temporal persistence of elevated debris-flow hazards. The vulnerability to post-
disturbance debris flows is related to the return period of the corresponding triggering storm event, and the resilience 
is related to the recurrence interval for the disturbance of interest. A disturbed system where the recovery time is much 
slower than the recurrence interval for triggering storm event is highly vulnerable to debris flows, whereas a system 
that recovers rapidly or infrequently experiences potential triggering events is less vulnerable. A system where the 
recovery time is slower than the return period of the disturbance will experience ongoing disturbance impacts, whereas 
a resilient system will tend to recover faster than the recurrence interval of the disturbance. The potential utility of 
these concepts is illustrated in Fig. 5 with the three example disturbances from monitoring sites in southern California, 
western North Carolina, and Puget Sound, Washington. These concepts in Fig. 5 can also be expressed as non-
dimensional ratios to quantitatively define vulnerability and resilience. Disturbance magnitude is more difficult to 
quantify, but it could be expressed as the ratio of change in hydrologic function from the original, undisturbed state.   

Burn severity is one proxy for disturbance magnitude that dominates the likelihood of debris flows in empirical 
models (Staley et al, 2013) and is conceptually related to the changes in hydrophobicity and other hydraulic properties 
in process-based models (McGuire et al., 2018; Rengers et al., 2016). Wildfire with moderate to high burn severity on 
steep terrain will drastically lower the 15-minute rainfall intensity associated with runoff-triggered debris flows. In 
the Western U.S., the severity of wildfire impacts on hydraulic properties and the frequent recurrence of moderate 
intensity rainfall events means that post-fire debris flows are likely to occur before the system can recover. In southern 
California wildfire recurrence interval is on the order of several decades, post-fire recovery is on the order of several 
years, and the return period of a critical storm for post-fire debris flows is on the order of every year or less. Therefore, 
areas that do burn are quite likely to experience post-fire debris flows prior to recovery. Thus, within this framework 
Southern California is classified as system that is resilient, but vulnerable to runoff-triggered post-fire debris flows. 
However, the decay in water repellency varies and recovery timescale of other soil hydraulic properties and vegetation 
following wildfire varies by region (Dyrness, 1976; Wondzell and King, 2003; Larsen et al., 2009).  

In North Carolina, even low-severity wildfire is infrequent and repeated site visits to burn areas in 2017 and 2018 
confirmed that the understory vegetation and duff layer recovered rapidly due to the uniform distribution of rainfall 
throughout the year. These observations combined with minimal differences between burned and unburned hydrologic 
response only two years after the Knob Fire suggests that the southern Appalachians are not particularly vulnerable, 
and also quite resilient to post-fire debris flows. During a typical year in Puget Sound, multiple landslide-triggering 
storms occur along the coastal bluffs between December and April, but insufficient data exists to distinguish between 
storms that trigger repeated failures versus those that initiate new failures. Assuming a 25-year recovery time 
determined for first-time landslides elsewhere (Samia et al., 2017), the Puget Sound system is highly vulnerable and 
not particularly resilient to landslide disturbances. Of course, changes in climate can impact the recurrence interval 
and recovery timescale of disturbances such as wildfire, as well as the return period for a storm of given intensity or 
duration, all of which could also be accommodated within the vulnerability and resilience conceptual framework. For 
example, shorter return periods of severe storms and increased frequency of wildfire would result in more vulnerable 
and less resilient systems, respectively.  

Fig. 5. Plots comparing the timescales of disturbance-recovery cycles for NC, CA, and WA, relative to the (a) return period of a post-disturbance 
debris-flow triggering storm to illustrate the concept of vulnerability, and (b) recurrence interval of the same disturbance to illustrate resilience.   
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6. Conclusions

We propose a conceptual framework to assess possible variability in how disturbances impact hydrologic process 
and corresponding debris-flow initiation thresholds across different geographic regions. Increases or decreases in 
hillslope runoff connectivity or subsurface drainage provide a metric for assessing the magnitude of disturbance 
impacts on two contrasting debris-flow initiation mechanisms. These qualitative concepts can be related to quantitative 
measurements of changes in infiltration or available soil moisture storage capacity in undisturbed and post-disturbance 
settings, and the corresponding reduction in rainfall triggering conditions for a given hydroclimatic setting. The 
timescales of the disturbance-recovery cycle relative to the return period for corresponding debris-flow triggering 
storm and recurrence interval for that disturbance provide metrics for assessing the vulnerability versus the resilience 
of the system. Examples from USGS monitoring sites in contrasting disturbed settings across the U.S. illustrate the 
utility of this conceptual framework for understanding how disturbances may impact debris flow hazards. In the 
context of climate and land-use change, and increasing wildfire disturbances, this conceptual framework can inform 
future data collection efforts and improved modeling of thresholds for post-disturbance debris-flow hazards.  
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Abstract 

Forested catchments are critical to water supplies in major cities around the world. As wildfire and extreme rainfall become 

more frequent, water supply systems are facing an increasing threat of contamination from erosion. In southeast Australia 

debris flows are particularly problematic because they produce sediment loads that are likely to impact water treatability to the 

point where water supply interruptions are likely. Assessing the threat of water supply interruptions and evaluating mitigation 

options is complex, because there are many factors that affect the treatability of the water. For example, the magnitude, 

frequency and spatial extent of debris flows, entry points of sediment into reservoirs, particle size distribution of sediment, 

reservoir hydrodynamics, and location of the potable water offtake are factors likely to determine to how debris flows translate 

to treatability of water at the offtake. In this paper we couple a post-fire debris-flow model with a reservoir hydrodynamic 

model to estimate the probability and duration of water contamination in a water supply catchment burned by wildfire. Central 

to this paper is the technique of coupling two models into a risk framework that gives probabilities to the number of days that 

sediment concentration thresholds for water treatment are exceeded at the offtake. The work is set in the Upper Yarra 

catchment, which supplies a major reservoir for the city of Melbourne (population ~ 4M). The results show that wildfires pose 

a substantial threat with relatively high likelihood (exceedance probability between 0.2 and 0.5) for water supply interruptions 

in the order of several months to a year. The cost of such interruptions could be > AU$100 million. The framework presented 

provides a direct link between geophysical models and metrics that are used by water supply authorities in strategic planning 

around resource allocation and cost-benefit analysis of alternative mitigation options. 

Keywords: Post-wildfire debris flows; water quality; reservoir hydrodynamcis; water supply; treatability; risk assessement

1. Introduction

The threats to water supply systems from post-wildfire erosion are a concern in fire-prone and mountainous

catchments (Bladon et al., 2014; Martin, 2016; Smith et al., 2011). In the southeast (SE) Australian uplands, large 

impacts on water quality after fire are often attributed to post-fire debris flows (Nyman et al., 2011). These extreme 

erosion events produce sediment loads that are 1-2 orders of magnitude higher than other post-fire erosion 

processes and are therefore likely to result in sediment concentrations that exceed treatability thresholds in water 

supply systems. There are numerous examples in the region of major impacts on reservoir water quality and water 

supply systems due to post-fire debris flows (Smith et al., 2011; White et al., 2006). The risk to water supply 

systems is difficult to predict with uncertainties in the hydro-geomorphic response models, propagation of 

sediment within the reservoir, and stochastic variation in fire and rainfall (Nyman et al., 2013). However, with the 

future likelihood of increased extreme fire-inducing weather (Dowdy, 2017; Westerling et al., 2006) and 

increasing rainfall intensities (Guerreiro et al., 2018) the demand for predictive models is becoming pressing. 

There are numerous uses for models that predict water quality impacts. On an operational level, models that 

reveal spatial variation in the erosion susceptibility provide catchment managers with a means to prioritize risk 

mitigation through fuel reduction or post-wildfire response. In such cases, spatial mapping of erosion risk in a 

relative sense (e.g. Sheridan et al., 2009) may be sufficient to provide effective tools for allocating resources and 

mitigating risk in the areas of the catchment that are most likely to be producing sediment. When developing 

strategic plans and making decisions about the future management of a water resource, the demands on predictive 

models increase. For instance, a water supply agency may want to determine if there is a case for upgrading water 

treatment capability or adjusting the water supply network to reduce the likelihood of water supply interruptions 
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due to wildfires. In this setting, a detailed understanding of risk is required for cost-benefit analysis to inform 

decisions about such investments.  

Here we present a novel approach for predicting risk associated with post-fire debris flows in water supply 

systems. In the context of post-fire erosion, the term risk is often used loosely to describe an approach in which 

models provide a basis for identifying threats (e.g. Hosseini et al., 2018; Sheridan et al., 2009). With our modeling 

approach described in this paper we define risk to water supply as the ‘probability of a consequence’ (Aven, 2011), 

where the consequence is the number of days that sediment concentration of water at the reservoir offtake exceeds 

water treatment capacity. This study focuses on water quality impacts on reservoirs in SE Australia, but the 

approach is generally applicable to other landscapes where post-fire debris flows occur in catchments upstream of 

water supply reservoirs (e.g. Gartner et al., 2014; Riley et al., 2013; Staley et al., 2016)  

2. Study Area

The study was carried out in the Upper Yarra catchment, which is located ~100km east of Melbourne in SE

Australia and flows into a 200 GL reservoir that is central to the potable water supply to more than 4 million 

people. The reservoir also receives transfers from the larger nearby Thomson Reservoir. Unfiltered water from the 

Upper Yarra reservoir is then transferred to smaller off-stream storages before treatment and supply into the 

metropolitan distribution network. The hydrodynamics of the reservoir is governed by strong summer thermal 

stratification and complete winter mixing. During stratification, inflow intrusions typically form distinct layers of 

neutrally buoyant ingress that can travel the length of the reservoir (8 km), typically in the upper strata, in as little 

at 6 days, offering very limited dilution of the flows and short response times for avoiding or managing the 

potential for extraction of poor-quality water. Once at the dam wall, the rapid mixing of sediment in the water 

column means that there are limited opportunities to mitigate water supply disruptions by adjusting the depth of 

the water offtake.  

The ~ 337 km2 Upper Yarra catchment includes mixed species of dry Eucalyptus forests at lower elevations 

and on equatorial facing slopes, wet forests dominated by Mountain Ash (Eucalyptus regnans) at higher elevations, 

and damp mixed species forest in intermediate locations. The relief is 850 m and based on the Köppen 

classification the climate is temperate with no distinct dry season and mild to warm summers. Annual rainfall at 

the reservoir dam wall is ca 1100mm yr-1. At the catchment divide, the rainfall is ~1700 mm yr-1. The geology is 

predominantly sedimentary, and the soils are typically clay loams. 

3. Methods

3.1. Overview 

The model includes two components for predicting the probability of interruption to water supply from post-

fire debris flows. One component predicts fine sediment (silts and clays; particle diameter < 0.02 mm) delivery 

from debris flows in headwaters (above second-order drainages), while the other predicts the propagation of fine 

sediment towards the water offtake after it has been delivered into the reservoir. The two models are coupled 

conceptually in a risk framework, which presents outputs from the two models in terms of the probability and 

duration of water contamination events that exceed the treatment threshold (Fig 1). The model was implemented 

in the Upper Yarra catchment to evaluate risk after a high fire-severity scenario, which was sourced from fire 

severity distributions during the Black Saturday Wildfires of 2009. The problem is broken up into several 

components: 

 Estimating the magnitude of sediment delivery from debris flows given rain storms of different annual

exceedance probabilities (AEPs). 

 Modelling the propagation of pollutant plumes through the reservoir for different sediment input scenarios.

 Defining the sediment concentration thresholds for water treatment and delivery.
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Fig. 1. (a) Model overview showing the workflow for producing a risk metric from transfer functions that couple an erosion model with a 

reservoir hydrodynamics and reservoir sediment transport model. (b) Example of the final risk metrics which is the probability of 

consequence. The probability of a range of sediment input events was calculated using a debris-flow response model coupled with storm 

cells with known AEP from a radar archive. The propagation of sediment from input locations to the reservoir offtake was then modelled 

using a range of the possible sediment input scenarios. 

3.2. Debris-flow response model 

The probability of initiating a post-fire debris flow depends on catchment attributes, fire severity and local 

rainfall regime. The model of post-fire debris flow-initiation is described in detail by Langhans et al. (2016). The 

slope must be steep enough, with sufficient available sediment on the hillslopes, and the soils must be sufficiently 

impermeable. Debris flow probability model input parameters are derived only from the zero-order convergent 

basins (~ 2 ha) of each headwater catchment, as these are the potential debris-flow initiation areas (Cannon et al., 

2001). The critical rainfall intensity required to initiate a debris flow in each headwater depends on fixed properties 

such as slope, and other properties that depend on soil and fire severity, which vary in space and time. The 

probability of initiating a debris flow depends on the probability of receiving a rainfall event that exceeds critical 

12-minute rainfall intensity thresholds (I12) in each zero-order basin. Storm cells obtained from an archive of radar 

rain fields were simulated at random locations within the catchment. The probability of each rainfall event is based 

on the intensity-frequency-duration (IFD) rainfall statistics for the headwater location provided by the Bureau of 

Meteorology (BOM). 

The magnitude (load in Mg) of a debris flow once it is initiated depends principally on the slope of the 

catchment and on the amount of runoff and sediment available for erosion, which is often strongly related to the 

catchment area. Here we predict the volume of the debris flow (once initiated) using a slope-area landscape 

analysis described in Nyman et al. (2015). Volumes of debris flow were calculated for each headwater individually 

at the outlet of first-order streams. The models estimate debris-flows volumes based on characteristics of only the 

zero- and first-order basins with the outlets located at the point where second-order streams begin. Scour or 

deposition of sediments in channels between the outlet of first-order streams and the reservoir are neglected. 

During implementation of the model with simulated storms, all the loads from first-order catchments were 

accumulated for cases where rainfall intensities exceeded debris-flow thresholds.  

The particle size distribution of sediment delivered by debris flows (Table 1) were calculated from size 

distribution data collected from hillslopes, colluvium, and channels where post-fire debris flows have occurred in 

the past (Nyman, 2013). For particles with diameter (D) < 1 mm, the distribution was obtained with a laser particle 

size analyzer. For D 1 mm, the distribution was obtained by sieving (30 mm > D  1) and visual assessment (D 
 30 mm). When calculating the particle size distribution at the outlet of headwaters, the particle size distribution 

was summed by weighting the source distributions (hillslopes vs colluvium) by their relative contribution to the 

total volume. 
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Table 1. Particle size of debris-flow material from (Nyman, 2013) 

Particles Size range [mm] Proportion [%] 

>Sand D>2 62

Sand 2> D  0.02 16 

Silt 0.02>D 0.002 14

Clay D<0.002 8

3.3. Propagation of pollutant plumes within the reservoir 

The three-dimensional Aquatic Ecosystem Model (AEM3D) is a coupled hydrodynamics and water quality 

(including sediments) model that was used to simulate the propagation of the sediment plume through the Upper 

Yarra reservoir. AEM3D is built on a finite volume numerical grid scheme (Hodges et al., 2000) that solves the 

unsteady, viscous Navier-Stokes equations for incompressible flow. The model was forced using meteorological 

data collected from a weather station moored near the dam wall and inflow and outflow monitored by the 

Melbourne Water Supervisory Control and Data Acquisition (SCADA) system. Thermistor chain data from the 

same mooring and boat deployed conductivity-, temperature- and depth- (CTD) profiles have been used in 

previous studies to calibrate the model. The post-fire debris-flow sediment loads (in Mg) were input into the model 

at four locations around the perimeter of the reservoir that have high probabilities of generating debris flows after 

fire. Particle densities used in the model are rock/gravel = 2.22 g cm-3 and primary soil particles (D < 0.02 mm) = 

2.65 g cm-3. The number of days with untreatable water at the water offtake was calculated assuming a sediment 

concentration threshold of 5 mg L-1. 

4. Results

4.1. Debris-flow response model 

Rainfall thresholds for post-fire debris flows (I12) range from ~50 to >250 mm h-1 (Fig 2a). The headwaters with 

lower rainfall thresholds are located near the reservoir at lower elevations where the mean annual precipitation is 

lower and where infiltration rates are lower. The rainfall thresholds in the upper region of the catchment are very 

high (> 250 mm h-1), and therefore highly unlikely to produce debris flows. Annual exceedance probabilities 

(AEPs) range from ~ 0.5 for I12 = 50 mm h-1 to < 0.01 for I12 > 250 mm h-1. The modelled clay loads from individual 

headwaters ranged from 5.5 to 398 Mg with a median of 62 Mg (Fig 2b). 

Fig. 2. (a) Rainfall thresholds for post-fire debris flows in the Upper Yarra catchment (b) Distribution of clay loads, Mc, expected from 

individual first-order headwaters in the case of a debris flow. (c) Annual exceedance probability (AEP) of clay loads inputs to reservoir from 

debris flows after high-severity fire.  
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When simulating debris-flow response, the spatial variation in I12 means that the probability distribution of clay 

loads is very sensitive to where storms are located. The distributions of AEPs are shown for locations that are 

centered on cells in a 10 x 10 grid (grid cells = 3 x 3 km) over the catchment area (Fig 2c). The mass of clay, Mc, 

from debris flows entering the reservoir for a given storm varies depending on where the storm is located. For an 

AEP of ~0.3 the Mc ranges from 100 Mg to 5000 Mg depending on where the storm is located. The magnitude of 

spatial variation in probabilities decrease with the AEP of the rainstorm. 

4.2. Propagation of pollutant plumes within the reservoir 

The propagation of clay-sized particles to the reservoir offtake was not very sensitive to where sediment was 

input to the reservoir (Fig 3). For sediment classes greater than clay-sized, deposition on the reservoir bed occurred 

before they reached the offtake. Within clay-sized particles, it is the very fine fraction (D < 0.001 mm) that 

contribute to suspended sediment concentration at the offtake. Thus, the impact of an erosion event on 

concentration at the offtake is highly sensitive to the particle size distribution of the sediment delivered to the 

reservoir. The number of days exceeding a treatment threshold depends on the clay load, with clay loads of about 

8000 Mg causing between 450 to 550 days exceeding 5 mg L-1 and clay loads of about 1000 Mg causing about 75 

to 100 days exceeding 5 mg L-1. The relation is non-linear with the duration of exceedance increasing at a slower 

rate when at high input loads (Fig 3).  

Fig. 3. The relation between days of suspended sediment exceeding 5mg L-1 and input of clay at different sites (1-4) around the Upper Yarra 

reservoir.  

4.3. Probability of consequence 

Combining the results in Fig 2c and Fig 3 gives a distribution of probabilities for days of interrupted supply 

(Fig 4). The distributions are different depending on where in the catchment the storm cells are centered. However, 

all distributions are equally likely. Thus, the maximum impact shown in solid black line in Fig 4 is the most 

relevant one because that represents the highest risk to reservoir water quality. The duration of undeliverable water 

for exceedance probabilities of 0.5, 0.4, 0.3, 0.2 and 0.1, marked with arrows in Fig 4, are 15, 130, 320 and 450 

and 900 days, respectively. When centered on an erosion hotspot, a storm with an AEP of ~0.3 will produce about 

2000 Mg of clay from debris flows. This equates to ~30 times the median clay load (i.e. 62 Mg) from debris-flow 

producing headwaters. 
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Fig. 4. Annual exceedance probabilities (AEPs) for days of undeliverable water. Based on results in Fig 2c and Fig 3. The scatter plot is the 

number of days that water exceeds treatability threshold for storms cells with different exceedance probabilities. The variation stems from 

storm cells being centered on different locations in the catchment. The solid black line is the AEP when storms are centered at a location 

most susceptible to debris flows.  

5. Discussion

Using a novel method for quantifying water quality risk we estimate that a high severity wildfire in the Upper 

Yarra catchment can lead to water supply interruptions lasting for periods of months to years. The debris-flow 

susceptibility is spatially variable within the catchment, with hotspots on the eastern flank of the northern reservoir 

arm representing highest risk. These areas receive lower annual rainfall and have soil properties that are more 

likely to produce runoff than the those in high rainfall areas at higher elevation. This pattern stems from the way 

in which infiltration is parametrized in the debris-flow response model, where aridity and fire severity are both 

causing variation in infiltration (Langhans et al., 2016; Van der Sant et al., 2018). 

Much of the risk in Upper Yarra catchment can be attributed to a very small area. Thus, mitigation efforts can 

be highly targeted at specific areas of the water supply catchment. Possible means for risk mitigation could be fuel 

reduction burning in these areas to reduce fire intensity in the event of a wildfire. Post-wildfire hillslope treatments 

such as mulching or small check dams may also be possible mitigation options, to reduce loads and increase debris-

flow thresholds. In other water supply catchments, such as the Thomson Reservoir further to the east, the area of 

dry forest is much larger, and it is likely that the risk will be distributed more broadly. 

Future work will include using different fire severity distributions in the model to evaluate the how risk can be 

mitigated with fuel treatment. By modifying fire severity, it is possible to determine the cost and benefits of 

carrying out planned (or controlled) burning within the catchment. Model outputs are very sensitive to how storms 

are modelled, and future work may focus on other methods to model storms. In this paper we have used rain fields 

from radar to simulate possible erosion scenarios given storms with different return intervals. Using design storms 

and depth area reduction factors to simulate storms is another way of representing storms. Other approaches are 

available. There may be opportunities for instance to simulate designs storms using a 2D stochastic rainfall 

generators (e.g. Peleg et al., 2017). In future modelling efforts, the uncertainty stemming from rainfall, fire severity 

distributions and the two major model components will be quantified to give some error bounds on the predictions 

in Fig 4. 

The model was developed using the Upper Yarra catchment (and reservoir) as a case study. However, the 

approach of linking reservoir hydrodynamics with an event-based erosion model to quantify risk is generally 

applicable and could be applied to debris-flow prone water supply catchments elsewhere. The approach can be 

easily adapted to operate with debris-flow models that have been developed for other hydro-geomorphic settings 

(e.g. Gartner et al., 2014). 
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Abstract 

This work explores two hypotheses related to post-wildfire debris flows: first, that they are rainstorm-intensity limited and not 
rainstorm-volume limited, and second, that they are not sediment-supply limited.  The first hypothesis suggests that it is common 
to generate more than enough water to account for the volume in the debris flow, but to actually produce a debris flow the water 
must be delivered in sufficiently large doses.  This is demonstrated by a dataset of 44 debris flows from eight burned areas in 
California, Colorado, and Utah.  Assuming that a debris flow is composed of 30% water and 70% solids, these events were 
generated during rainstorms that produced an average of 17 times as much water as necessary to develop a debris flow.  Even 
when infiltration is accounted for, the rainstorms still generated an overabundance of water.  Intensity-dependence is also shown 
by a number of cases where the exact timing of debris flows can be pinpointed and are contemporaneous with high intensity 
bursts of rainfall.  The hypothesis is also supported by rainfall intensity-duration thresholds where high volume storms without 
high intensity bursts do not generate debris flows.  The second hypothesis, that of sediment-supply independence, is supported by 
data indicating the dramatic increase in volume of flows that occur directly after wildfire, as opposed to flows in unburned 
terrain.  Also, repeated flows within short time intervals are only possible with an abundance of channel sediment, dry ravel, and 
bank failure material that can be mobilized, and field observations confirm these sediment sources, even directly after a debris-
flow event. 

Keywords: water; intensity; sediment; balance 

1. Introduction

Because debris flows are usually triggered by rainfall events, there is often an implicit assumption that their
generation is rainfall-limited.  Along the same lines, the scouring of debris-flow channels during the event may be 
interpreted to limit the supply of sediment for future flows in the same channel.  The purpose of this study is to 
demonstrate that neither of these limitations applies to post-wildfire debris flows in particular settings, such as the 
Western United States.  Rainfall is still necessary, and sediment must be available to be mobilized into the flow, but 
the thresholds can be shown to be quite low, which is why post-wildfire debris flows are common, they are larger than 
flows in unburned areas, and they can occur repeatedly in the same channels.  Rainfall limitations are explored through 
water-balance calculations to demonstrate how rainstorms are partitioned into debris flows, infiltration, and runoff. 
Sediment supply is investigated through volume comparisons of burned and unburned source areas, field measurement 
of sediment sources, and records of repeated flows. 

2. Data sources

Our data for rainfall limitation can be found in Gartner (2005); however, portions of the data set are also available
in Cannon et al. (2008) and Cannon et al. (2003).  The data set contains field measurements from 44 drainage basins 
with post-wildfire debris flows, including debris-flow volume, basin area, aerial extent of burn severity, total rainfall, 
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rainfall duration, and storm rainfall intensity. The total rainfall amount (mm) for each basin was estimated using 
inverse distance weighting techniques based on the values of proximal rain gauges (Gartner, 2005).  The basins were 
burned in eight different wildfires in Colorado, California, and Utah.  The average size of the study basins is 
approximately 1 km2, however, basin area ranged from 0.01 km2 to 4.1 km2. Topography ranges from steep, rugged 
slopes to more gentle gradients (Cannon et al. 2008). Vegetation consists of juniper, shrublands, aspen, fir, grasslands, 
conifers, and chaparral (Cannon et al., 2008). The climate in the western United States is characterized by very dry, 
semi-arid periods followed by episodic intense rainfall. Summers are hot and dry, winters are cool and potentially wet 
(Moody and Martin, 2001; Cannon et al. 2008). The Colorado basins consist of sedimentary interbedded sandstone, 
siltstone, and conglomerate; the California basins consist of coarse crystalline igneous rocks (Cannon et al. 2008); and 
the Utah basins consist generally of “quartzite, sandstone, siltstone, schist, gneiss, and amphibolite” intruded by dikes 
and overlain by limestone and shale (McDonald and Giraud, 2002). 

The data for sediment supply can be found in Santi et al. (2008) and Santi and Morandi (2013), consisting of debris-
flow volume measurements with associated measurements of in-channel, sheetwash, and rill contributions for the Santi 
et al. (2008) dataset.  The study basins are located primarily in Colorado, California, and Utah, although Santi and 
Morandi (2013) also include data for comparison from Italy, British Columbia (Canada), Washington state (USA), 
and several other Western U.S. states. 

3. Conceptual model

The analysis of rainfall limitations is done through a water balance calculation, where each drainage basin is
idealized as a two-layer system, with ash overlying the soil column (this is a common simplification, used for example 
in Moody et al., 2009; Woods and Balfour, 2012; and Bodi et al., 2011).  Kinner and Moody (2010) suggest the two-
layer system exists because of the capillary barrier effect. This effect occurs because ash has much higher hydraulic 
conductivity and infiltration capacity than the underlying soil (Moody et al., 2009; Gabet and Bookter, 2011; Bodi et 
al., 2011).  Kinner and Moody (2010) note this barrier effect is most enhanced under dry conditions.  This model was 
also confirmed by Ebel et al. (2012), who measured soil water content profiles at a recently burned site and found that 
almost no water infiltrated below the ash layer. 

Because of the high initial infiltration capacity of the ash, we have assumed that 100% of the rainfall will infiltrate 
the ash layer until it reaches saturation, and any additional rainfall will run off.  This is a “fill and spill” infiltration 
model, where the capacity is not time variant, rather than a Hortonian model that includes time-variable infiltration 
(Gabet and Bookter, 2011).  The effects of evaporation and transpiration were not included due to the short duration 
of each rainfall event. 

Topography plays a significant role in runoff generation, and is undoubtedly a factor for the study basins, which 
generally have greater than 30-50% slope (Gartner 2005).  As a conservative approach, however, the model used in 
this study does not include the effects of topography, so the actual runoff is expected to be larger than the calculated 
runoff. 

Based on this model, the water balance equation, where each value is a volume over the entire drainage basin, is: 

Rainfall = Debris flow water content + Ash infiltration + Unburned soil infiltration + Overland flow (1) 

Each of these parameters is described in detail below.  For some less-constrained input variables, a range of values 
is given so that both high overland flow and low overland flow end members can be calculated. 

Rainfall is calculated as the total storm rainfall (measured in proximal rain gauges) multiplied by the drainage basin 
area. 

Debris-flow water content can be calculated under the assumption that a debris flow, by definition, contains 
approximately 20-40% water (Pierson and Costa 1987, Phillips and Davies 1991). If the material contains less than 
20% water, then it is a form of rigid mass wasting; if it is above 40% water, it is termed “hyper-concentrated flow” 
(Phillips and Davies, 1991). Therefore, for the data used in this study, water content of the debris flow is calculated as 
20% (high overland flow end member) or 40% (low overland flow end member) of the total volume of the debris-flow 
deposit. 

Ash infiltration is calculated as the product of ash porosity, ash thickness, and burned area within each basin.  While 
ash porosity has been measured as high as 67% (Woods and Balfour 2010) to 83% (Cerda and Doerr 2008), this is 
immediately post-wildfire, and the ash quickly compresses to a lower porosity.  We have used a range of 20-30% 
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porosity (representing high and low overland flow end members, respectively), which matches observations of other 
researchers and is close to and slightly larger than field capacity of 0.12-0.24 measured by Ebel (2013). 

Ash thickness of 10 mm was assumed, based on similar field thickness measurements by Kinner and Moody (2012) 
and Ebel et al. (2012).  The 10 mm assumption is also in agreement with the values used for controlled ash placement 
in test plots by Gabet and Sternberg (2008), Woods and Balfour (2010), and Bodi et al. (2011).  Ash may be thicker 
than 10 mm after wildfire in more heavily forested areas, such as the pine and juniper areas in Colorado and Utah, but 
the low tree density and patchy vegetation may result in a lower average thickness, so the assumption of 10 mm is 
considered reasonable. 

The ash infiltration calculation also assumes that ash is present over the entire burned portion of the basin, and ash 
is not present in the unburned portion.  There are possibly burned areas with insignificant ash thickness that are not 
accounted for in our calculation. 

Unburned soil infiltration is expected in unburned portions of the basin.  We estimated this infiltration using USDA 
Natural Resources Conservation Service (NRCS) runoff curves (USDA, 1986).  For this calculation, the following 
assumptions were made: 

• Antecedent Moisture Condition II (this is average soil moisture.  AMC I – dry soil – may apply directly following
the wildfire, but general conditions were assumed to better match with AMC II),

• Hydrologic Soil Groups B, C, and D (representing a range of soil types from fine to sandy textures and slow to
high infiltration rates), and

• Hydrologic Condition Poor to Fair (poor is <30% ground cover and fair is 30-70% ground cover).

For Colorado and Utah, these conditions produce a range of Runoff Curve Numbers, CN, from 71-93.  For 
California the CN range is 67-89.  Runoff Curve Numbers may be converted to potential maximum retention, S (in 
inches), with the equation (from Chow et al., 1988): 

S = 1000/CN – 10 (2) 

S may then be used to calculate expected runoff, Pe, with the equation (from Chow et al., 1988): 

Pe = (P – 0.2S)2 / (P + 0.8S) (3) 

Where P is cumulative rainfall in inches. 

While the range of S values (calculated from CN) is given for statewide location, the Pe values are calculated for 
each basin depending on the cumulative rainfall measured in that basin or in nearby rain gauges. 

Overland flow is calculated from Equation 1 as the difference in the measured rainfall and the calculated infiltration. 
A range of values is presented, with both low and high overland flow estimations. 

4. Results of water balance calculation

Figures 1 and 2 show the final water balance calculation for each basin, where each component (debris flow,
infiltration, and overland flow) is represented as a percentage of the total rainfall on the basin.  The Low Overland 
Flow Calculation (Figure 1) assumes the maximum infiltration values for both burned and unburned areas and assumes 
debris-flow water content of 40%.  The High Overland Flow Calculation (Figure 2) assumes minimum infiltration 
values and debris-flow water content of 20%. 

There is excess rainfall in the form of overland flow runoff for all basins except four in Figure 1 (Haflin, Basin 23, 
Root Creek, and Coal Seam G) and except for one in Figure 2 (Basin 23).  Most basins show a significant excess of 
water, with substantial overland flow.  The amount of overland flow is highest for the California basins (Janet Creek 
J3 through El Capitan II, which are shown on the right side of these graphs). 
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Fig. 1. Results of water balance calculation for Low Overland Flow assumptions. 

Fig. 2. Results of water balance calculation for High Overland Flow assumptions. 

The amount of water incorporated into the debris flows is much less than the amount available in each rainstorm. 
Assuming an average proportion of water in the debris flow (30%, which is mid-range of the low and high values of 
20% and 40% used in the calculation), only a median of 5.9% of the rainstorm water is incorporated into debris flows, 
with the remainder either infiltrating or exiting as overland flow.  This is 1/17th of the available water, and this small 
fraction verifies that the debris flows are not rainstorm volume limited.  The amount of water in debris flows is shown 
on Figure 3. 

5. Rainfall intensity limitations

While rainfall volume can be shown not to limit debris-flow occurrence, a dependence on rainfall intensity can also
be demonstrated.  Figure 4, from Friedman and Santi (this volume) and Friedman (2012), shows the close time 
proximity between rainfall intensity bursts (zones of increased slope on the rain gauge cumulative rainfall curves) and 
the pressure spikes recorded in the nearby pressure transducers.  In this study, pressure transducers were drilled into 
bedrock in the drainage channel to measure debris flows overriding them, and rain gauges were placed within tens of 

542



Santi / 7th International Conference on Debris-Flow Hazards Mitigation  (2019) 

meters of the pressure transducers (Basin 24) or were in adjacent canyons (Basin 16, located 1.1 km from the Basin 
32 pressure transducer).  These data show debris-flow response within a few minutes of rainfall intensity bursts. 
Similar short lag times have been measured by other researchers as well (e.g., Coe et al., 2008). 

Fig. 3. Histogram of percent of storm rainfall incorporated into debris flow for each watershed, assuming the debris flow is composed of 70% 
solids and 30% water.  In very few cases does the debris flow entrain more than 20% of the available water. 

Fig. 4. Example of short lag time between rainstorm intensity burst (zones of increased slope of the cumulative rainfall curves shown in blue on 
the bottom graphs) and debris-flow generation (spikes on the pressure transducers shown in blue on the upper graphs).  Note that the rain gauge 
for Basin 24 was located within meters of the pressure transducer, but the rain gauge in Basin 16 was located 1.1 km from the pressure transducer 
in Basin 32. 

Average estimate of percent of rainfall in debris flow

Fr
eq

ue
nc

y

0 10 20 30 40 50 60 70

0
5

10
15

20
25

30

1

2
3

4
5

5:10pm 
Flow  

4:19pm 
Flow  

4:55pm 
Flow  

5:10pm 
Flow  4:19pm 

Flow  
4:55pm 
Flow  

543



Santi / 7th International Conference on Debris-Flow Hazards Mitigation  (2019) 

Rainfall intensity dependence for debris-flow initiation has also been well established through rainfall intensity-
duration threshold graphs, where local data can be used to construct thresholds dividing storms that produce debris 
flows from those that do not.  An example is shown on Figure 5, which summarizes the thresholds from numerous 
locations (with those from burned areas shown in color).  It is possible to have rainstorms that generate large amounts 
of total amounts of water (long duration storms) that do not have sufficient intensity to trigger debris flows. 

Fig. 5. Compilation of measured intensity-duration thresholds for debris-flow generation at various unburned (gray lines) and burned (colored 
lines) locations (from Cannon and DeGraff, 2009).  Burned areas have lower threshold storms to trigger debris flows, but for all cases it is 
possible to have long duration storms producing large cumulative rainfall that do not generate debris flows because of low rainfall intensity. 

6. Sediment supply independence

Three lines of evidence demonstrate that post-wildfire debris flows are not sediment supply limited.  The first is the 
multi-fold increase in volume of debris flows following wildfire.  Santi and Morandi (2012) compared the volumes of 
debris produced from a large dataset of western US debris flows, including 274 events from recently burned areas 
(within one year), 162 events from recovering basins (one to ten years after wildfire), and 216 events from areas that 
are unburned or fully recovered (ten years after wildfire).  They showed that the area yield rate (debris-flow volume 
divided by basin area) was doubled for burned areas.  When they used cluster analysis to subdivide the data into areas 
of similar basin size, channel length, and channel gradient, they showed that burned areas had an even higher difference 
in debris-flow volume, ranging from 2.7 to 5.4 times the volumes produced by unburned areas. 

The amount of sediment produced by these debris flows is substantial, and it has been shown that the majority of it 
comes from channel scour as water moves down-canyon.  Santi et al. (2008) measured incremental debris production 
from the channel and surrounding hillside for sections of the drainage channel extending from zero-order channels 
near the top of the drainage basin to the canyon mouth of the at the bottom of the basin.  An example of their data is 
shown on Figure 6.  Based on data from 46 debris flows, they showed that hillslope and rill erosion accounted for an 
average of only 3% of the final debris volume, but channel scour accounted for nearly the entire remainder of the 
volume.  Sediment in the channel accumulates through normal weathering and sedimentation processes, strongly 
supplemented during and after the fire by dry ravel (Swanson, 1981; Wells, 1987; Florsheim et al., 1991; Schmidt et 
al., 2011).  This produces a sediment-filled channel with ample material to be incorporated into a debris flow by 
channel scour.  In some cases, a debris flow may scour to bedrock, but at many locations sediment remains in the 
channel (Figure 7) and may be incorporated into subsequent flows.  Furthermore, post-debris flow channel banks are 
over-steepened from scour, and these banks frequently fail, recharging the sediment supply for future flows (Figure 
8). 
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Finally, multiple debris-flow events have been observed in the same canyon over short time frames indicating that 
the supply of sediment is not easily exhausted.  For example, Gartner, et al. (2004) provides a database of post-wildfire 
debris flow and flood events in the Western US, noting at least eight locations where repeated debris flows occur in 
the same drainage basin within days to months of each other.  Cannon and Gartner (2005) note that “basins with thin 
colluvial covers and minimal channel-fill deposits generally produce debris flows only in response to the first 
significant rainfall of the season.  Basins with thick channel-fill deposits … frequently produce numerous debris flows 
throughout the rainy season.” 

Fig. 6. Measurement of incremental debris production using multiple channel cross-sections (from Santi et al., 2008).  Channel yield rate, 
calculated as the volume of debris produced per unit channel length, is the slope of the graph at any point. 

Fig. 7. Channel scour from a debris flow, with remaining sediment that can be incorporated into successive debris flows. 
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Fig. 8. Failure of channel banks that have been over-steepened by recent debris-flow scour.  This process quickly adds new sediment to the 
channel that can be incorporated into successive debris flows (photograph by Rich Giraud, Utah Geological Survey). 

7. Conclusions

Using conservative assumptions for infiltration and debris-flow water content, there is excess water from rainfall
in nearly every analyzed drainage basin that produces significant overland flow runoff during debris-flow generating 
storms.  This means that for post-wildfire settings, at least in the Western US and perhaps other semi-arid mountainous 
or Mediterranean climates, debris flows are not rainfall volume limited.  The model for debris-flow generation then 
becomes a system where there is ample surface water flow both before and after the debris flow, and that the debris 
flow is triggered not by reaching a threshold total water volume or saturation, but by reaching a threshold rainfall 
intensity.  The limiting factor for triggering debris-flow behavior of the fluid runoff is the dynamics of the pulse of 
water and entrained sediment.  Furthermore, the supply of sediment in drainage channels is substantial, producing 
much larger debris flows than pre-fire, and the supply of sediment is capable of producing repeat events in the same 
channel, at least until vegetation recovers enough to temper the overland flow or until smaller rainstorms move 
sediment through the system by fluvial transport. 
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Abstract 

The North Pacolet River valley is incised into the Blue Ridge Escarpment (BRE) near Tryon in southwestern North Carolina. The 
BRE is a mountain front that marks the change from the mountainous Blue Ridge physiographic province to the lower, rolling 
topography of the foothills zone of the Piedmont provinces. This escarpment is often comprised of steep slopes with exposed 
bedrock cliffs and shallow colluvial soils. The down slope sides of the escarpment have evidence of past slope movements in the 
form of large scale deposits, debris fans, talus slopes, and dormant debris slides. Debris flows have been documented along the 
BRE in multiple past storm events including those in 1916, 1940, 1996, and 2004. On May 18, 2018, debris flows again initiated 
near the top of the BRE slopes and travelled down to the North Pacolet River valley floor during heavy rains on soils with high 
antecedent moisture contents. At least 27 debris flows were initiated, travelling up to ~966 meters (~3,170 feet) down drainages 
below. At least 6 homes were damaged or destroyed and one fatality occurred due to these debris flows. Main highways, 
interstates, and multiple private roads were covered by the debris. Appalachian Landslide Consultants, PLLC (ALC) and the 
North Carolina Geological Survey (NCGS) responded to this emergency situation in order to provide Polk County Emergency 
Management information about the stability of the slopes before the arrival of Tropical Depression Alberto just 9 days after the 
May 18 rains. During this reconnaissance, ALC and the NCGS identified areas of potential instability in the coming rains. 
County Emergency Management used this information when deciding to issue a voluntary evacuation recommendation to the 
people of the North Pacolet River valley. This paper discusses the findings of the reconnaissance mapping, as well as a general 
overview of the integration of geological information into emergency response and preparation. 

Keywords: debris flow; North Carolina; Blue Ridge Escarpment, landslide, natural hazards identification, management policy 

1. Introduction

On May 18, 2018, the North Pacolet River valley (Pacolet Valley), on the Blue Ridge Escarpment near Tryon, in
Polk County, North Carolina, received as much as 20 cm (8 inches) of rain in just a few hours (NCEI, 2018b). These 
heavy rains triggered numerous small and large slope movements, particularly impacting communities near U.S. 
Highway 176 and Warrior Drive. “One 59-year-old woman died when her garage collapsed as she was trying to flee 
her home. Her husband was swept into Highway 176 but survived with mostly minor injuries” (NCEI, 2018b). These 
landslide events impacted all who lived in the Pacolet Valley, as the Highway was closed for several days while mud 
from the debris flows was removed. Some people in the community whose homes were damaged were not able to 
return for several months. Other homes were completely destroyed and dismantled by the owners. These events 
occurred nine days before Subtropical Depression Alberto was forecast to hit the same area. 
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Fig. 1. Hillshade map of Western North Carolina. Ellipsoids define erosional reentrants into high relief areas. Blue Ridge Escarpment extends 
from the southern to northern border of North Carolina, separating the mountains from the piedmont. Landslide locations from the NC Geological 
Survey geodatabase are indicated as yellow polygons for 1916 landslide areas, and red points for all other mapped landslide locations. 

While these damaging debris flows took residents by surprise, there is evidence that debris flows have been 
taking place in this valley and similar topographic regions in North Carolina for quite some time. During 
reconnaissance mapping of the 2018 debris flows, previous slope movement deposits were identified, but dates were 
not determined. Many homes had been built on debris deposits or close to streams draining the steep slopes above. 
Landslide susceptibility maps are not available for Polk County, and people in the valley were not aware of these 
hazards. 

1.1. Geomorphic Location 

The North Pacolet River valley is a reentrant incised into the regional landform known as the Blue Ridge 
Escarpment (BRE) (Fig. 1). The BRE is a high relief, erosional feature that extends from northeast Georgia to 
northwest Virginia, which generally corresponds with the Eastern Continental Divide, and marks the boundary 
between the Blue Ridge Mountains and the rolling foothills of the Piedmont physiographic province to the east 
(Wooten et al, 2016). Landslides, particularly rapid to extremely rapid-moving debris flows and slides, have been 
recorded along the Blue Ridge Escarpment in multiple storms in historic times. “Heavy rainfall, when combined 
with the high-relief areas of certain landforms and erosional reentrants into them, are more prone to debris flow 
activity,” (Wooten et al, 2016) (circled areas in Fig 1). This is especially the case with high antecedent soil moisture 
conditions. In the past 102 years, there have been four scenarios where back-to-back, major storms within 6-20 days 
of each other triggered debris flows in WNC (July 15-16 1916; August 1940; September 2004, May-June, 2018). 
The May-June, 2018 storms triggered landslides along the Blue Ridge Escarpment and other areas in surrounding 
counties.  
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Fig. 2. 2004 hillshade draped with Saluda 1:24,000 quadrangle topographic map. Debris flow outlines are yellow polygons, red points are slope 
movement initiation zone locations; tan polygons are slope movement deposits. Data from NCGS and ALC geodatabases, 11/01/2018. Home 
location of Mr. and Mrs. Case is highlighted. 

1.2. Summary of events of May, 2018 

On the evening of May 18, 2018, heavy rains inundated the Pacolet Valley and surrounding area, triggering debris 
flows, other types of slope movements, and flooding in the area. The home of Mr. and Mrs. Case was initially hit by 
a debris flow from the eastern drainage above their home (Fig 2, Fig 3). The Cases tried to get out of their home at 
that time, but Mrs. Case was not able to due to health complications. Mr. Case assisted Mrs. Case into a detached 
garage next to the home. He then left, wading through the mud trying to get help, when a second debris flow from 
the western drainage behind the home hit the garage (Fig 3). Mr. Case tried to get back to the house to get to his 
wife, but was unable to do so. Early the morning of May 19, Polk County Emergency Management (EM) requested 
assistance from North Carolina Geological Survey (NCGS) to determine if slopes above the home were stable 
enough for crews to get to Mrs. Case. Sadly, she was not alive when crews were able to access the garage. 

During the following days, NCGS geologists surveyed the damage throughout the valley, assisted by volunteers 
from Appalachian Landslide Consultants, PLLC (ALC) and former members of the NCGS landslide mapping team. 
ALC and NCGS geologists spoke to individual members of the community whose homes, property, and/or roads had 
been damaged by debris flows, and investigated the potential debris-flow source areas upslope of some of the 
affected properties. The NCGS and ALC participated in Emergency Management meetings, passing on information 
gathered in the field. The NC Forest Service provided a helicopter flight so geologists could view the extent of the 
damage and potential remaining source areas from the air. 
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Fig. 3. (a) Georegistered 2018 UAV Image from the NC Geodetic Survey. Original location of Case home and detached garage outlined in black. 
(b) Georegistered 2018 Aerial Image from the NC Forest Service. Two debris flows that merged at the base of Little Warrior Mountain at the 
Case home location along Highway 176. 

The week following the debris-flow events, Subtropical Depression Alberto was forecast to bring significant rains 
to the same region along the Blue Ridge Escarpment. EM requested that the NCGS and ALC provide locations that 
remained unstable, which they provided in GIS format. Meteorologists from the National Weather Service in 
Greenville-Spartanburg, SC came up to survey the damage with the NCGS and to participate in EM meetings to 
assist in preparations for additional rain. Based on information from the geologists and meteorologists, EM decided 
to issue a voluntary evacuation for the entire Pacolet Valley and Warrior Drive area during Subtropical Depression 
Alberto. Bobby Arledge, Polk County Emergency Management Director issued a statement saying “The county has 
been surveyed by professional geologists and these storms will further destabilize areas that have experienced above 
average rainfall and potentially cause further landslides. A heightened level of concern exists for residents in and 
around areas that have already experienced land movement” (Tryon Daily Bulletin, 2018). 

Rainfall from Subtropical Depression Alberto spanning from May 26-31, 2018 totaled over 18 cm in the Tryon, 
NC area (7 inches), contributing to continued sliding of unstable areas and erosion (NWS, 2018a). Two news media 
personnel were killed during these rains when a tree fell on their vehicle on Hwy 176. 

2. Data Collection

2.1. Data collection 

In the days after the May 18 debris-flow events, data collection was initially targeted to capture GPS locations of 
debris deposits that had damaged or destroyed homes or roadways. To assist a client, ALC, along with a local 
grading contractor, hiked to the source area of a coalescing debris flow that impacted homes and roads along 

b a 
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Meadowlark Drive. Most of the other data collection was along Hwy 176 in the Pacolet Valley, or along Howard 
Gap Road. At the request of a landowner trying to decide if she should evacuate her horses from her farm, ALC and 
NCGS geologists noted impacts along a trail above her home below the heavily-damaged Howard Gap Road and 
Warrior Drive.  

Several times within the weeks after the May 18 and Alberto events, NCGS geologists went back to the Pacolet 
Valley to gather more detailed information about debris-flow tracks and characteristics and debris deposits. ALC 
geologists evaluated another site off of Meadowlark Drive for a client concerned about their driveway. Data was 
collected in an ArcGIS geodatabase of points, lines, and polygons (Fig 2). Point locations were taken for slope 
movement initiation locations and for field data collection locations. Lines were used to indicate extents of ground 
rupture (i.e. tension cracks and scarps). Data for slope movement outlines, delineating the extents of the debris flows 
or debris slides, were collected as polygon features. These features were mapped either from field observations, 
aerial photographs (see below), or a combination of the two. Polygons were also used to delineate extents of debris 
deposits, either from field observation, or remote sensing of a 2004 lidar-derived digital elevation model (6 meter 
horizontal pixel resolution).    

2.2. Aerial photographs 

Many types of aerial photographs were taken of the valley and the debris flow features. Multiple photos were 
taken from a digital camera and smartphone cameras from the North Carolina Forest Service (NCFS) helicopter. 
Video was also taken with a GoProTM camera. The Broad River Fire Department and the North Carolina Geodetic 
Survey captured photos of some of the debris flow locations with an unmanned aerial vehicle (UAV). Unfortunately, 
orthophotos were not taken immediately after the debris-flow events; however, orthophotos taken during the 
following leaf-off season greatly aided mapping efforts. Select UAV and NCFS photographs were georeferenced and 
used for drawing slope movement outlines or areas of impact. 

3. Findings

3.1. Debris-flow characteristics 

Twenty seven debris flows were cataloged in the geodatabase, although several others remain uncatalogued 
because they were difficult to delineate through the tree cover. Nineteen debris flow initiation zones were explored 
in more detail either by foot or via aerial photographs. The dominant initiation zone scenario was one where shallow 
colluvial soil less than 1.5 meters (5 feet) thick slid, and then flowed off of competent bedrock (stained-state to fresh 
on the Unified Rock Classification System scale), where groundwater was flowing at the interface of the two. 
However, there were also examples of debris flows initiating within boulder- and cobble-filled colluvial soil, and 
residual soil. The common finding was groundwater flow at or near the failure surfaces. 

Many of the debris flows on these steep slopes started upslope of the prominent rock cliff, marking the upper 
edge of the BRE. Most started in concave hollows where water was converging, and most flowed down drainages. 
Springs were noted just upslope of the cliffs within the debris-flow tracks that were walked. The lengths of the debris 
flows catalogued range from 966 meters (3170 feet) to 40 meters (130 feet). The depths of these debris flows 
exceeded 3.6 meters (12 feet) in some areas, based on mudlines and nick marks on standing trees, see Fig 4. The 
approximate average width of the debris-flow tracks themselves is around 17 meters (56 feet), ranging from 7.6 
meters (25 feet) to 30 meters (100 feet). The volumes of material that flowed down the slope have not been 
calculated to date. 

One debris flow that initiated on a convex slope was observed to flow through the trees, rather than uprooting 
them. This debris flow did not travel far, and spread its deposit out across the convex slope. Another debris flow 
upslope of Interstate 26 flowed through the trees, and onto the interstate, blocking traffic and creating a traffic 
control issue for Emergency Management, while they were experiencing the torrential rains, flooding, and 
landslides. 
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Fig. 4. Downstream view of debris flow in the Meadowlark Drive area. Tree nick marks can be observed twice as high as the height of the worker 
by the tree, approximately 3.6 meters high (12 feet). 

3.2. Debris deposit characteristics 

Many of the debris flows deposited material in areas where prior slope movement deposit material was observed 
or mapped using a lidar-based digital elevation model. In some locations, pre-existing deposits were incised during 
the May 2018 event (Fig 2). Many of the homes that were damaged were constructed on these past debris flow 
deposits.  

Debris deposits consisted of silt, sand, gravel, cobbles and boulders. 2018 debris also included woody debris, and 
in some cases, debris from structures. In the main Pacolet Valley, debris flows tended to stay within the drainages all 
the way down to the valley bottom. On Meadowlark Drive, several roads and culverts had been placed to access 
homes on the middle part of the mountain. The debris flows took out these roads in some cases, and blocked culverts 
in others. Where culverts were blocked, debris was diverted across and down the paved road, and off the 
embankment side. One home in particular received up to 3.6 meters (12 feet) of mud in the lower driveway. Another 
home was somewhat protected by a large van parked between the house and the slope that the debris flowed down. 
The van diverted the mud around the home along the ditch and driveway on both sides, instead of into it.  

3.3. Other landslides 

There were many (perhaps dozens) of other types of slope movements observed during the aerial reconnaissance 
flight and while driving the roads. Many of the road cut failures were debris slides or rock/weathered rock slides. 
Most of these road cut or fill slope landslides have not yet been documented, and therefore are not discussed in detail 
here. 

3.4. Unstable locations and communication 

After the initial May 18 landslide events, EM asked NCGS and ALC geologists to provide them with locations of 
unstable soil that could mobilize during rainfall from Subtropical Depression Alberto. Geologists identified several 
locations, many of which included fill slopes that had been damaged or destroyed. The sides of the fill along the 
drainages had been over-steepened by the scour of the debris flows, and loose, unstable slide blocks remained. 
Because of the remaining dense tree vegetation, and the narrowness of the debris-flow tracks in many areas, it was 
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difficult to identify all of the potential log jams or blocks of loose soil from the helicopter reconnaissance flight. Two 
impoundments for ponds or sediment retention structures were identified as potentially unstable locations to monitor. 
Geologists recommended that anyone living downslope of the areas that were identified, as well as any areas that 
had experienced previous debris flow activity, evacuate during Alberto. In addition, they recommended that anyone 
who lived in the valley that was impacted evacuate, due to the potential for additional road damage preventing 
emergency rescue.  

After hearing these recommendations from geologists and other members of the emergency response team, and 
the predicted rain amounts from the NWS meteorologists, the County Emergency Manager issued a voluntary 
evacuation recommendation for several of the communities in Polk County.  

4. Conclusions

4.1. Debris flows 

The May 18 landslide event is the latest in a long history of slope movements in the Pacolet Valley and along the 
Blue Ridge Escarpment. The exposed bedrock near the top of the ridge is likely evidence of past initiation zones, too 
steep for vegetation to regrow. Slope movement deposits at the base of the slope indicate past movement events, and 
now have an additional layer of debris on them, where it has not yet been removed. There were numerous landslides 
reported along the Saluda Railroad grade on the south side of the Pacolet River valley during the 1916 storm 
(Southern Railway Company, 1917). The Atlanta Journal Constitution, July 18, 1916 reported ‘landslides from the 
mountains buried the road for long distances’ on the Saluda-Tryon Road (current-day Howard Gap Road). 
Additionally, the NC Department of Transportation had landslide problems during construction of I-26 on the Saluda 
grade in 1968 (NCGS geodatabase, 2018).  

Debris flows from the May 18 event are evidence that although their source areas can be relatively narrow and 
shallow, they can, nonetheless, cause significant damage and even fatalities because of long run out distances and 
proximity of residences to the drainages. Intense rainfall was the trigger for these debris flows, where surface or 
groundwater contributed to destabilizing the relatively shallow colluvial and organic soil on top of the bedrock. 
Debris flows that started on concave slopes and travelled down drainages had the longest run out distances, 
compared to debris flows on convex slopes. 

4.2. Communication 

This event is an example of two communication scenarios: 1) post-May 18 emergency management and pre-
Alberto planning and 2) pre-May 18 awareness and preparedness. In scenario one, there was open communication 
among a vast number of interdisciplinary professionals. Emergency Managers were relying on the geologists and 
others on the ground for updates on slope stability. Geologists were relying on emergency responders, the NC Forest 
Service, and others for assistance with evaluation. Landowners were providing access to geologists, the Red Cross, 
and others assessing damage. Many partners played a role in helping evaluate the current situation, responding to it 
appropriately, and providing recommendations to best prepare for the predicted upcoming additional heavy rains. 
However, it became obvious that having tools, such as debris flow susceptibility maps indicating potential source 
areas and potential debris flow pathways would have assisted in making evacuation decisions. 

In the second scenario, pre-May 18 awareness and preparedness, it is clear that the communication in this 
scenario was not sufficient. Many of the people living in the Pacolet Valley and at the base of the BRE were not 
aware that they were in the path of debris flows. They did not know that the small stream behind their home could 
become a raging torrent of mud, rocks, and trees that could destroy their homes. Slope movement deposits that are 
obvious to a trained geologist’s eye looked like nice relatively flat home sites with pretty boulders to the untrained 
eye. Local citizens did not have this information because the valley had not been evaluated, mapped and modeled. 
Without this prior work, potential hazards could not have been communicated thoroughly and effectively and 
therefore, no evacuations were called-for. 
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4.3. Future work 

Recognizing the importance of landslide mapping information to residents of mountainous areas, the North 
Carolina legislature reallocated funding to the NCGS to re-start a landslide mapping program that was de-funded in 
2011. The intention of the funding is to provide maps for the mountainous areas that do not currently have landslide 
maps (Macon, Watauga, Buncombe, and Henderson Counties were mapped previously by the NCGS, a portion of 
Haywood County, and all of Jackson County were mapped by ALC). Communication about landslide hazards will 
be an important component to the landslide mapping program. As the May 18 event in the Pacolet Valley 
exemplifies, mapping + communication and awareness can save lives. 
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Abstract 

The Piees de ra Mognes fan at the base of the Punta Nera cliffs, in the Venetian Dolomites (Italy), has been subject to debris flow 
activity for decades. Until recently, these debris flows never reached the National Road 51 on the valley bottom. Debris flows 
usually initiated at the base of an incised rocky channel in the Punta Nera cliffs where runoff is delivered to loose scree deposits of 
the fan. The main debris flow channel is strongly incised at the apex of the fan and splits into several minor channels at lower 
elevations.  During the autumn 2014 and May 2016, two cliff collapses produced large debris deposits. Since then, the frequency 
of debris flows increased considerably because of the availability of debris deposits at very steep slope that lowered the runoff 
discharge needed for the debris flow initiation. In a few cases, debris flows that initiated in the rocky channel reached and 
interrupted the National Road 51, about 2 km downstream the well-known touristic village of Cortina d’Ampezzo. On July 2016, 
a monitoring station was placed at the beginning of the debris flow channel just downstream the base of the rocky channel. In the 
period between July and -September, the monitoring station recorded six debris flow events. Analysis of these data is used to 
describe the characteristics of debris flow initial routing. Moreover, we use video image analysis to investigate the velocity and 
depth of the surge from the 5 August 2016 event. 

Keywords: runoff-genenerated debris flows; initiation area; front velocity; flow depth. 

1. Introduction

Several adjacent debris-flow catchments parallel the south side of the Boite Valley, in the Venetian Dolomites,
Northeast Italy. The debris-flow channels incise the dolomitic bedrock in their upper part and transition to run over 
the scree deposits at lower elevations (Gregoretti et al., 2016). High intensity rainfalls of short duration (tipically < 1 
h) produce abundant runoff which entrain loose debris along the channel forming solid-liquid surges that route
downstream as debris flows (Berti and Simoni, 2005; Gregoretti and Dalla Fontana, 2008; D’Agostino et al., 2010, 
Gregoretti et al., 2019). The debris flows initiated by the entrainment of solid material into runoff, are named runoff-
generated debris flows (Kean et al., 2013). These debris flows are widespread in Alps (Theule et al., 2012; Navratil et 
al., 2013; Tiranti and Deangeli, 2015) and other contexts (Coe et al., 2008; Hurlimann et al., 2014; Imazumi et al., 
2006; Kean et al., 2011; Okano et al.; 2012; Ma et al., 2018). Nevertheless, due to poor accessibility monitoring 
systems in the initiation area of debris-flow catchments are rare. Instrumented sites include those described by Berti 
et al. (1999), McCoy et al. (2012), Kean et al., (2013), Navratil et al., (2013) and Hurlimann et al. (2014). Field 
observations of the debris-flow initiation are very important to understand its dynamic and models testing. 

In the Autumn of 2014 and May 2016, two rockfall events deposited approximately 100.000 cubic meters of debris 
in the headwater basin of the Punta Nera debris-flow catchment. The rockfalls were possibly favoured by climate 
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change that, at higher altitudes, can cause permafrost melting in this area (Boeckli et al., 2012). They caused a dramatic 
increase in the frequency and magnitude of debris flows because their deposits, positioned on slopes averaging 40 
degrees can be easily entrained by runoff caused by unexceptional rainfall events. We installed a monitoring system 
downstream the rocky cliffs where the debris-flow channel is stable, with the purpose of observing the debris flow 
characteristics during the initial stages.  

2. Materials and methods

2.1. The study site 

In dolomitic areas, abundant coarse hillslope sediment is commonly found at the toe of rocky cliffs. Debris-flow 
channels origin where the bedrock surfaces deliver surface runoff, at the outlet of chutes incised into the cliffs. Debris 
flows initiate along such talus-incised channels following intense rainfall and determine the progressive erosion and 
deepening of the channels. Sediment recharge mechanisms include rock fall, dry ravel processes, channel-bank 
failures  

The Punta Nera basin includes the cliffs of Punta Nera peak (2847 m a.s.l.) and the Piées de ra Mognes fan (Fig. 
1a and Fig. 2) and is dominated in its upper part by the dolomitic cliffs belonging to the “Dolomia Principale” 
Formation  of Triassic age (Fig. 2). It is located on the left side of the Boite Valley in the Venetian Dolomites (northeast 
Italy, see the inset of Fig. 2). The upper rocky headwater basin is incised by a very steep channel (about 40°) ending 
with a chute delivering runoff discharge to the apex of the Piées de ra Mognes fan (Fig. 1a and Fig. 2). The debris 
flow-channel begins at the chute and 400 m further downstream, splits into multiple channels (Fig. 2). In this area, 
channel avulsion is common due to debris-flow deposits often clogging the channel.  

Before 2014, debris flows used to initiate downstream the rocky chute along the talus-incised channel and exhibited 
poor mobility with most of the sediment depositing at elevations ranging between 1500 and 1300 m a.s.l.. Cliff 
collapses occurred between 2014 and 2016 (Fig. 1a), deposited a large amount of loose unconsolidated debris along 
the rocky channel in the headwater basin. Such deposits resting on slopes at or in excess of 40° were easily entrained 
by runoff, triggering debris-flow mass transport phenomena that propagated downstream along the debris-flow 
channel located on the fan (Fig. 1b).  

This explains the notable increase of debris-flow events since June 2015. For the first time, in the last few decades, 
debris flows repeatedly reached and blocked the National Road 51. Local authorities consequently built road defense 
structures in the form of a series of retaining basins (Fig. 2). We installed a monitoring system at short distance from 
the fan apex where the debris-flow channel is deeply incised and avulsion is unlikely (Fig. 1b and Fig. 2), at the 
purpose of observing the debris flow characteristics shortly after its initiation.  

In the last decade, the occurrence of cliff collapses and large rockfalls notably increased in the Alpine region, likely 
due to thermoclastism and permafrost melting whose action is intensifying due to the increase of average temperatures 
caused by global climate change. These phenomena commonly affect reliefs higher than 2500 m a.s.l. (Cremonese et 
al., 2011) as in the case of the Punta Nera Peak. Similar evidences include the rockfall occurred on November 2014 
on the dolomitic massif Mount Antelao, located just few kilometers south of Punta Nera. It deposited a large amount 
of debris on a rocky sloping plateau that was mobilized on August 2015 by abundant runoff descending from the 
overhanging cliffs, producing a debris flow whose magnitude (about 100000 m3) has never been reported in the 
historical records for the specific catchment (Gregoretti et al., 2018).  
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Fig. 1. Frontal view of the Punta Nera rocky cliffs and Piées de ra Mognes fan (a) and the initial reach of the debris-flow channel downstream of 
the rocky chute with the monitoring station installed at 1515 m a.s.l. (b). 

2.2. The monitoring station 

Debris-flow initiation is expected to happen upstream or downstream the bedrock – scree transition, so we installed 
the monitoring station, in this area on the left bank of the debris-flow channel (Fig. 1b). The monitoring station is a 
programmable data-logger that acquires data from a rain gauge, anemometer, two pressure transducers buried in the 
channel 7 m apart and two time-lapse cameras that record images to a memory card (frequency: 0.5 s-1). The 
monitoring station is powered by a battery and a solar panel. Data are acquired every 5 min (normal mode). When the 
rainfall intensity exceeds 6 mm/h, the system switches to “event” mode and acquires data every five seconds; the time-
lapse cameras are also triggered and capture images for two hours. The time-lapse cameras frame different scenes: 
one frames upstream to record the routing of the debris flow along the chute and the upper reach of the channel; the 
other frames the channel downstream with the intent to calculate flow depths and velocity. Several targets were placed 
on the opposite bank of the cameras to provide scale and framing. 
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Fig. 2. Schematic geological map of the studied area showing instrumentation and main morphological features. Red line denotes the boundaries 
of the basin where runoff is simulated. 

3. General characteristics of the occurred debris-flow events

During the period from 17 July to 29 September 2016, six debris flows and six runoff events occurred, four debris
flows occurred during daylight, one at dusk and one during the night (no time-lapse video). In two cases, the debris-
flow events were preceded by water runoff.  

3.1. Observed behavior of the debris flows during  their initial stages 

The debris flows that occurred during daylight consisted of a series of solid-liquid surges. The majority of surges 
flowed down the channel in unsteady flow conditions. In some cases, incoming surges overtook those preceding. In 
other cases, surges or their rear part stopped in the channel and their deposits were totally or partially re-mobilized by 
incoming surges and/or by runoff that infiltrated the deposit. We distinguish two re-mobilization mechanisms to the 
in-channel deposits. The first mechanism is due to entrainment and is observed when a sediment-laden water flow 
overtops a deposit and progressively erodes the material owing to the exerted shear stress. The second mechanism is 
a sliding failure and is observed when seepage of incoming runoff infiltrates the deposit increasing pore pressures and 
exerting a drag force within it (i.e. the seepage force). A similar mechanism was proposed for the mobilization of 
sediments accumulated to form a dam at Chalk Cliff (Colorado) by Kean et al. (2013). The two mechanisms can act 
together, due to the action of runoff, when loose deposits are present along bottom of the channel. The surges arriving 
from the rocky channel are typically composed of cobbles, gravel and sand. In the initiation area, the debris-flow 
surges can erode the channel banks inducing local failures that supply additional debris for entrainment. Samples of 
surge deposits upstream of the monitoring station indicate scarce or no fine fraction (silt and clay); however, fines are 
present in the channel bank samples and in surge deposits sampled further downstream.   

3.2. The debris flows occurred on 5 August 2016 

On 5 August 2016 two debris-flow events occurred, separated by runoff. The first from 9:14 to 9:58, the second 
from 18:00 to 18:05. The first event was composed of fourteen surges, while the latter event, initially a unique surge, 
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switched to two surges because the surge tail stopped in-channel and after two minutes was subsequently re-mobilized 
by the action of runoff that infiltrated the deposit.  

Fig. 3. Measured and simulated data of the debris-flow event occurred in the morning of August 5. The timing of observed debris-flow surges 
(roman numbers) is compared to pore pressures (hF) measured in the channel bed and simulated runoff discharge (Q). Blue bars represent the 5 
min rainfall (h5MIN). 

The surges are described in Table 1 (time of occurrence, duration and some of the characteristics) and Figure 3 
graphs the sampled rainfalls, the simulated runoff, and the pressure head measured by the two transducers.  Runoff 
was simulated at the transition between the rocky channel and the debris-flow channel (see Fig. 2) using the model 
proposed by Gregoretti et al. (2016) for headwater rocky basins, and tested against discharge measurements taken in 
a basin 8 km north with similar geologic and morphologic characteristics. The simulated discharge exhibits a rapid 
raise to peak (~ 0.4 m3/s) followed by a nearly constant plateau, and after 40 minutes, it slowly decreases. Surge I is 
close to the peak of runoff (i.e. it coincides with the end of the sudden hydrograph growth) confirming the results of 
Rengers et al. (2016) who demonstrated that the runoff model can provide the timing of debris-flow surge close to the 
initiation area. Gregoretti et al. (2016) also obtained similar results in the two basins of Acquabona and Rovina di 
Cancia that share similar geologic and geomorphologic features with the Punta Nera basin. In the present case (Figure 
3), the simulated runoff hydrograph nicely fit the timing of occurrence of the debris-flow surges. The last minor surges 
(XIII and XIV) are observed to travel down the channel at the beginning of the progressive hydrograph decrease when, 
probably, the discharge is no longer sufficient to mobilize sediment.  This result confirms the model capabilities and 
indicates that the continue action of runoff higher than a certain critical threshold is required to maintain the mobility 
of debris-flow surges, as also observed by Capra et al., (2018) for lahars.  

In between each of the 14 surges (Table 1), water runoff is observed in the channel except between surges IV-IX 
when the debris-flow surge IV stopped blocking the channel. The deposit remained stable despite incoming surges 
and infiltrating water until surges VIII and IX progressively entrained the material. Conversely, during the second 
event, the debris material deposited during the first surge was re-mobilized by runoff, generating the second surge. In 
this case, the simulated runoff intensity was larger (not shown here for brevity). 

Pore water pressures measured in the channel bed during the first event correlates very well with the arrival of the 
debris-flow surges: they quickly raise up to the peak during the passage of the front and then gradually decrease. The 
two transducers were swept away during the passage of surges V and VIII, both transporting boulders of size larger 
than 2 m. Front velocity and flow depth were estimated by image analysis of the time-lapse videos. Cross sections of 
the channel together with the position targets were surveyed by Real–Time Kinematic GPS (RTK-GPS). The surveys 
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allow for the computation of the distances (along and normal to the flow direction) needed in the image analysis to fix 
the position of the surge front at different time steps and the quote of the surface of the surge with respect to the 
bottom. The flow depth is estimated in a fixed position located 2 m downstream of the upstream pressure transducer. 
The average velocity of the front is estimated during its advancement from the position where flow depth is estimated, 
so that the first estimate coincides with the fixed position. Both flow depth and front velocity can be estimated until 
the front is in view of the camera, for a time interval of about ten seconds.  

Figure 4 shows the estimates of the front velocity and debris-flow surge depth together with the pore pressures 
measured by the transducers. Front velocity ranges between 1 and 2 m/s. Flow depth is increasing during the passage 
of surges II and V because these fronts have an elongated shape. The short time interval of measure prevents any other 
consideration about flow depth. Conversely, flow depth is rather constant for surge IV, suggesting that in this case 
conditions close to the uniform flow are attained. Pressure heads tend to increase rapidly only after the front arrival 
(see Figures 3 and 4) except for surge IV, when they remain nearly constant. This could mean that, in general, the 
front is not saturated and it is dominated by collisional and frictional stresses. Berti et al., (2000) and McArdell et al., 
(2007) observed similar effects, also explained as incomplete saturation of the front. In the case of the surge IV, maybe 
the interstitial fluid could be negligibile. 

Table 1. The surges of the two debris-flow events occurred on 5 August 2016 with their description (R = runoff after the surge; F = surge 
followed by another one; * bed returned to the topographical condition preceding the first surge routing). 

n. surge Time of occurrence (h:m:s) Duration 
(sec) 

Characteristics of the surge 

I 9:13:50 R 116 Front composed by gravel without boulders 

II 9:17:50 F 68 Front with boulders of size > 2 m 

III 9:18:58 R 108 Front composed by gravel without boulders 

IV 9:21:16 106 Front with boulders of size > 2 m; deposit on the bed 

V 9:24:26 96 Front and body rich of boulders with size > 2 m;  deposit on the bed 

VI 9:30:50 120 Front and body rich of boulders with size > 2 m; deposit on the bed 

VII 9:36:14 94 Front and body rich of boulders with size > 2 m; deposit on the bed 

VIII 9:39.14 124 Front and body rich of boulders with size > 2 m; small erosion of the bed 

IX 9:42:48 R 272 Front and body rich of boulders with size > 2 m; large erosion of the bed* 

X 9:48:40 F 70 Front with boulders of size > 2 m 

XI 9:50:04 R 84 Front composed by gravel without boulders 

XII 9:51:54 R 60 Front composed by gravel without boulders 

XIII 9:54:42 R 38 Front composed by gravel and cobbles 

XIV 9:57:54 R 26 Front with boulders of size > 2 m 

I 17:00:25 R 78 Front with boulders of size > 2 m 

II 17:04:11R 58 Solid-liquid surge restarted by runoff as in Kean et al., (2013) 
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Fig. 4. Estimates of front propagation velocity (V) and flow depth (hF) compared to measures of pore water pressures (Head) debris flow surges 
II, IV and V.  

4. Discussion and Conclusions

Two cliff collapses, occurred between November 2014 and 2016, deposited a large amount of debris in the rocky 
headwater basin of Punta Nera. In particular, the material deposited along the main bedrock-incised steep (> 40°) 
channel was subject to frequent rainfall-induced mobilization. Since June 2015, debris-flow activity increased in 
frequency and magnitude. Multiple events reached the National Road along the valley bottom causing repeated 
interruptions whereas the Punta Nera debris flow has no record of such events.  

Monitoring activities began in 2016 and focused on the debris-flow channel at short distance from the fan apex. 
Our data document that the debris-flow initiation occurs in the headwater rocky basin and involves the recent rockfall 
deposits. Debris-flow events arrive at the outlet of the rocky basin with a substantial solid concentration and surging 
behaviour. It is our belief that prior to the rockfall episodes, debris-flow activity was much less intense because debris 
was scarce in the steep headwater basin and events used to initiate at the fan apex where the slope is lower (~ 25°) and 
the channel is incised in talus deposits. Aerial photographs confirm that before 2015, debris-flow events at Punta Nera 
were rare and much less mobile depositing debris at 1300 m or higher.  

The rockfalls triggered an abrupt change in the regime of the Punta Nera debris-flow catchment. Such modification 
that can be interpreted as accidental or related to the general temperature increase due to the global climate change. In 
fact, unusually high temperatures favour thermoclastism and permafrost melting which promote instability at high 
elevation in the Alpine region (Boeckly et al, 2011; Cremonese et al., 2011). Such effect may influence the behaviour 
of an increasing number of first-order alpine catchments in the near future.  

Monitoring activities provided also other more specific information. During the summer of 2016, we documented 
six debris flows. All of them were composed of solid-liquid surges that in some cases merged, in some cases stopped 
along the channel to be re-mobilized by incoming surges or by the action of water runoff.  

The comparison between the water discharge simulated by an hydrologic model, specifically developed for 
headwater rocky basin (Gregoretti et al., 2016), measured pore water pressures in the channel bed and image-derived 
flow properties yields good results in terms of timing. Observed arrival and propagation of the solid-liquid surges 
correspond to the simulated peak water discharge. Whenever the simulated water discharge drops significantly, the 
flow becomes turbulent and sediment transport is greatly reduced. Measures of pore fluid pressure on the channel 
bottom show that the surge front is less saturated than the body and that collisional-frictional forces dominate the flow. 
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Abstract 

In the Thompson-Fraser Rail Corridor in Interior British Columbia, the Canadian National (CN) rail line traverses several alluvial 
fans, which are subject to occasional debris flows. Debris flows pose a significant geohazard due to the combination of high flow 
velocities, large impact forces, long runout distances and poor temporal predictability. When a debris flow occurs, the cost of 
repairs, maintenance, and construction along these single-track railway lines is compounded by the fact that these activities also 
impede the flow of rail traffic, which has financial repercussions for the operators. As a result, it is vital to be able to identify and 
prioritize the slopes that pose the greatest hazard to the rail lines. A thorough understanding of the geohazards present on site is an 
essential component of risk assessment. The Canadian Railway Ground Hazard Research Program (RGHRP) was established in 
2003 with the aim of better understanding the natural hazards impacting railway operations across Canada. The present study is 
part of this initiative and focuses on an active site called the White Canyon, which is located 275 kilometers northeast of Vancouver, 
BC. In this study, we use terrestrial laser scanning (TLS) and panoramic imagery datasets to analyze the debris recharge patterns 
that develop between debris flows in a select channel in the White Canyon. TLS scans taken before and after the events provide 
insight into the volumes of material mobilized and how we can leverage this series of TLS data to give insight into the amount of 
debris accumulating in the channels prior to failure. The temporal data acquisition rate was found to have a significant influence 
on the amount of movement that can be interpreted from the TLS change detection analysis and panoramic images. Therefore, the 
temporal data acquisition rate is key consideration when using TLS to support the determination of accurate return periods on 
debris flows.  

Keywords: Terrestrial Laser Scanning; Channel Recharge 

1. Introduction

Over the past decade, the use of remote sensing technologies for the monitoring of landslides and rock slope
instabilities has increased dramatically (Jaboyedoff et al. 2012; Abellán et al. 2014; Telling et al. 2017). Airborne 
Laser Scanning (ALS) and Terrestrial Laser Scanning (TLS) have increased the spatial coverage and density of 
available datasets through non-selective sampling of millions or even billions of survey points to produce 3D point 
clouds. Advances in new algorithms for point cloud comparison and acquisition have improved the level of detection 
to mm-scale using advanced temporal filtering techniques and continuous TLS data acquisition (Kromer et al. 2015, 
2017; Williams et al. 2018).  

Remote sensing techniques have been used to characterize and monitor the transport of debris in steep channels and 
processes occurring on alluvial fans. In Switzerland, both ALS (Bennett et al., 2013) and TLS (Oppikofer, 2009; 
Schürch et al., 2011) have been applied to document movements occurring in the Illgraben debris-flow channel. ALS 
or TLS have been used to monitor volumes of sediment moving in channels in the Manival Torrent, in France (Theule 
et al., 2012), the Glyssibach and Glattbach channels in Switzerland (Scheidl et al., 2008), and the Chalk Cliffs in the 
USA (McCoy et al., 2010; Staley et al., 2011; Scheinert, 2012). Wasklewicz and Hattanji (2009) use cross-sections 
derived from TLS scans to investigate changes in channel shape and dimensions following a debris flow in the Ashio 
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Mountains in Japan. In almost all studies, the methodology of performing change detection has been primarily 
restricted to Digital Elevation Model (DEMs) of Difference (DoD). A DoD is used to quantify the volumetric change 
between two DEMs. The process involves subtracting the two digital elevation models from one another and then with 
subsequent error analysis, real topographic changes can be distinguished (Williams, 2012). DoDs are restricted to 
quantifying change in a single vector direction (vertical), as opposed to methods like Multiscale Model to Model Cloud 
Comparison (M3C2) (Lague et al., 2013). Schürch et al. (2011) address issues arising from DEM generation on 
complex surface geometry with abrupt changes in slope, aspect, local surface roughness and high local relief. In their 
study, they present a method to quantify volumetric uncertainty in change detection specific to data from terrestrial 
laser scanning in a 300 m reach of the Illgraben.  

As a component of the Canadian Railway Ground Hazard Research Program (RGHRP), TLS and other remote 
sensing techniques have been applied to monitor active rock slopes in the Thompson-Fraser Rail Corridor in Interior 
British Columbia (BC), Canada. The White Canyon located just outside the community of Lytton, BC, has been a 
central focus of this research effort. Over the 5+ years of TLS monitoring at the White Canyon, several debris flows 
have occurred on this active slope. In a few cases, these events have overwhelmed mitigation and have directly 
impacted the track. These events disrupt the safe operation of rail traffic through this major transportation corridor. As 
noted by Jakob et al. (2016), the most significant contributor to debris flow occurrence is a supply of readily erodible 
material, often created by rockfalls and other types of landslides. Additionally, May (2002) notes that as the channel 
length increases, the relative contribution of the initial failure volume decreases. In other words, the total debris-flow 
volume approaches more closely the volume of entrained sediment and depends strongly on the length of channel 
travelled by the debris flow. Therefore, understanding the processes and time-frame that recharge debris to the channel 
is crucial for evaluating debris-flow hazard.  

The aim of this study is to present a methodology to monitor the spatial and temporal accumulation of debris on a 
slope with terrestrial laser scanning. This methodology will help evaluate the recharge threshold for debris flow 
initiation as suggested by the supply-limited threshold proposed by Jakob (1996). The supply-limited threshold 
indicates that a debris flow will occur when a precipitation threshold is exceeded provided sufficient debris is present 
in the channel. In addition, the work also supports considerations for evaluating return periods on debris flows with 
remote sensing approaches.  

2. Study Site

The steep slopes of the White Canyon (50.266261°, -121.538943°), located 5 km northeast from the community of 
Lytton, BC, near the confluence of the Thompson and Fraser Rivers, present geohazards to the safe operation of the 
Canadian National (CN) mainline (Fig 1a). Rockfalls and rockslides contribute to the production of debris which 
accumulates in channels (Bonneau and Hutchinson, 2017; van Veen et al., 2017). Dry granular flows and debris flows 
facilitate the transport of debris downslope, which can result in consequences that range from minimal maintenance 
and repair of warning systems, to complete closure and rebuilding of the impacted rail lines and most unfortunately, 
the loss of life. The consequence of repairs, maintenance, and construction along single-track railway lines is 
compounded by the fact that during any such activity the flow of traffic is impeded or stopped. 

Differential erosion of the White Canyon has formed a morphology that is highly complex and consists of vertical 
spires and deeply incised channels (Fig 1b). The Canyon spans approximately 2.2 km between Mile 093.1 and 094.6 
of the CN Ashcroft subdivision. The active portion of the Canyon reaches up to 500 m in height above the railway 
track. Two short portals (tunnels) mark the entrances to the Canyon. A third portal is located in the middle of the 
Canyon which separates the eastern and western portions of the Canyon. 

The dominant geological unit in the White Canyon is the Lytton Gneiss. The Lytton Gneiss is composed of a 
quartzofeldspathic gneiss with amphibolite bands, containing massive quartzite, gabbroic and amphibolite intrusions. 
Two sets of dykes have intruded the Lytton Gneiss. The first dyke set consists of tonalitic intrusions that are believed 
to be related to the emplacement of the Mt. Lytton Batholith (Brown, 1981). The second dyke set is a series of dioritic 
intrusions that cross cut the Lytton Gneiss and tonaltic dykes. These dioritic intrusions are believed to be part of the 
Kingsvalle Andesites (Brown, 1981). All of these units contribute to the production of material to the debris channels, 
and the dykes provide geometric controls on flow of material toward the rail line. 

For this study, the focus will be on a specific channel in the eastern section of the Canyon. The selected channel is 
highlighted in red in Fig 1. The channel is approximately 450 m in length and has an average slope angle of 35 degrees 
(Fig 1c). Draped mesh and a ditch protect the rail line at the base of the channel. Due to the vantage of the TLS system 
in the survey design, a portion of the ditch is occluded in the TLS scans.  
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Fig. 1. (a) Map view of an October 2015 orthophoto of the White Canyon and location map; (b) August 2016 panoramic photograph taken 
from track level at the western end of the canyon displaying the complex morphology of the White Canyon; (c) April 27, 2017 photograph 
looking North across the Thompson River at the channel being analyzed in this study. The channel is highlighted in the red dashed line.  

3. Methods

3.1. Remote sensing datasets 

Terrestrial laser scans (TLS) were taken with an Optech Illris 3D-ER scanner. The Optech Illris is a time-of-flight 
terrestrial laser scanning system that utilizes a 1,535 nm (infrared) wavelength. The reported instrumental accuracy of 
the Optech Illris 3D-ER is 0.008 m in horizontal and vertical directions with a 0.007 m accuracy in range at a distance 
of 100 m (Optech, 2014). 

For this study, seven TLS scans were taken approximately every two to three months from two scan positions across 
the Thompson River (Fig. 1A). These two scan positions were used for all TLS scan acquisitions. The baseline scan 
being taken in November 2014 and the last scan used in this study was taken in May 2016. All TLS scans, with an 
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average point spacing of 10 cm, were first parsed using the Optech Parsing software. Once parsed, vegetation, slide-
detector fences and mesh were all manually removed from the point clouds. After the scans were cleaned, they were 
aligned to the baseline scan using the Polyworks ImAlign module. The alignment process was completed in two steps; 
1) a coarse point picking of common geometric features in each scan, and  2) an iterative closest point algorithm for
fine alignment (Besl and McKay, 1992). The standard deviation for alignments varied from 0.018 to 0.025 in the 
summer months, and 0.035 to 0.05 m in the winter months. The higher standard deviations corresponded to the winter 
scans where there is a higher amount of humidity in the air and possibly water on the slope surface which have all 
been noted to influence the alignment process (Abellán et al., 2014). To compute the changes between sequential TLS 
scans, the limit of detectable change must be specified. The limit of detection (LOD) can be defined based on the 
registration error (Abellán et al., 2014). In this study, we take two times the standard deviation (95% confidence 
interval) of the registration error to define the LOD. This limit equates to approximately 5 cm in the summer months 
and 7 to 10 cm in the winter months. The higher limit of detection in the winter months correspond to a higher standard 
deviation in the registration error (alignment). 

High-resolution digital images were taken with Nikon D800 and D7200 DSLR cameras. The DLSR cameras were 
mounted on a Gigapan robotic head and equipped with a Nikkor 135mm 2/f prime lens. For each TLS scan location, 
a swath of overlapping photographs were additionally captured using the described setup. After the photos were 
captured they were then stitched together using Gigapan Stitch software to generate high-resolution panoramic images. 
These panoramic images were used for verification of all changes seen in the change maps and visual inspection of 
the slope.  

3.2. Debris monitoring methodology 

Figure 2 displays a visual representation of the methodology developed. At Time 1 (T1), a preliminary TLS scan 
of the channel is completed. The volume of debris in the channel is at this point unknown. However, preliminary 
estimates of the volume of channel material can be made utilizing approaches developed by Jakob et al., (2005). 
Locations in the channel where debris is accumulating can also be documented from visual inspection of the panoramic 
imagery. Subsequently at T2, a debris flow has occurred and scoured the channel to bedrock at select locations along 
the channel length. With an additional TLS scan and panoramic imagery, the channel bed and geometry can be 
captured. Locations of exposed bedrock along the channel length are first confirmed with the panoramic imagery and 
theses locations within the TLS scans are stored to generate a bedrock baseline model of the channel. The orientations 
and spacing of discontinuities in the rockmass can be assessed using the TLS scan and panoramic imagery. The 
lithology of the channel bedrock can also be mapped from photographs. The areas of exposed bedrock within the 
channel serve as the baseline for subsequent monitoring. As time progresses (T3), the channel bed begins to recharge 
with debris from rockfall and rockslides. Debris from accumulations on benches moves into the main channel. When 
a scan taken at T3 is compared to the bedrock baseline model (T2), volume estimates demonstrate the spatial and 
temporal location of debris accumulating in the channel. These estimates are all confirmed with visual inspection of 
the panoramic imagery. Finally, a debris flow occurs at T4. Comparing a TLS scan captured after the debris flow to 
the bedrock baseline (T2) permits the calculation of the degree of entrainment and bedrock incision. 

Fig. 2. Overview of the proposed recharge monitoring methodology. T1 – baseline scan of channel. T2 – debris flow has occurred and scoured 
channel to bedrock. T3 – channel begins to recharge from rockfall and rockslides. T4 – debris flow occurs. Using the T2 baseline, the degree 
of debris and bedrock incision can be calculated for T4. 
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3.3. Change detection methodology and volumetric analysis 

Multiscale Model to Model Cloud Comparison (M3C2) (Lague et al., 2013), a vector-based change detection 
algorithm, was used for all change detection computations used in this study. M3C2 does not require mesh generation 
and operates directly on point clouds. For further details on M3C2, readers are referred to Lague et al. (2013).  

All volume calculations were completed in CloudCompare. To compute the volume, CloudCompare first generates 
rasters in a user defined projection direction. After this process is completed, the contributions of each cell are summed 
together. The contribution is the volume corresponding to the cell footprint multiplied by the difference in heights 
between sequential 3D models. To calculate the volumes, areas of change, based on the limit of detection and 
confirmation of changes within the panoramic imagery, were first segmented out using the segmentation tool in 
CloudCompare. The area of change was translated to align with one of the principal axes of the scene orientation. This 
ensured that the projection direction would correspond to the change direction, to minimize the potential for over or 
underestimation of the volume. 

4. Results and Discussion

Using the debris monitoring methodology and panoramic imagery described above, the spatial and temporal 
accumulation of debris was able to be monitored within the study period. Over the course of the study, two debris 
flows occurred which scoured the channel to bedrock in several locations along the channel length. These scour 
locations were confirmed with visual inspection of the panoramic photographs. The first debris-flow occurred between 
November 2014 and February 2015 (Fig. 3A) while the second event occurred between February 2016 and May 2016. 
The first debris flow had an estimated volume of approximately 135 m3. The second debris flow had an estimated 
volume of approximately 120 m3.  Although these volumes are relatively small, they represent an operational challenge 
for CN with substantial financial repercussions for each hour the rail line is out of service. Both events deposited levees 
in some locations along the channel length. In addition, in-channel deposits were observed in the panoramic imagery 
in both events. Inspecting the levees of the debris-flow deposit in the panoramic imagery, the outer extents of the 
levees displayed a concentration of coarse clasts, where the orientation of apparent long-axis of some of the clasts, 
was parallel to flow direction. Both debris-flow events overwhelmed draped mesh, installed immediately upslope of 
the rail line, and filled the ditch adjacent to the rail line.  

Between February 2015 (after the first debris flow) and February 2016, the channel was replenished with debris 
from rockfalls and granular flows which moved debris from directly below the cliffs into the channel. Several rockfalls 
were detected from the analysis of sequential scans leading up to the second debris-flow event. We estimated the 
calculated in-channel stored debris for each of the scan dates used in this analysis as shown in Fig 4. The maximum 
estimated volume accumulated prior to each debris flow event was approximately 150 m3.  

The channel can be classified as a weathering-limited system (supply-limited) following Jakob's (1996) definition. 
The definition indicates that a debris flow will occur when a precipitation threshold is exceeded provided sufficient 
debris is present in the channel. It should be noted that the intrinsic precipitation threshold is constant throughout time 
in Jakob’s model. Brayshaw and Hassan (2009) presented an updated model of sediment recharge, whereby the 
threshold value for debris-flow initiation is dependent on the volume of sediment in the gully channel, hence on 
sediment recharge rate and time since last debris flow. A debris flow occurrence resets the volume threshold value to 
a lower level. Volumetric analysis before and after each debris flow event can provide insight into the amount of 
material mobilized. However, the TLS scans were taken approximately every 3 months. As a result, we cannot assess 
whether any additional debris was deposited into the channel prior to the debris flow occurring. In addition, the 
volumes of material mobilized and deposited do not always match up, due to fact that CN removes debris that is 
deposited on the track to allow operation of the trains. Furthermore, the TLS scanning survey setup from across the 
river results in the occlusion of part of the ditch. Moving forward, a 4D monitoring system, which provides near real-
time data, such as proposed by Cucchiaro et al. (2018) (SfM) or Kromer et al. (2017) (TLS), would provide great 
insight into the rate of debris accumulation. This would provide engineers with information about the volume of in-
channel stored debris to permit forward modelling under a variety of different precipitation scenarios.  

The temporal sampling interval has a significant influence on the amount of change detected (Fig. 3a & 3c.). If only 
the first and last scans are analyzed, the intermittent change that occurred between these dates is not detected and is 
overprinted by apparent larger scale movements within the debris (Fig. 3c). Change detection between the first and 
last scans, misses the second debris-flow event entirely. This has significant implications for assessing the return period 
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and trying to establish a frequency-magnitude relationship for the channel (Jakob et al., 2016). Therefore, decreasing 
the time between scans should help refine the movements and recharge occurring in the channel.  

Fig. 3. (a) Change map between scans taken on November 4th, 2014 and February 18th, 2015; (b) Change map between scans taken on 
February 18th, 2015 and June 9th, 2015. Note that the levees have collapsed and the channel has begun to recharge; (c) Change map between 
scans taken on November 4th, 2014 (first scan) and May 6th, 2016; (d) Estimated spatial in-channel stored debris accumulation for the scan 
taken on June 9th, 2015.  

Fig. 4. Estimated in-channel stored debris volumes for each scan date. Volumes are measured using the proposed methodology. 
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5. Conclusions and Future Work

The use of remote sensing techniques, such as sequential TLS scanning and panoramic photography, offers the 
ability to document changes occurring on the slope over time, including the volume and size of material moving or 
accumulating and the time-period over which the activity is occurring. This study has demonstrated that terrestrial 
laser scanning can be implemented to successfully monitor the spatial and temporal accumulation of debris on a 
geometrically complex slope.  

From an operational standpoint, the results of the current study can be integrated into engineering risk decision 
making for maintenance planning. The current study demonstrates the ability to document when, where and how much 
debris is stored in locations along the channel length. Integrating this knowledge into maintenance planning would 
allow operators to clear ditches or debris build-up behind draped mesh to ensure there is sufficient capacity for future 
debris-flows.  

This study has demonstrated that the temporal data acquisition rate has a significant influence on the amount of 
movement that can be interpreted from the TLS change detection analysis and panoramic images. During larger 
scanning intervals, larger debris movements was shown to overprint smaller magnitude debris movements that are 
occurring in this active channel in the White Canyon. Therefore, the temporal acquisition interval is a component that 
must be considered when considering survey design for a monitoring program. More frequent scanning or moving 
towards a near real-time monitoring system is proposed to capture the timing of channel recharge to better establish if 
the selected channel follows Jakob’s (1996) or Brayshaw and Hassan’s (2009) debris recharge model. Furthermore, 
more frequent scanning would capture the small magnitude events which will help to refine the cumulative frequency 
magnitude curves that can be generated and, in turn, improve the design of mitigation measures.  
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Abstract 

On the early morning of 15 August 2010, a runoff-generated debris flow routed along the Rio Val Molinara Creek and inundated 
the village of Baselga di Piné (Autonomous Province of Trento, northeast Italy) with about 50000 m3 of debris. Post-event field 
surveys allowed both the identification of the initiation area, and the estimate of the average erosion-deposition depths on different 
zones of the affected area. On one hand, the map of erosion-deposition depths along the Rio Val Molinara Creek was obtained by 
subtracting the corresponding pre- and post-event DEMs elevation values, interpolated by using the LiDAR data of two aerial 
surveys carried out in 2007 and 2011, respectively. On the other hand, the map of debris deposits on the inhabited fan was obtained 
by integrating the direct post-event field estimates and photo interpretation. In the research, the studied debris-flow event was 
simulated from the triggering to the inundation through a models cascade, which relies on the sequential application of rainfall-
runoff, triggering, and routing models.  After that, the routing model results were compared with the observed erosion-deposition 
pattern in order to assess the reliability of the proposed approach. In detail, the runoff was simulated in the initiation area and then 
used for building the solid-liquid hydrograph. After that, the solid-liquid hydrograph was routed downstream by means of a bi-
phase GIS-based cell model, previously parametrized by using approximately the same values employed for the back-analysis of 
two debris-flow events occurred in the Dolomites (northeast Italian Alps). The comparison between the observed and simulated 
erosion-deposition depths and volumes is quasi-satisfactory. This is an important research outcome since the reliability of both 
debris-flow hazard assessments and risk analyses based on routing models relies on the trustworthiness of model simulations. In 
addition, due to the scarcity of pre- and post-event topographic surveys, the map of erosion-deposition depths might become a 
precious data source for testing the predictive capability of debris-flow routing models proposed in the literature by other authors. 

Keywords: debris flows; routing modeling; integrated hazard assessment approach 

1. Introduction

On the early morning of 15 August 2010, a very high intensity rainstorm hit the Dosso di Costalta Ridge (northeast
Italian Alps), with a cumulative rainfall depth of about 130 mm in four hours and a half (return period larger than 100 
years). At an altitude of about 1300 m a.s.l., the generated runoff triggered a debris flow that routed the Rio Val 
Molinara Creek before inundating the village of Baselga di Piné with about 50000 m3 of debris (Fig. 1). 

Runoff-generated debris flows are a common natural hazard both in the Alps (e.g., Berti and Simoni, 2005; Theule 
et al., 2012; Navratil et al., 2013; Degetto et al., 2015; Tiranti and Deangeli, 2015) and in other mountainous regions 
worldwide (e.g., Coe et al, 2008; Hurlimann, 2014; Imazumi, 2006; Kean et al., 2011; Okano et al.; 2012; Ma et al., 
2018). These phenomena, due to their magnitude and unpredictability, have a high socio-economic impact (Fuchs et 
al., 2007; Thiene et al., 2017), that is growing with the increase of both human activities and their occurrence rate 
(Stoffel and Beninston, 2006; Bollschwailer and Stoffel, 2010). Therefore, the protection of inhabited areas and 
infrastructures from debris flows is becoming a crucial task for a safe and sustainable development of mountain 
regions. 
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Useful tools for assessing both the hazard and the effectiveness of defense plans are the numerical models for 
simulating a debris flow at the event-scale (i.e., from the runoff to the routing). At this purpose, Gregoretti et al. (2019) 
proposed the integrated modeling of all involved physical processes (i.e., rainfall-runoff, triggering, and routing) by a 
models cascade, for an effective reproduction of a debris-flow event. In detail, for rainfall-runoff and triggering 
simulations they used models able to simulate the runoff at the initiation area and to provide the corresponding solid-
liquid hydrograph. After that, for simulating the routing of the solid-liquid mixture, they employed a bi-phase GIS-
based cell model capable to simulate both the erosion and deposition processes. It is worth pointing out that only 
routing models which are able to simulate both erosion and deposition should be used for such a type of analysis (e.g., 
Brufau et al., 2000; Chen et al., 2006; Medina et al., 2008; Armanini et al., 2009; Hussin et al., 2012; Frank et al., 
2015; Cuomo et al., 2016). As a matter of fact, the sediment entrainment along the channel can be regarded as the 
main contributor to the overall transported sediment volume, thus influencing both the extension and the height of 
debris deposits on the fan (Iverson et al., 1998; Rickenmann, 1999; Santi et al., 2008; Reid et al., 2016). 

The object of this paper is the application of the integrated approach for debris-flow hazard assessment proposed 
by Gregoretti et al. (2019) in the different geologic and morphologic context of the Rio Val Molinara basin, by 
considering the debris-flow event there occurred on 15 August 2010. In detail, the entire debris-flow process is 
reproduced through a models cascade (i.e., the sequential application of rainfall-runoff, triggering, and routing 
models), and then the routing modeling outcomes are compared with the observed erosion-deposition pattern.  

Fig.1. Aerial view of the study area. 

2. Material and methods

2.1. The study site 

The Rio Val Molinara basin is located on the west-northwest side of the forested slope descending from the Dosso 
di Costalta Ridge (altitude of about 1950 m a.s.l., Fig. 1). In the upper part of the basin, four steep headwater channels 
(average slope of about 30°) incise the underlayer (Gargazzone Formation) just below the ridge line, before joining at 
an altitude of about 1300 m a.s.l.. From this point to the fan apex, the bed slope angle of the Rio Val Molinara Creek 
(1.2 km length) progressively diminishes from an average of about 15° to 10°. The main channel is characterized by 
a narrow v-shaped valley, with banks bordered by very steep and wooded slopes that have the major control over the 
debris recharge of the channel bed. Further downstream, the fan where the village of Baselga di Piné was built, has an 
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area of 0.12 km2, with a mean slope of about 10° that represents a typical value for debris flows-generated alluvial 
fans. 

Noteworthy, until the August 2010, the Rio Val Molinara basin did not experienced meaningful alluvial events in 
the 150-200 years before. Therefore, according to Bovis and Jakob (1999), it can be regarded as a supply-limited 
basin. Only after the 2010 debris-flow event an artificial debris retention basin (about 15000-20000 m3 in volume) 
equipped with a filtered check dam was built at the fan apex. 

2.2. Post-event field surveys and debris-flow event 

Post-event field surveys carried out on 17-18 August 2010 allowed the identification of the zone where the solid-
liquid surge formed. In detail, it is the area just downstream the confluence of the four steep headwater channels (Fig. 
1), where the Rio Val Molinara Creek experienced meaningful erosion processes (depths up to 5-6 m). Furthermore, 
during the field surveys point estimates of the average erosion-deposition depths were also carried out both in the 
inundated fan and along the Rio Val Molinara Creek. 

The analysis of the 5-minutes rainfall data collected by the rain gauge of the Sant’Orsola station (3.5 km away in 
the southeast direction) highlights that the rainstorm that triggered the debris-flow event (cumulative rainfall depth of 
127.7 mm in four hours and a half) was composed of two bursts of 46.6 mm and 32.2 mm in 70 and 45 minutes, 
respectively (Fig. 2). The corresponding 5-minutes rainfall peak intensities were equal to 4.6 mm (0.92 mm in one 
minute) and 6.4 mm (1.28 mm in one minute), respectively.  

Once triggered, the routing solid-liquid surge entrained a significant amount of sediment before reaching the fan 
apex, by exposing the bedrock in a number of channel reaches. Along with the channel bed scouring, another relevant 
sediment source for the 2010 debris-flow event was represented by the channel banks failure and undercutting (Fig. 
3). 

After reached the fan apex, the flow spilled out of the channel and flooded the entire village of Baselga di Piné 
(Fig. 1 and Fig. 3). The volume of deposited sediments was approximately 50000 m3, with depths up to 2-3 m in the 
central-upper part of the fan. Overall, the event caused significant damage to infrastructures and houses, but without 
human being lost. 

Fig.2. Recorded 5-minutes rainfall data (DF: debris-flow occurence). 

2.3. Topographic data and erosion-deposition maps 

The available topographic data include the pre- and post-event 1-meter resolution DEMs, interpolated by using the 
LiDAR data of two aerial surveys carried out in 2007 and 2011, respectively. Furthermore, real-time kinematic GNSS 
measurements were acquired along the Rio Val Molinara Creek in 2016 by using a TOPCON GRS-1 dual frequency 
ground receiver, in order to map the rocky outcrops exposed by the 2010 debris-flow event. It should be noted that 
due to the vertically extensive and narrow valley walls, the altimetric error of the GNSS measurements was noticeable. 

DF 
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For this reason, this topographic dataset cannot be used to assess the vertical accuracy of the pre- and post-event 
LiDAR-derived DEMs. Therefore, after a preliminary planimetric alignment check, we evaluated the “relative” 
accuracy of the two gridded surfaces by comparing the elevations of areas not affected by the occurred debris flow, 
and that do not experienced meaningful geomorphologic changes in the considered period (e.g., stable roads and paths, 
walls, and dams). The median of “vertical errors” resulted -0.05 m, and it was eliminated by means of a 2.5D 
calibration procedure (i.e., a rigid translation in the Z dimension of the post-event LiDAR-derived DEM). 

After the vertical alignment of DEMs, the map of erosion-deposition depths along the Rio Val Molinara Creek was 
obtained by first subtracting the corresponding pre- and post-event elevation values, and then thresholding the derived 
DEM of Difference map by using a minimum level of detection (e.g., Lane et al., 2003; Wheaton et al., 2010; Milan 
et al., 2011) equal to ± 0.35 m*. As a matter of fact, in attempting DEMs subtraction exercises it is essential to take 
into proper account the inherent uncertainties of the differenced gridded surfaces in order to distinguish any detectable 
signal (e.g., significant geomorphological changes) from the noise. On the other hand, the map of the deposition 
pattern on the fan was produced by integrating the direct post-event field estimates and photo interpretation of post-
event terrestrial and aerial images. In fact, all debris deposits in the inhabited fan were immediately removed by the 
Torrent and Erosion Control Service of the Autonomous province of Trento, thus not allowing a direct spatially 
distributed estimate of the deposition depths through DEMs differencing. For this reason, in the research we carefully 
recognized six homogenous areas where the estimated deposition depth ranges in a defined interval, and we associated 
with them their algebraic mean. The Figure 3 depicts the observed erosion-deposition pattern for the two areas. 

Fig.3. Map of the observed erosion-deposition depths along the Rio Val Molinara Creek and on the inhabited fan. 

The estimated total volume of eroded sediment downstream the initiation area is equal to 28120 ± 4218 m3, with a 
corresponding mean (standard deviation) and maximum scour depth equal to 0.29 (±0.85) and 6.01 m, respectively. 
On the other hand, the estimated total volume of deposited sediment on the fan is equal to 47600 m3, with a 
corresponding minimum and maximum average depth equal to 0.05 and 2.25 m, respectively. It should be noted that 
according to Gregoretti et al. (2019) the dry bed concentration C* (i.e., the ratio between the solid and total volume 
of the dry undisturbed sediment) of the entrained material along the main channel (equal to 0.75 (-)) is different from 
that of the debris deposit on the fan (equal to 0.62 (-)). Therefore, for the mass balance, the sediment volume entrained 
in or upstream the initiation area can be estimated in about 11250 m3, by assuming a C* equal to 0.75 (-). It represents 
the total sediment volume of the flow descending from the four headwater channels, which triggered the Rio Val 
Molinara debris flow. Noteworthy, the presence of meaningful vertical discrepancies between the compared DEMs in 
the upper part of the basin (probably due to a poor LiDAR systems calibration, such as inaccurate determination of 

* This value was calculated by taking the sum in quadrature of the pre- and post-event LiDAR-derived DEMs vertical error. Due to the lack of 
ground reference values, it was estimated equal to 0.25 m for both the gridded surfaces, according to e.g. Cilloccu et al. (2009) and Molina et al. 
(2014). 
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boresight angles and offsets between instruments) did not allow the direct estimate of the triggering sediment volume 
through DEMs differencing. 

3. Integrated simulation of the occurred debris flow

The simulation of the occurred debris flow at the event-scale is carried out through the integrated approach
proposed by Gregoretti et al. (2019). In detail, all involved physical processes (i.e., the runoff production, the sediment 
entrainment with the solid-liquid surge formation, and its downstream routing) are simulated in series by means of a 
models cascade as it follows. 

3.1. Runoff production and solid-liquid surge formation 

The rainfall-runoff is simulated by means of the hydrological model developed by Gregoretti et al. (2016). In detail, 
the model initially evaluates the excess rainfall by coupling the SCS-CN method with a simplified hortonian law. 
After that, it routes the effective rainfall to the catchment outlet by using a land use-dependent constant velocity along 
slope flow paths and the matched diffusivity kinematic-wave model proposed by Orlandini and Rosso (1996) along 
the channel network. The simulated hydrograph of the runoff at the triggering section is shown in Figure 4a. The 
simulated runoff peak discharge is equal to 6.50 m3/s, with a corresponding liquid volume of 60500 m3. Noteworthy, 
the employed parameters of the rainfall-runoff model are those used by Gregoretti et al. (2016). 

The hydrograph of the corresponding solid-liquid surge in the initiation area is then determined by summing the 
triggering sediment volume (estimated through mass balance in about 11250 m3, see Section 2.3) to the hydrograph of 
the runoff contributing to the surge (equal to 34919 m3). It represents the runoff with discharge values larger than the 
critical discharge for debris-flow occurence (Qcrit, Fig. 4a). In the research, Qcrit (equal to 0.44 m3/s) is computed 
according to the relation proposed by Gregoretti and Dalla Fontana (2008), based on the channel bed slope angle (equal 
to 21°) and the mean sediment grain size (equal to 0.11 m) of the debris material in the initiation area. As shown in 
Figure 4b, the shape of the solid-liquid surge hydrograph is assumed triangular, with a linear decreasing sediment 
concentration from the front to the flow tail. The simulated solid-liquid surge peak discharge is equal to 8.15 m3/s, 
with a corresponding debris-flow volume of 46169 m3. Furthermore, the estimated front sediment concentration is 
equal to 0.27 (-), with an average of 0.18 (-).  

Fig.4. Simulated hydrograph of the runoff (a), and corresponding simulated solid-liquid one (b). 

3.2. Solid-liquid surge routing 

The employed bi-phase GIS-based cells routing model is that of Gregoretti et al. (2019). It simplifies the momentum 
equation according to the kinematic wave approximation, which is usually assumed valid in debris-flows routing 
modeling since they generally propagated along steep channels (e.g., Arattano and Savage, 1994; Di Cristo et al., 
2014). In detail, in the case of gravity-driven flows, the momentum equation is that of uniform flow in a likewise 
Chezy form with a dimensionless conductance coefficient C. Conversely, in the case of flows along adverse slopes, 

a b 

Qcrit 

contributing 
runoff 
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the momentum equation is that of broad-crested weir. The deposition and entrainment processes are simulated through 
a modified version of the Egashira et al. (2001) equation for the rate of change of bed elevation, by assuming as 
controlling factors the flow velocity (U) and the channel bed slope angle (). In particular, the erosion occurs when 
both the flow velocity and the channel bed sloping exceed the user-defined limiting values ULIM-E and LIM-E, 
respectively. Likewise, the deposition occurs when both the flow velocity and the channel bed sloping are smaller than 
the user-defined limiting values ULIM-D and LIM-D, respectively. The mass balance (total and solid) at the DEM cell 
scale allows the closure of the equations system, which are solved with an explicit scheme subject to the Courant-
Friedrichs-Lewy convergence condition. 

For the modeling of the solid-liquid surge routing, the pre-event DEM was adjusted by reporting both the buildings 
and the obstacles (e.g., dry stone walls) that were present at the time of August 2010, and by removing the artifacts 
common in LiDAR-derived digital models (e.g., flow obstructions at road crossings). Furthermore, the values of the 
conductance coefficient C were set equal to 4 (-) and 2 (-) along the Rio Val Molinara Creek (where the flow was 
channelized) and on the deposition area (where the flow spread in several directions), respectively. It should be noted 
that these values are smaller than those used by Gregoretti et al. (2018, 2019) for the back-analysis of the debris-flow 
events occurred on 18 July 2009 and the 4th of August 2015 at Rovina di Cancia and at Ru Secco Creek (Mount 
Antelao, Venetian Dolomites). Likewise, the parameters governing the erosion (LIM-E) and deposition (LIM-D) 
processes were respectively set equal to 13° and 12°, which are smaller than the values used by Gregoretti et al. (2018, 
2019). These choices are justified after considering the debris material of the Rio Val Molinara channel bed and of the 
corresponding deposits. As a matter of fact, the visual analysis of post-event terrestrial photos highlighted the presence 
of no-negligible quantities of lime and clay. Therefore, the value C = 5 (-), which is suitable for a granular and 
channelized debris flow, might not be reliable due to the different flow behaviour. 

The Figure 5 shows the simulated erosion-deposition pattern. The comparison of the routing simulation results with 
the observations (Fig. 3) highlights that the main features of the observed erosion-deposition pattern are quite well 
reproduced by the simulation, both along the Rio Val Molinara Creek and on the alluvial fan. Actually, both the 
observed meaningful channel bed scouring and deposition pattern appear adequately reproduced by the cell model, in 
terms of both extension and spatial trend. It is worth noting that the simulated deposition processes along the Rio Val 
Molinara Creek are mainly due to a poor topographic characterization of the real channel morphology. As a matter of 
fact, the erosion-deposition processes are modeled by assuming the flow velocity and the channel bottom slope as 
controlling factors, which in turn depend on the channel morphology. Furthermore, during the occurred debris-flow 
event, local low magnitude deposition processes took place also along the Rio Val Molinara Creek (see insert in Fig. 
5). However, due to the small deposition depths, these geomorphologic changes cannot be captured through DEMs 
differencing. 

Overall, the simulated volumes compare well with the observed ones. In detail, the simulated erosion volume along 
the Rio Val Molinara Creek (24440 m3) is similar to that observed (28120 m3), with about 90% of it (22490 m3) 
modelled in the area with observed erosion. On the other hand, also the simulated deposition volume on the fan (41748 
m3) is nearly equal to the observed one (47627 m3), with about 90% of it (38359 m3) modelled in the area with observed 
deposition. Likewise, the simulated deposition area on the fan (94370 m2) compares well with the observed one 
(110402 m2). Overall, these results can be regarded as satisfactorily when the cell model is used at forecasting 
purposes. 

4. Conclusion

The 15th of August 2010 a runoff-generated debris flow routed along the Rio Val Molinara Creek and inundated 
the village of Baselga di Piné with about 50000 m3 of debris. In the research, the occurred debris-flow event was 
simulated from the triggering to the inundation through an integrated approach, which relies on the sequential 
application of rainfall-runoff, triggering, and routing models. After that, the routing model results were compared with 
the observed erosion-deposition pattern in order to assess the reliability of the proposed approach. 

Overall, the main features of the observed erosion-deposition pattern are quite well reproduced by the routing 
simulation. In fact, both the observed meaningful channel bed scouring and deposition pattern appear adequately 
reproduced by the cell model, in terms of both extension and spatial trend. Furthermore, also the simulated erosion-
deposition volumes and areas compare well with the observed ones. These results appear satisfactorily when the cell 
model is used at forecasting purposes, and they also show the possibility of using the model itself in environment 
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contexts different from the Dolomites, where the channels bed is covered by granular material. Nevertheless, deepen 
investigations have to be carried out. 

Fig.5. Map of the simulated deposition and erosion depths (insert: red arrows on low magnitude later debris deposits).  
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Abstract 

The Eagle Creek Fire burned 48,832 acres (196 km2) of steep, heavily forested terrain along the Columbia River Gorge, Oregon, 
from September 2nd to November 30th, 2017. The Columbia River Gorge is a critical lifeline for Oregon and Washington, including 
Interstate Highway 84 (I-84), State Route 14 (SR-14), commercial train lines, a shipping corridor, major pipelines, and hydroelectric 
dams. The Gorge is also a major tourist destination and home to thousands of permanent residents. Before the Eagle Creek Fire, 
there was significant landslide and debris-flow hazard in the Gorge due to the steep topography and high annual precipitation (>254 
cm). More than 80 landslides have been recorded in the Gorge during the last ~100 years, with 58 of these recorded in the 
exceptionally wet and stormy winters of 1996 and 1997. Several of these landslides damaged property, temporarily closed I-84, and 
interrupted train and ship traffic. There is some uncertainty on the degree to which the fire will enhance debris-flow susceptibility, 
because the climate, terrain and geology is different from the regions where most post-fire debris-flow research has been conducted. 
A large portion of the Columbia River Gorge National Scenic Area, including popular hiking trails, remains closed 18 months after 
the fire, and the Historic Columbia River Highway was closed for 14 months after the fire. In the aftermath of the Eagle Creek Fire, 
emergency managers and first responders identified the critical need for a post-fire landslide response plan and hazard map. To help 
meet this need, the Oregon Department of Transportation, the Oregon Department of Geology and Mineral Industries, and the U.S. 
Geological Survey created a landslide hazard map that combined knowledge of pre-fire landslide activity and post-fire debris-flow 
susceptibility. We describe how this map was created and briefly touch on how this map was integrated into the post-fire response 
planning. 

Keywords: post-fire debris flows; Columbia River Gorge; landslide hazard maps; Oregon; Eagle Creek 

1. Introduction

The effect of wildland fires on the landscape can last decades, and have a direct influence on soils, plants, animals,
and humans (e.g., Brown et al., 2000). An important secondary hazard created by wildfires is the increased 
susceptibility of steep slopes to flooding and debris flow during rain storms. The risk of post-fire flooding and debris 
flow is especially high along the wildland-urban interface, as seen in 2018 with the destructive Montecito debris flows 
in southern California (WERT, 2018) and many other instances in the western United States (e.g., Cannon and 
DeGraff, 2009). Over the last two decades, scientists have been studying the secondary impact of increased landslide 
hazard following wildfires (e.g., Cannon et al., 2010; Staley et al., 2016).  Most of these studies have been undertaken 
in regions with relatively dry climates, which also experience intense bursts of precipitation, such as southern 
California and the intermountain West. In dry-climate regions, wildfire typically reduces the infiltration capacity of 
the soil, such that moderate intensity rainstorms can initiate debris flows through processes that result from runoff 
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generation during moderately intense rainfall (Cannon, 2001, Kean et al., 2011, Kean et al., 2013). Post-fire debris-
flow generation in wetter climates like the Pacific Northwest is not well understood because the soils in the region 
tend to have very high infiltration capacities that limit overland flow even after fire (Wondzell and King, 2003; Jackson 
and Roering, 2009). By combining the known areas of debris-flow deposits with the highest hazard tributary segments 
and basins, we account for the initiation, transport and depositional area of potential erosion-related debris flows in 
the Columbia River Gorge in Oregon.  

1.1. Study Area 

The Columbia River Gorge (CRG) is steep, heavily forested, and characterized by cliffs and flanking talus slopes, 
ranging in elevation from ~5,000 ft (1525 m) asl at the high point to the Columbia River at about 12 ft (3.7 m) asl. The 
study area is the extent of the Eagle Creek Fire (Fig. 1). The region receives >100 inches (>254 cm) of precipitation 
annually with most falling as rain between October and May (PRISM, 2004). The Miocene-aged Eagle Creek 
Formation, consisting of fluvial conglomerate and andesitic lahar deposits, is the oldest exposed geologic unit along 
the Oregon side of the Columbia River Gorge. Cliff-forming Columbia River Basalt Group flow sequences of the 
Grande Ronde, Wanapum, and Saddle Mountains Basalt, also Miocene in age, unconformably overlie the Eagle Creek 
Formation (Tolan and Beeson, 1984).  

The CRG is a critical multimodal lifeline for Oregon and Washington, including Interstate (I-84) and State Route 
(SR-14), commercial train lines, and commercial shipping. There are also major hydroelectric dams and electric 
transmission in this corridor (Fig. 1; Wang and Chaker, 2004). The study area, within the CRG, also has approximately 
1,400 permanent residents (U.S. Census, 2010), living in approximately 810 buildings (Microsoft building footprint 
data, 2018).  The area is also a major tourist attraction for Portland and the Pacific Northwest, featuring the Columbia 
River Gorge National Scenic Area. 

Fig. 1. Study area in the Columbia River Gorge, with the Columbia River dividing Washington State to the north, encompassing the Eagle Creek 
burn area and downslope infrastructure. I-84 and the rail lines here in the CRG are the primary access through the Cascade Range; the next 
closest pass is 150 miles to the north via I-90 and ~500 miles to the south via I-80 in Sacramento, CA, through the Sierra Nevada. Note brown 
box outlining Dodson-Warrendale fan, seen in Fig. 2. 
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Landslides are a chronic hazard in the CRG. More than 80 landslides have occurred in the study area portion of the 
CRG during the last ~100 years, with 58 of these recorded in the exceptionally wet and stormy winters of 1996 and 
1997 (Burns et al., 1998; Burns and Lindsey, 2017; Burns and Watzig, 2017). Several of these landslides can be seen 
in an aerial photo of the Dodson-Warrendale area from 2000 (Fig. 2a), and debris flows in this area have damaged 
property and forced the closure of the rail lines, I-84, and shipping lanes. A 2001 event closed I-84 for 12 days (Wang 
and Chaker, 2004). Due to the Eagle Creek Fire, related damage, and potential hazards related to rockfall and debris 
flows, significant road segments were closed from September 2017-November 2018 and much of the recreational area 
of the Columbia River Gorge National Scenic Area remains closed as of February 2019. 

The Eagle Creek Fire engulfed 48,832 acres (196 km2) within the Columbia River Gorge, beginning September 2nd, 
swiftly growing to the west then east, driven by unfavorable, strong winds (Schnackenberg, 2017). The Eagle Creek 
burn was deemed 100% contained by November 30th, 2017. Fig. 2b illustrates the variability of burn intensity and a 
visual perspective of the Columbia River Gorge and the Dodson-Warrendale area. 

Fig. 2. (a) Aerial photograph from year 2000 draped over topography from Google Earth, at an oblique angle looking south. Several debris-flow 
tracks from the winter of 1996 are evident (Burns et al., 1998), with I-84 in the foreground. (b) An oblique photograph of the Dodson-Warrendale 
fan taken September 26th, 2017, looking eastward. The variability of the burn intensity of Eagle Creek Fire is evident, with black- to yellow-
scorched trees interspersed with green. I-84 is the highway on the right side of the photograph. (Image provided by ODOT Photo/Video).  

An estimated 45% of the area had high or moderate soil burn severity (Fig. 3; Schnackenberg, 2017). The map 
shown in Fig. 3 was created immediately after the fire by a U.S. Forest Service Burn Area Emergency Response 
(BAER) team using Landsat satellite imagery products, such as the Burned Area Reflectance Classification (BARC), 
and field verification. The satellite imagery was analyzed by remote sensing specialists to estimate soil burn severity 
comparing near-infrared and mid-infrared bands (Parsons et al., 2010). The satellite estimate of burn severity was then 
field checked by the BAER team soil scientists (Parsons et al., 2010; Schnackenberg, 2017).  

In the aftermath of the Eagle Creek Fire, local and regional scientists from the Oregon Department of Transportation 
(ODOT), Oregon Department of Geology and Mineral Industries (DOGAMI), and the U.S. Geological Survey 
(USGS), alerted emergency managers and the public of the potential for increased rockfall and debris flows because 
of the burn. Emergency managers and first responders then identified a critical need for a post-fire landslide response 
plan and a generalized hazard map. In this paper, we describe how we created the post-fire rockfall and debris-flow 
hazard map in the Eagle Creek burn area, and briefly touch on how this map was integrated into the post-fire response 
planning. 

2. Methods

In order to make a hazard map for the Eagle Creek burn area, we relied on the established methods of the USGS 
post-fire debris flow model (Gartner et al., 2014; Staley, et al., 2016, 2017) and the existing landslide inventory created 
for Multnomah County (Fig. 4, Burns and Lindsey, 2017), which includes historical landslide points and deposits, and 
prehistoric landslide deposits, mapped at 1:8,000 scale. The landslide inventory includes shallow (<3 m) and deep (>3 
m) deposits, rockfall talus and debris flow fans, of different ages and certainty levels, though we extracted debris flow
fans and rockfall talus polygons only. We also completed new preliminary landslide inventory mapping (rockfall talus 
and debris-flow fans only) in the Hood River County portion of the study area. Observations from emergency managers 

1996 
Events 

583



Calhoun / 7th International Conference on Debris-Flow Hazards Mitigation  (2019) 

and first responders identified a need for a combined hazard map that included both datasets in one map, generalized 
enough for quick decision making and without the need for expert interpretation.  

Fig. 3. Soil burn severity map and extent of the Eagle Creek burn (Schnackenberg, 2017), modified to include our study area polygon and 1-m 
lidar hillshade. See Fig. 1 for study area location. 

Fig.4. Rockfall and debris-flow fan deposits extracted from Burns and Lindsey (2017) in Multnomah County, with newly delineated rockfall and 
debris-flow fans in western Hood River County. The black outlines denote historical debris-flow deposits, meaning movement occurred in the 
last 150 years. See Fig. 1 for study area location. 

The post-fire landslide hazard map combines lidar-derived 1-m cell size bare earth DEM as base data from the 
Oregon Lidar Consortium (DOGAMI, 2009), published landslide inventory (Fig. 4, Burns and Lindsey, 2017), post-
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fire debris-flow hazard assessment data (Fig. 5; USGS, 2017) and unpublished remote sensing-based mapping of 
rockfall and debris-flow fan areas in western Hood River County (Fig. 4), digitized by the author specifically for this 
hazard map.  

We used the combined hazard attribute in the USGS post-fire debris-flow hazard assessment, which includes both 
probability and volume. The USGS models use basin morphology, burn severity, soil properties and rainfall 
characteristics to estimate the statistical likelihood (Staley et al., 2016) and potential volume (Garter et al., 2014) of 
debris flows in response to a storm of a given rainfall intensity. We used the combined hazard for the most intense 
design storm in the USGS hazard assessment, which had a 15-minute peak rainfall intensity of 40 mm/hr, 
corresponding to a 5-year recurrence interval based on the methods of Arkell and Richards (1986).  

The USGS combined hazard map does not, however, identify zones of potential debris-flow inundation, because 
an operational tool for rapid post-fire runout prediction does not exist.  To estimate zones of potential debris-
flow inundation, we used a combination of (1) geomorphic evidence of deposition based on the landslide, rockfall, 
and fan mapping described above, and (2) enlarged (buffered) versions of the "watch stream" segments that are 
included in the USGS hazard assessments. "Watch streams" are defined as large trunk streams (drainage area >8 km2), 
which may experience extensive flooding and the effects of debris flow in the drainage network upstream of the watch 
stream. We merged these datasets into the final post-fire landslide hazard zones defined as low, moderate, and high 
susceptibility within a geographic information system (GIS).  

Fig. 5. Debris-flow estimates of combined hazards of both the stream segments and basin scales, from the USGS post-fire debris flow model, for 
a given peak 15-minute rainfall intensity of 40 mm/hr. Data accessed via the USGS Post-Fire Debris Flow Hazards under the Landslide Hazards 
Program (USGS, 2017). See Fig. 1 for study area location. 

The inputs to the three hazard zones are as follows: 
High Zone 

• Rockfall and debris-flow fan deposits: Extracted from landslide inventory maps (Burns and Lindsey, 2017);
deep- and shallow-landslide polygons excluded from hazard map input.

• Buffered Moderate and High Hazard Stream Segments: Combined hazard attribute of stream segments,
with associated buffer: high with 100 ft (30 m) buffer and moderate with 75 ft (23 m) buffer. We selected
different buffer distances for moderate and high hazard stream segments based on measured channel widths
for streams in this area. The high hazard stream segment buffer of 100 ft (33 m) was determined from
measured mean stream width in the upper, smaller tributaries.

• High Hazard Basins: Combined hazard attribute for basin-scale analysis: all high hazard basins included
(with no buffer).
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• Buffered Watch Streams: Watch stream segments were buffered 200 ft (65 m) for entire length, based on
measured channel widths for large trunk streams in this area.

• Manual Revisions: Revisions of merged datasets to include isolated areas not included but surrounded
entirely or mostly by other high hazard data inputs and small-scale linework alterations, to better align with
1-meter resolution topography.

Moderate Zone 
• We buffered the high-hazard zone by 200 ft (65 m).

Low Zone 
• Areas within the study area boundaries that were not included in moderate or high zones.

The post-fire rockfall and debris-flow hazard map (Fig. 6) is intended to be used by the emergency managers and 
first responders for the affected area as a tool for choosing operation centers, safe rally points for officers, and similar 
needs. We do not expect an event where the entire high-hazard zone has landslides at the same time throughout the 
zone. Instead, the map identifies the most likely areas where landslides may occur and areas where landslides are very 
unlikely. 

3. Results

The final post-fire debris-flow and rockfall hazard map for the Eagle Creek burn area highlights the widespread
high hazard, narrow bands of moderate hazard and isolated areas of low hazard near the Columbia River and atop the 
flat plateau above the gorge (Fig. 6). Human modification of slopes, such as road construction and associated grading, 
as well as mitigation efforts, such as rockfall fences and jersey barriers, are not considered in these maps, but may 
affect the hazard. 

Fig. 6. Post-fire rockfall and debris-flow hazard map created for local first responders and emergency managers. As is evident, much of the upper 
basins are included in their entirety, because of the steep, confined channels and rockfall hazards along slopes. See Fig. 1 for study area location. 
Note brown box outlining Dodson-Warrendale fan, seen in Fig. 7. See Fig. 1 for study area location. 

4. Discussion and Conclusions

The Eagle Creek Fire garnered local, regional, and national attention during the fall of 2017, with dramatic images
of tall Douglas Firs on steep slopes, engulfed in large flames. At several of the post-fire planning meetings hosted by 
the U.S. Forest Service and others attention turned from the fire hazard to the looming wet season and the post-fire 
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landslide hazard and associated risk. The goal of the post-fire landslide hazard map was to modify existing landslide 
hazard data for the Columbia River Gorge into a usable, safety-driven hazard map.  

Debris flows are an existing and recurrent hazard in the CRG. A closer view of historical debris-flow deposits from 
the landslide inventory (Burns and Lindsey, 2017) are shown in Fig. 7 (see also Fig. 2). The unincorporated 
communities of Dodson-Warrendale have experienced debris flows in the past, and, as is shown in the hazard map, 
are at continued risk after the fire. The landslide inventory of debris-flow deposits (fans) and rockfall talus slopes 
likely record thousands of years of debris flow and rockfall accumulation (Burns and Lindsey, 2017). Since the Eagle 
Creek Fire, frequent rock raveling and isolated, small rockfall events have been observed. As of February 2019, there 
have been no major debris flows since the fire; however, there have been seven small shallow landslides. 

Fig. 7. A closer view of the hazard zonation, in an area with repeated historical debris flows (delineated in black lines) and exposed buildings in 
the unincorporated communities of Dodson-Warrendale and Interstate Highway 84. See Fig. 6 for study area location (brown box). 

Extensive research around the USA demonstrates that wildfires increase debris-flow susceptibility and magnitude 
(e.g., Cannon et al., 2010). By combining the best available data, we include the area of likely origin, transport and 
potential depositional areas for debris flows and rockfall in the burn area.  USGS empirical models for debris-flow 
likelihood (Staley et al., 2016) and volume (Gartner et al., 2014) are based on data mostly from semiarid regions of 
southern California and the intermountain West. Most of the debris flows in the USGS database were triggered in the 
first two years after the fire by runoff and associated erosion, not debris flows mobilized from shallow landslides. 
Shallow landsliding may be the more likely mode of slope failure in the wetter Eagle Creek burn area, and the time 
window of increased susceptibility may last up to 10 years (like the window of disturbance for an unburned but clear-
cut slope). Although the USGS models have not been developed or tested with data from the Pacific Northwest, we 
consider our results to be valid in an ordinal sense (i.e., for identifying areas with high, moderate, and low 
susceptibility), because the USGS models correctly identify areas with both steep slopes and moderate to high burn 
severity, two factors that strongly affect slope stability regardless of the style of landslide initiation or duration of 
vegetation recovery.  

The Eagle Creek rockfall and debris-flow hazard map highlights the near-term, secondary impacts of potential 
rockfall and debris flows in the Columbia River Gorge within the Eagle Creek burn area. The overlap of highly burned 
soils, slope steepness, existing rockfall talus and debris flow-fans, result in widespread high hazard throughout the 
footprint of the Eagle Creek burn. The central portion of the study area, along the steep cliffs of the Columbia River 
Gorge, and in the upper steep watersheds, the high-hazard zone is nearly ubiquitous.  

This hazard map was created in response to requests and questions from local first responders and emergency 
managers, and attempts to create generalized, conservative high and moderate hazard areas to avoid in times of wet 
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weather. This map highlights a few areas of low hazard that may be secure as a base for operations if a debris flow 
occurred and rescue operations were to commence. The hazard map also alerts the city of Cascade Locks where 
potential danger along water bodies and streams may be concentrated within city limits.  
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Abstract 

Geoscientists, researchers and engineers study and work on similar projects all over the world. The exchange of information 
between colleagues of different countries who work on homologous projects or in similar fields requires a common technical 
vocabulary. Differences in the usage of technical terms and their varying definitions in different regions of the world may 
constrain the transfer of knowledge, for example in guidelines. Translations of technical papers and of presentations are 
particularly complicated and troublesome. Moreover, writers waste valuable time when they try to find proper technical terms in 
a different language. This is currently the case in the fields of fluvial geomorphology and steep creek hazard mitigation since 
several countries are active in these domains. Papers, guidelines, and policies are published in several languages, such as 
Japanese, Italian, French, German, English, Korean, Chinese and Spanish. International delegates are also submitting papers to 
journals, presenting and participating at conferences that are predominantly in English. Finally, working groups with 
multinational participants have been formed to advance research and transfer of knowledge in fluvial geomorphology and steep 
mountain creek hazard mitigation. Therefore, standardization and better definitions of technical terms are required. We propose 
in this paper a lexicon of French, English and German technical terms, and their definitions, related to the fields of fluvial 
geomorphology and steep mountain creek hazard mitigation. This paper focuses on the most important terms. In the future, other 
languages and supplemental terms could be added to this document with the help of other contributors. 

Keywords: debris flow; debris flood; hydrogeomorphology; hazard; mitigation; torrent; mountain river; steep mountain creek; 

1. Introduction

International scientific and technical exchanges play a key role, at least since the 19th century, in sharing good
practices, lessons learned from past events and recent results in natural hazards, risk management and mitigation 
(Piton et al., 2017). New concepts regularly emerge and technical jargons continuously evolve. Therefore, to 
properly understand the specialized literature, updated glossaries and lexicons acknowledging the current state of 
definitions and vocabulary are required (e.g. Hungr et al., 2014). Such documents should, if possible, be multilingual 
to ease sharing of knowledge published abroad. Table 1 shows some topics with wide audiences that have already 
been covered. To our knowledge, FAO (1981) is the last published multilingual lexicon dedicated to torrent control 
and debris-flow hazard mitigation. However, some terms are somewhat outdated, and some recent ones are missing. 

This paper lists the existing multilingual glossaries partially related to torrent control, and then reviews frequently 
used terms in hazard mitigation of steep mountain creeks, as well as their uses and definitions in English, French and 
German. The terms are presented and explained in a summary table with links to publicly available dictionaries or 
papers.  

Finally, this paper uses terms “torrent”, “mountain river” and “steep mountain creek” interchangeably. Their 
meaning is the same, however their uses are regional; different countries or areas will usually employ only one of the 
three terms.  

Table 1. Non-exhaustive list of existing multilingual glossaries or lexicons related to hydrogeomorphic hazards 
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Lexicon / 
Glossary 

Covered topics Languages Weblink, Source 

FAO Torrent control EN.; FR.; DE.; IT.; ES. http://www.fao.org/docrep/006/AD076F/AD076f0
0.htm, (FAO, 1981)

ICOLD Dams, dikes, 
hydraulic structures 

EN.; FR.; DE.; IT.; 
NL., ES.; PT.; SI.; SE. 

http://www.icold-
cigb.net/GB/dictionary/dictionary.asp 

ISSMGE Soil mechanics EN.; FR.; DE.; IT.; 
ES.; PT.; JA.; RU.; 
CN., etc. 

https://www.issmge.org/lexicon 

OFEV Flood protection EN.; FR.; DE.; IT.; 
ES.; PT.; etc. 

https://www.termdat.bk.admin.ch 

REFORM River restoration EN.; FR.; DE.; IT., 
GR., CZ., ES., PL. 

http://wiki.reformrivers.eu/index.php/Multi-
lingual_glossary 

UNISDR Disaster risk 
reduction 

EN.; FR.; ES.; RU.; 
AR.; ZH. 

https://www.unisdr.org/we/inform/terminology 

WP/WLI Landslides EN.; FR.; DE.; ES.; 
RU.; ZH.  

http://www.cgs.ca/pdf/heritage/Landslide%20Glos
sary.pdf 

WSL Dendrochronology EN.; FR.; DE.; IT.; 
ES.; PT.; RU. 

https://www.wsl.ch/dendro/products/dendro_gloss
ary/index_EN 

2. Review method

This paper is much shorter than the FAO (1981) book that constitutes its main reference source. The book
includes the following: an index, 156 pages of English, French and German definitions, translations of key terms in 
Italian and Spanish, and sketches of structures and processes. The book would deserve a complete update since some 
terms have new synonyms and new ones have been introduced. Moreover, the update should include a user-friendly 
online version, along with translation in Japanese, Chinese and other relevant languages. 

For the sake of conciseness, this paper covers only a selection of the terms that are believed to be the most 
frequently used in debris-flow hazard mitigation. Table 2 presents selected terms, frequent synonyms, concise 
definitions, and the main source of information. The reader interested in other terms, not covered in this paper, can 
browse the FAO’s web version (link available in Table 1). 
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Table 2. Lexicon table, alphabetical ordering of the English terms 

English terms, Synonym, Definition 
(source) 

Termes français, Synonyme, 
Définition (source) 

Deutsche begriffe, Synonym, Definition 
(quellen) 

Aggradation, Silting: Accumulation 
of sediment in a channel or upstream 
of a structure (adapted from 1). 

Atterrissement, aggradation, 
engraissement: ensemble des 
alluvions déposées dans un tronçon 
naturel ou en amont d’un ouvrage (1). 

Auflandung: Hebung des Flussbetts durch 
Sedimentablagerungen (3). 

Alluvial cone, Debris cone, Alluvial 
fan: A fan- or cone-shaped deposit of 
sediment crossed and built-up by 
steep mountain creeks (adapted from 
Wikipedia). 

Cône de déjection : Zone où les 
matériaux se déposent au débouché du 
torrent dans la vallée et relief formé 
par leur accumulation (1). 

Schwemmkegel: Ablagerungskegel am 
unteren Ende eines Wildbaches, der sich in 
Tälern bildet. Die Ablagerungen entstehen, da 
das verrignerte Sohlgefälle im Unterlauf einen 
Rückgang der Geschiebetransportkapazität 
verursacht, d.h., das Gleichgewichtsgefälle 
verändert sich. 

Anchoring, keying: The attachment or 
insetting of a channel structure into 
the bed or bank of a stream to prevent 
its by-passing (1) 

Ancrage: Liaison d’un ouvrage avec 
les berges et le lit par insertion 
profonde et solide faisant obstacle au 
contournement et au déchaussement 
par affouillement de l’ouvrage (1). 

Verankerung: Die Verankerung eines 
hydraulischen Bauwerks oder 
Schutzbauwerks im angrenzenden Terrain ist 
notwendig um die Bauwerksstabilität zu 
garantieren (2). 

Avulsion, outflanking: The breaking 
through of the banks of a stream thus 
forming a new channel, mostly 
observed on fans (1). 

Changement de lit, bifurcation de lit, 
avulsion: Abandon par un cours d’eau 
de son lit antérieur et formation d’un 
nouveau chenal, principalement 
observés sur les cônes de déjections. 

Gerinnesprung, Avulsion, 
Gerinneverlagerung: Natürliche, sprunghafte 
Verlagerung eines alluvialen Flussbettes. 
Vornehmlich bei Überschreiten des 
bettbildenden Hochwassers in alluvialen 
Wildbächen zu beobachten (3). 

Bedload/sediment transport: Coarse 
sediment transport by rolling and 
sliding on the bottom of the bed due 
to the force of water (1). 

Charriage: Transport de sédiments 
grossiers sur le fond du lit par roulage 
et glissement sous la force exercée par 
l’eau. 

Geschiebetransport: Sediment, das auf oder 
Flussbett durch den Abfluss transport wird 
(5).  

Bedload transport capacity: 
Maximum amount of sediment of a 
given grain size distribution that a 
stream can transport in traction as 
bedload (Hickin, 1995). 

Capacité de transport par charriage: 
Charge solide maximale d’un 
écoulement donnée et d’un mélange 
sédimentaire donné, transporté par 
charriage. 

Geschiebetransportkapazität: Hydraulisch 
bedingte maximaler Geschiebetransport. In 
Wildbächen ist der Geschiebetransport meist 
begrenzt durch die Sedimentzuflussrate. Bei 
Murgängen kann jedoch die hydraulische 
Transportkapazität zum limitierenden Faktor 
werden (typische Gefahrensituation). 

Block ramps (structured / 
unstructured): Fish-friendly 
alternative hydraulic structure to 
drops and sills for the stabilization of 
river beds that are created with tightly 
packed blocks (large rocks) or 
dispersed block clusters (adapted 
from 8). 

Rampe / seuil / radier en blocs / 
enrochements : Ouvrage de 
stabilisation du lit des rivières 
alternatifs aux seuils subverticaux, 
visant à faciliter la montaison des 
poissons et constitués de blocs libres 
organisé en densité et rugosité plus ou 
moins fortes.  

(Aufgelöste) Blockrampe: Künstlicher 
Gerinnesprung gestaltet durch grobe Blöcke, 
die so angeordnet sind, das aquatische 
Lebewesen passieren können (8). 

Bypass channel, Diversion works / 
structure: A diversion channel 
through which surplus flood water 
may be diverted around an area to be 
protected (1). 

Canal de décharge, Ouvrage de 
dérivation: Ouvrage assurant la 
chenalisation des écoulements 
excédentaires pour les détourner 
d’une zone à protéger. 

Entlastungskanal / Entlastungsgerinne: 
Künstliches Parallelgerinne zur Erhöhung der 
Abflusskapazität. 

Canyon, Gorge, Narrows: Narrow 
passageway of a torrential stream as it 
passes between canyon walls (1). 

Gorge: Nom parfois donné au lit 
d’écoulement d’un torrent lorsqu’il est 
creusé entre des berges abruptes (1). 

Schluchtstrecke: Steile Abflusssektion, die 
durch Felshänge und anstehenden Fels in der 
Gerinnesohle geprägt ist (2). 

Channel bed: It is the channel bottom 
of a stream or creek, the physical 
confine of the normal water flow. 

Lit mineur: Espace d’écoulement 
normal des eaux. 

Gerinnebett, Flussbett: Ständig überflossene 
Fläche. 
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Table 2. (Continued) 

English terms, Synonym, Definition 
(source) 

Termes français, Synonyme, 
Définition (source) 

Deutsche begriffe, Synonym, Definition 
(quellen) 

Channel cleaning, dredging: 
Removal of debris and bedload from 
a channel (1). 

Curage du lit: Enlèvement des 
matériaux encombrant localement le 
lit d’un torrent (1). 

Räumung des Abflussprofils: 
Unterhaltsmaßnahme, bei der 
Abflusshindernisse (Pflanzen, 
Sedimentablagerungen und Schwemmholz 
oder anderes Treibgut) aus dem Flussbett 
entfernt werden (3). 

Check dam, Solid body dam, Chute 
structure: Transverse structure to 
stabilize and consolidate a creek 
channel or to retain debris (adapted 
from Moase, 2017). 

Barrage de correction torrentielle: 
Ouvrage établi en travers du lit d’un 
torrent ou d’un ravin en vue de 
stabiliser son lit, consolider ses berges 
ou retenir des sédiments. 

Wildbachsperre: Künstliche Querbauwerke in 
Wildbächen um den Sedimentrückhalt und die 
Gerinnestabilität zu fördern (2). 

Concrete/grouted stone-pitching, 
grouted riprap wall: Stonework made 
of very large rocks, which have not 
been cut to shape, that are grouted 
together. 

Mur/perré de maçonnerie de pierre 
dégrossies : Ouvrage en maçonnerie 
de pierres anguleuses brutes liées au 
mortier (1). 

Zementmörtelmauer: Mit Zement verstärktes 
Mauerwerk. 

Danger event/flood/level, : Extreme 
event/flood/level conditions over 
which structure’s safety is no longer 
guaranteed (CFBR, 2013). 

Crue/évènement de danger : 
Crue/évènement au-delà duquel la 
stabilité de l’ouvrage n’est plus 
garantie. 

Gefahrenhochwasser: Die Bauwerksstabilität 
ist nicht garantiert für Abflüsse, die höher als 
das Gefahrenhochwasser sind. 

Debris flood: It is a very rapid flow of 
water, heavily charged with debris, in 
a steep channel (Hungr at al., 2014)  

Charriage hyperconcentré, 
Écoulement de biphasique très chargé 
en sédiment, capable de mobiliser de 
gros blocs de façon épars, écoulement 
potentiel par bouffées mais sans front 
granulaire. 

Rutschung / Hangsturz: Zweiphasiger, 
intensiver Abgang von Sediment und Wasser 
in steilem Gelände (2). 

Debris flow: It is a relatively rapid to 
extremely rapid movement of a single 
phase of saturated non-plastic debris 
in a steep channel, showing a steep 
front partially granular and usually 
generating strong entrainment of 
material and water from the flow path 
(adapted from Hungr et al., 2014). 

Lave torrentielle: Écoulement 
relativement rapide et par bouffées 
d’un mélange monophasique de 
sédiments, blocs, eau et 
éventuellement de flottants dans les 
chenaux raides. Présence d’un front 
raide, souvent granulaire, au grand 
pouvoir érosif, générant un 
recrutement de matériaux du lit le 
long de sa propagation. 

Murgang: Mischung aus Wasser und 
Sediment, das plötzlich mobilisiert wird, 
wobei der Sedimentanteil mindestens 10 % 
beträgt (2). 

Design event/flood/level: The 
events/floods/level adopted for the 
design of a comprehensive hazard 
mitigation system, i.e., in torrent 
control context, events for which the 
efficacy of hazard mitigation 
regarding downstream assets should 
be maximum. 

Evènement/Crue/cote de projet, de 
protection: Crues/évènements adoptés 
pour dimensionner un dispositif de 
protection ; dans le contexte des 
risques torrentiel, évènements pour 
lesquels l’efficacité de protection des 
enjeux aval doit être maximale.  

Projektwassermenge, 
Dimensionierungshochwasser: 
Hochwasserabfluss, der der Bemessung von 
Schutzbauwerken zugrunde liegt (3). 

Diversion dyke: A structure in the 
creek to divert some of the high-water 
flow or debris (1). 

Digue de dérivation / déviation: 
Digue construite obliquement dans le 
lit d’un torrent et destinée à dévier les 
laves torrentielles et les crues (1). 

Ablenkdamm, Leitdamm: Hydraulisches 
Bauwerk zur Ableitung von Wasser (3). 

Dyke, Levee, Training wall: Structure 
built parallel to channel banks to limit 
flooding potential.  

Digue longitudinale: Ouvrage 
parallèle à l’axe d’un cours d’eau 
ayant pour objet de limiter le 
débordement par-dessus les berges. 

Deich, Längsdamm: Länglicher Damm, der 
parallel zu einem Fließgewässer als 
Hochwasserschutzmaßnahme gebaut ist. 
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Table 2. (Continued) 

English terms, Synonym, Definition 
(source) 

Termes français, Synonyme, 
Définition (source) 

Deutsche begriffe, Synonym, Definition 
(quellen) 

Drainage: Process of removing water 
from slopes, hillsides, i.e. topography 
with relief, to stabilize it or protect 
crops (1). 

Drainage: Collecte et évacuation hors 
d’une zone menacée des eaux 
excédentaires imprégnant une portion 
de versant au détriment de sa stabilité 
ou de ses cultures (1). 

Entwässerung: Überbegriff für die Abführung 
von Wasser. 

Drainage basin, Watershed, 
Catchment: The whole area having a 
common outlet for its surface runoff 
and groundwater flows (1). 

Bassin versant: Zone d’alimentation 
des écoulements souterrains et de 
ruissellement drainé par un exutoire 
donné. 

Einzugsgebiet: Abgegrenztes Gebiet, aus dem 
sämtliches Wasser an einem Punkt stammt 
(4). 

Dry stone apron, Artificial armoring: 
Protective lining or coatings for 
channels, below structures and 
streambanks, either stones, concrete 
or gabion-baskets (adapted from 1). 

Pavage artificiel, Radier en 
enrochements/pierres de taille: 
Revêtement du lit d’un torrent en 
pierres brutes ou taillées, béton armé 
ou gabions. 

Künstliche Deckschicht: Manuel (künstlich) 
gestaltete Deckschicht eines Flussbetts, die 
aus Grobgestein besteht, welches nicht durch 
den Abfluss mobilisiert werden kann. 

Equilibrium bed slope / profile: The 
slope or the profile of a channel 
which attains equilibrium, where 
aggradation and erosion are in 
balance (adapted from 1). 

Pente de compensation ou 
d’équilibre: Pente d’un lit torrentiel 
permettant d’équilibrer dépôt et 
érosion liées aux apports amont 
(adapté de 1). 

Gleichgewichtsgefälle: Stabiles Sohlgefälle, 
dass sich einstellt, wenn die Geschiebezufuhr 
und die Geschiebetransportkapazität eines 
Flussabschnitts gleich groß sind. 

Floodplain: The land area under 
water during floods (1) 

Lit majeur, Plaine d’inondation: 
Espace recouvert par les hautes eaux. 

Flussaue: Angrenzende Flächen oberhalb des 
Flussbetts. Geprägt durch wechselnde 
Wasserführung (überschwemmt bei 
Hochwasser). 

Hazardous event/flood/level, Routine 
event/flood/level: Events at which 
infrastructures and assets become 
endangered, usually close to the bank-
full discharge. Torrential control 
structures should generally be 
activated when the hazardous flood 
discharge is exceeded (Schwindt et 
al., 2018a). 

Événement/crue/cote de plein bord, de 
limite de débordement: Événements 
générant des niveaux d’écoulement 
atteignant la limite haute des berges et 
donc la limite de début des 
inondations, généralement crue à 
partir de laquelle les ouvrages de 
protection doivent commencer à 
fonctionner. 

Sicherheitsabfluss: Entspricht dem 
Hochwasserabfluss, ab dem Schutzbauwerke 
aktiviert werden müssen um Infrastruktur zu 
schützen (6) 

Landslide: It is the movement of a 
mass of rock, debris, or earth down a 
slope (USGS definition). 

Glissement de terrain: Déplacement 
d’une masse de terrain par glissement 
sur une pente sous l’action de la 
pesanteur (1). 

Rutschung: Plötzliches Abgleiten von Hängen 
oder Böschungen. 

Log jam, Large wood jam, Driftwood 
accumulation: Accumulation of 
woody debris that partly or 
completely blocks the flow of water 
in a streambed, channel or structure. 

Embâcle, Accumulation de flottants 
Obstruction partielle ou totale de 
l’écoulement par accumulation de 
matériaux flottants et de sédiment. 

Eisstau: Rückstau gebildet durch Eisblöcke. 

Morphologically significant flood: 
Event generating non-negligible 
geomorphological changes of the bed 
due to sediment transport. 

Crue morphogène: Crue générant des 
modifications non négligeables de la 
morphologie du lit par transport 
sédimentaire. 

Bettbildendes Hochwasser: Entspricht dem 
Hochwasserabfluss, der die Deckschicht eines 
Flussbetts aufreißen und umbilden kann. 

Mountain river, Steep mountain 
creek, Torrent: A mountain stream 
which is prone to flood, debris flood 
and debris flow. 

Torrent: Petit cours d’eau de 
montagne, temporaire ou permanent, à 
forte pente et à crues violentes et 
subites, au débit liquide et solide très 
variable, subissant épisodiquement 
des crues morphogènes majeures (1). 

Wildbach Steiler Bach in Gebirgsregionen mit 
einem Sohlgefälle von mehr als 0.2 % (9).  
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Table 2. (Continued) 

English terms, Synonym, Definition 
(source) 

Termes français, Synonyme, 
Définition (source) 

Deutsche begriffe, Synonym, Definition 
(quellen) 

Mud flow, Hyper-concentrated flow: 
Very muddy debris flow-like event 
involving significantly greater water 
content relative to the source material 
(Hungr et al., 2014). 

Coulée boueuse, Lave torrentielle 
boueuse: lave torrentielle constitué 
d’une part importante de matériaux 
terreux. 

Schlammlawine: Ähnlich einem Murgang. 

Natural channel bed armoring, 
Natural bedload pavement:  The 
coarse stone channel bed pavement 
where arrangement of bedload 
particles due to natural sorting leaves 
a pavement of coarser size (adapted 
from 1). 

Pavage naturel: Consolidation 
naturelle du lit d’un torrent résultant 
d’un arrangement par le courant des 
matériaux grossiers arrangés 
jointivement en surface, les matériaux 
fins ayant été entraînés (adapté de 1). 

Natürliche Deckschicht: Grobmaterial eines 
Flussbetts, dass nur durch bettbildende 
Hochwasser mobilisiert werden kann. 
Natürliche Deckschichten treten 
typischerweise in Flüssen mit regelmäßigem 
Abfluss und regelmäßigen kleineren 
Hochwassern auf. 

Open check dam, Debris retention 
basin/structure, sediment trap, 
Torrential barrier, SABO dam, 
Permeable check dam: A dam 
constructed with large openings so as 
to retain only large woods, larger 
debris and the largest bedload, for the 
most part (1). 

Plage de dépôt, Dépotoir, Barrage 
filtrant. Barrage muni de larges 
ouvertures permettant de ne retenir 
que les matériaux grossiers et le bois 
d’embâcle (1). 

Geschiebesammler: Dolensperre mit großen 
Öffnungen für den Rückhalt von 
Grobmaterial (2). 

Retention check dam: Check dam 
whose function is to definitively trap 
a maximum amount of sediment in its 
backfilling reach (Piton et al., 2017). 

Barrage de rétention, Barrage de 
retenue sédimentaire: Barrage bâti 
spécifiquement pour piéger 
définitivement un volume maximum 
de sédiments dans sa zone 
d’atterrissement. 

Rückhaltesperre: Dient dem Rückhalt von 
Sediment oder Schwemmholz bei Hochwasser 
(2) 

Retention basin, Debris-flood 
retention structure, Flood control 
dam: Dry dam or similar structure 
designed to retain water and debris in 
order of reducing the peak flow 
during a flood event. 

Bassin de rétention, Barrage écrêteur 
de crue: Bassin qui vise à stocker, 
temporairement un certain volume 
d’eau, de sédiments et de flottants, de 
façon à diminuer le débit de pointe de 
la crue aval. 

Rückhaltebecken: Trockendamm für den 
Rückhalt von Geschiebespitzenabflüssen und 
Murgängen.  

Rill erosion: Small cut into a slope 
caused by surface runoff (1). 

Griffe d’érosion: Incision peu 
profonde provoquée par le 
ruissellement; première phase de 
l’érosion linéaire (1). 

Rillenerosion: Erosionsrillen (Furchen) 
entstehen durch abfließendes Wasser (1). 

Riprap: Large rock, or other material, 
used to armor shorelines, streambeds, 
bridge abutments, pilings and other 
structures against scour and erosion. 

Enrochements: Protection d’un 
ouvrage ou d’une berge contre 
l’affouillement par accumulation 
artificielle de gros blocs (1). 

Blocksatz: Meist unbearbeitete, grobe 
Steinblöcke zur Sohl- oder Uferstabilisierung 
(10) 

Safety check event/flood, maximum 
water level: Events/floods that can be 
transferred by the structure and its 
spillway under the maximum water 
level, i.e., with sufficient freeboard to 
consider the structure failure very 
unlikely (CFBR, 2013). 

Evènement/crue/cote de sureté: 
Evènements/crues qui peuvent être 
transférées par un ouvrage et ses 
évacuateurs de crues sous la cote de 
sureté, i.e., avec une revanche 
suffisante pour considérer la ruine de 
l’ouvrage très improbable. 

Höchsthochwasser: Das größte Hochwasser, 
dem ein Bauwerk standhalten muss unter 
Berücksichtigung eines Freibords (vertikaler 
Abstand zwischen dem Höchsthochwasser-
spiegel und der Oberkante des Bauwerks); 
siehe auch: “Höchstes jemals gemessenes 
Hochwasser“ HHQ oder “Rechnerisch 
höchster Hochwasserabfluss” RHHQ. 

Siltation slope:  The predictable angle 
of slope for siltation, for example for 
the sediment deposition behind a 
structure (1). 

Pente d’atterrissement: Pente 
prévisible d’un dépôt de matériaux 
dans une section donnée du lit d’un 
torrent, par exemple en amont d’un 
ouvrage (1). 

Verlandungsgefälle: Sohlgefälle, dass sich 
oberhalb eines Querbauwerks (oder 
natürlichem Abflusshindernis) einstellt (3). 
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Table 2. (Continued) 

English terms, Synonym, Definition 
(source) 

Termes français, Synonyme, 
Définition (source) 

Deutsche begriffe, Synonym, Definition 
(quellen) 

Sluice, slot, slit: An opening in a 
structure which may be regulated to 
allow water passage (adapted from 1). 

Pertuis: ouverture ménagée dans le 
corps d’un barrage pour assurer le 
passage des eaux et des matériaux 
charriés de petite dimension (adapté 
de 1). 

Durchlass, Dole: Öffnung in einer Wildbach- 
oder Rückhaltesperre (2). 

Stone masonry wall: A stone wall 
having a masonry work with mortar 
(1). 

Mur/perré en maçonnerie de mortier: 
Ouvrage en maçonnerie de pierres 
liées au mortier (1). 

Zementmörtelmauer: Mit Zement verstärktes 
Mauerwerk. 

Stone-pitching, Boulder-size stone 
wall: Stonework made of very large 
(boulder-size) rocks which have not 
been cut to shape (1). 

Mur/perré de maçonnerie 
cyclopéenne: Ouvrage constitué de 
blocs de forte taille non taillés (1). 

Zyklopenmauer: Natursteinmauer bestehend 
aus unregelmäßig großen und unterschiedlich 
geformten Blöcken, die sorgfältig angeordnet 
sind (7). 

Stone wall, Rustic stone wall: Stone 
wall construction, stacking without 
mortar or other binding material (1). 

Mur/perré en pierres sèches: Ouvrage 
constitué de pierres assemblées à la 
main sans mortier (1). 

Trockenmauer: Naturstein bestehend aus 
unregelmäßigen Blöcken, die lokal verfügbar 
sind (10). 

Structural bedload: bedload transport 
associated with bed remobilization 
(Piton and Recking, 2017). 

Structural bedload : transport par 
charriage associé à la remobilisation 
du lit. 

Sohlgeschiebe: Transportiertes Geschiebes, 
dass der Gerinnesohle entstammt. 

Structure by-passing, Outflanking: 
During a flood, flows pass beyond the 
limits of a structure, causing erosion 
usually on the side (adapted from 
FEMA). 

Contournement: Érosion des berges 
latérales d’un ouvrage résultant en le 
passage des écoulements sur le côté 
plutôt que sur l’ouvrage. 

Seitenerosion:  Aushöhlung der seitlichen 
Verankerung einer Bauwerks durch 
Hochwasser. 

Toe scouring, Under-mining, Plunge 
pool action: Degradation of the 
streambed at the foot of the structure 
due to the water and chute action.  

Affouillement, Sous-cavage: 
Creusement du lit pied d’un ouvrage 
par l’effet de la chute d’eau sur 
l’ouvrage.  

Kolk / Auskolkung: Erosion am Fuße eines 
Bauwerks (2). 

Torrent control, Steep creek 
mitigation: Various engineering and 
biological measures carried out in a 
steep mountain creek and its 
watershed to control the processes 
and therefore provide protection 
against erosion, sedimentation and 
runoff (adapted from 1). 

Correction d’un torrent: Ensemble 
des travaux ayant pour objet, dans un 
bassin versant torrentiel, de réduire, 
en luttant contre l’érosion des versants 
et des berges, la production 
d’alluvions, et d’en contrôler la 
circulation et le dépôt. 

Flusskorrektur: Oberbegriff für technische 
Eingriffe in Wildbächen und Flüssen. 

Travelling bedload: Bedload transport 
rapidly transported in a paved reach, 
with little or no local morphological 
effect (Piton and Recking, 2017)  

Travelling bedload: transport par 
charriage traversant un tronçon pavé 
avec un effet morphogène local nul ou 
marginal. 

Laufgeschiebe: Transportiertes Geschiebe, 
dass sich nicht ablagert und von seitlichen 
Zuflüssen / Sedimentablagerungen  genährt 
wird 

Weir, Sill, Grade control structure, 
Chute structure: A low submerged 
structure built across the creek to 
control erosion of the channel bed. A 
weir is usually described for small 
barrier for diverting or controlling 
water (adapted from 1).  

Seuil: barrage de correction 
torrentielle de faible hauteur, 
éventuellement calée au niveau du 
fond du lit pour éviter de futures 
incisions (adapté de 1). 

Schwelle: Niedriges Querbauwerk zur 
Sohlstabilisierung. Wegen der Unterbrechung 
der Gerinnekontinuität sollten Blockrampen 
bevorzugt eingesetzt warden (3). 

Woody debris: Logs, whole trees, and 
other timber debris transported by 
floods, which can form into a log jam 
(1). 

Bois d’embâcle, Gros bois flottants : 
Éléments ligneux transportés par les 
hautes eaux susceptibles de provoquer 
des embâcles, accumulations. 

Schwemmholz: Holz, dass von der Strömung 
eines Fließgewässers mitgerissen wird. 
Umschließt Bäume, einzelne Stämme, Äste 
und Wurzeln. 

Référence : (1) FAO, 1981; (2) Bergmeister et al., 2009; (3) Willi et al., 2001; (4) DIN 4049-1, 1992; (5) Einstein, 1950; (6) 
Schwindt et al., 2018b; (7) Spycher, 2000; (8) Tamagni, 2013; (9) Wohl, 2000; (10) Zeh, 2007. 
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3. Discussion and conclusion

Table 2 intends to capture the most common synonyms, definitions and translations for each term presented in this 
lexicon. However, not everyone will accept the chosen terms and their prioritization in this lexicon. There are 
simply too many different definitions and possible uses of the same terms. As an example, one term can refer to 
slightly different structure types in different countries. Discussion and feedback are encouraged to improve this 
lexicon. More terms should be added and could be translated into other languages. Finally, an online storage 
platform, for a growing lexicon, should be planned to ensure easy access by all interested party. Our references 
include such pertinent online dictionaries as, for instance, the Swiss “Termdat” database (Swiss Federal 
Administration, 2018). 

Standardization and definition of technical terms commonly used in the fields of fluvial geomorphology and steep 
mountain creek design and risk mitigation is required. This lexicon is a first step in that direction, with some of the 
most commonly used terms included, and it may provide a good base for a long-term project that could include more 
terms in more languages. 
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Abstract 

Debris flows is one of the primary mass movement processes in the Serra do Mar, a system of escarpments and mountains that 
stretches more than 1,500 km in south and southeast of Brazil. Usually, these processes cause environmental and social damages. 
On March 1967 only one small city was affected by 947 mm, with 115 mm on the 17th and 420 mm on the 18th and triggered 
numerous landslides and debris flows with the great mobilization of material, reaching a 15 km radius, causing approximately 440 
fatalities. Approximately 50 years later, another city, located in the same mountain range, was affected by cumulative rainfall of 
150 mm/6 hours causing deaths and houses destroyed and structural damage to bridges. Thus, the objective of this work was to 
evaluate of vulnerability to debris flows in some watersheds located in two cities of the Serra do Mar affected in 1967 and 2014, 
respectively. For this purpose, some procedures were defined: (a) the evaluation of the vulnerability of buildings, considered, for 
instance, the number of floors, the presence of broad terraces, large doors, windows and high walls surrounding the buildings. (b) 
elaboration of indicators and maps of vulnerability that consider the hazard properties, the exposure, preparedness and prevention 
of elements at risk; (c) elaboration of indicators and map of risk perception. The results show38 areas with vulnerable construction 
to debris flows: 8%-high;70%-medium;22%-low vulnerability of buildings. As preliminary results, an inventory of damages was 
provided from the sectors of the affected districts and preliminary mapping of the debris flow. 

Keywords: Serra do Mar, Brazil, Morphometric Parameters, PTVA, Vulnerability 

1. Introduction

Debris flows is one of the primary mass movement processes in the Serra do Mar, associated with the rainy season
between December and March when 60% of the annual average precipitation of 3,300 mm occurs. The Serra do Mar 
is a mountain range that extends for about 1,500 km along the south and southeast coast of Brazil. The region has 
great economic importance since it is crossed by the major land transportation network that connects the city of São 
Paulo to other large metropolitan areas, as well as to the port of Santos. According to Almeida (1953), the Serra do 
Mar is one of the most relevant orographic features in the Atlantic coast of the South American continent, and it is 
known for having the most “Tormented” relief in Brazil due to its steep slopes, tectonic processes, and faults. It is an 
outstanding feature in the Brazilian terrain for its grand geomorphological features and its role on human occupation 
from the colonial period to present. Since the 1960s, catastrophic important events were recorded, resulting in millions 
of dollars in economic loss, thousands of fatalities and homelessness. Several events are remarkable in Brazilian 
history, particularly in the years 1966, 1967, 1985, 1988, 1995, 2008, 2009, 2010, 2011 and 2014 (Table 1). Thus, the 
objective of this work was to evaluate the vulnerability of debris flows in some watersheds located in two cities of the 
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Serra do Mar, affected in 1967 and 2014, respectively. 

Table 1: Occurrences of mass movements (landslides and debris flows) in the Serra do Mar, highlighting the events 
studied in this paper. 

Year LOCATION (STATE) Rain Area (Km²)/Speed 
(m/s)/Volume (m³) 

LOSSES 
(nº deaths); other damage 

1928 Monte Serrate (SP) 649 mm/Jan and 564 mm/Feb. Vol: > 1x105 (60); destruction of Santa Casa 
1958 Monte Serrate (SP) 373 mm/24 h - (43); destruction of 100 houses 
1966 Rio de Janeiro (RJ) > 250 mm/<12 h - (>230) 

1967 Serra das Araras (RJ) 275 mm/24 h Vol: > 10x106 
(1200); > 100 houses destroyed, damage to highways, 

destruction of the hydroelectric plant 
Caraguatatuba (SP) 580 mm/48 h Vol: > 7.6x106 (120); 400 houses destroyed, damage to highways 

1971 Santos-Jundiaí Railway 
(SP) 

- Vol: 1x105

(estimated) 
Steel viaduct destroyed, works for slope stabilization 

1974 Tubarão (SP) 
394 mm/ 72 h 

742 mm/16 days - (195); urban area flooded 

1975-
1976 

Grota Funda (SP) - S:8.4/Vol: > 10x106 Pillars of railway bridge damaged 

1976 Cachoeira River (SP) 276 mm/24 h A:4/Vol: 1x105 
Flooding for industries, two rock-filled and earth-filled 

dams was built  
1985 Cubatão (SP) 380 mm/48 h - (10) 
1988 Petrópolis (RJ) 145 mm/24 h - (171); 5,000 displaced, 1,100 homes interdicted 

Rio de Janeiro (RJ) - - (~300); destruction of dozens of homes 

1994 Cubatão (SP) 60 mm/24 h 
A:2.64/S:10 
Vol: 3x105 

Flooding of Petrobrás Refinery, interruption of 
operations and clean-up (US$44 mil) 

1996 

Cubatão (SP) A: 2.64/S: > 10 
Vol.: 1.6x104 

Clean-up works 

Oswaldo Cruz Highway 
(SP) 

10 mm/10 min 
442 mm/13 h - 

Highway damaged, works for slope stabilization, water 
capture station affected 

Papagaio River Basin 
(RJ) 

202 mm/24 h A: 2.13/Vol.: 9x104 (1); hundreds of houses destroyed 

Quitite River Basin (RJ) 202 mm/24 h 
A: 2.53 

Vol.: 4x104 houses destroyed 

Rio de Janeiro (RJ) 301 mm/72 h (54) 

1999 Anchieta Highway (SP) 
128 mm/24 h 
274 mm/72 h Vol.:3x105 

200 m of the affected area, traffic stopped for several 
weeks, water capture station affected 

2001 
Rio de Janeiro, Petrópolis 

(RJ) 
300 mm/24 h - (40);164 wounded 

2002 Petrópolis (RJ) - (88) 

2008 Santa Catarina (SC) 720 mm/72 h - 
(135); 80,000 displaced/homeless, 85 municipalities in 

state of emergency  

2010 
Angra dos Reis (RJ) 143 mm/24 h - (53) 

Rio de Janeiro 120 mm/24 h Vol: 680 m³ (253) 1,410 displaced, 368 homeless 

2011 

Rio de Janeiro 
Córrego Dantas (stream) 

(RJ) 
269 mm/72 h A: 52 

(429); 3,220 disappeared, 2,031 homeless, displaced, 
and many economic losses,  Córrego Vieira (stream) 

(RJ) 269 mm/72 h A: 33 

Córrego da Posse (stream) 
(RJ) 

92.6 mm/72 h A: 12 
(343); 9,110 disappeared, homeless, 6,727 displaced and 

numerous losses 
Córrego do Cuiabá 

(stream) (RJ) 
35.8 mm/72 h A: 36 (71); 6,223 disappeared, homeless, 191 displaced and 

numerous losses 
Antonina (PR) (4) 

2013 
Córrego do Pilões 

(stream) (SP) 

23 mm/10 min 
115 mm/1 h 
273 mm09 h 

- 
Damage to the water reservoir, chlorine cylinders, and 

road service station destroyed  

Petrópolis (RJ) (31); 4,000 displaced 

2014 Itaóca 150 mm/6 hours Structural damage to bridges, destroyed houses, two 
disappeared and 25 death 

Source: adapted from Vieira e Gramani (2015). A = Area (Km²), S = Speed (m/s) and Vol = Volume (m³) 
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2. Methods

We selected eight basins in two areas of the Serra do Mar affected by intense rainfall, trigging shallow landslides, 
debris flows, mudflows, and flash floods. Area 1 (A1) is in the northern portion of the Serra do Mar and Area 2 (A2) 
south of this escarpment in the State of São Paulo (Fig. 1). In A1 five basins were selected (Massaguaçu, Guaxinduba, 
Santo Antonio, Ribeirão da Aldeia, and Pau d'alho) with and without records deposits of the debris flows generated 
in 1967. In this area the mass movements were triggered by intense rainfall events during the summer of 1966/1967 
(Fig. 2); rain occurred almost every day that summer and reached 945.6 mm by March 1967. The 535-mm rainfall 
recorded on the 17th and 18th of that month as responsible for the occurrence of hundreds of shallow landslides and 
debris flows; these events left their mark on the landscape and can still be seen today in the extensive deep scars on 
the slopes and large deposits of blocks in the slope ruptures (De Ploey and Cruz 1979).  

Approximately 50 years later, on 2014, another city, Itaóca, located in the same orographic feature was affected by 
cumulative rainfall of 150 mm/6 hours causing deaths with houses destroyed and structural damage to bridges (Fig. 
2). In this area we selected three basins more: two basins with records of landslides and debris flows (Palmital 1 and 
Gurutuba) and a third basin, with similar morphological characteristics, on the other hand, without any record of any 
landslide or debris flows registered. 

It was evaluated the influence of all 8 morphometric parameters to debris flows in the 8 basins, however in only 
one of them, the Guaxinduba, it was possible to estimate the vulnerability of the constructions to debris flows using 
the PTVA method. 

Fig. 1. Location of the eight basins in the Serra do Mar, State of São Paulo. 
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Fig. 2. (A, B) Mass movements in the Serra do Mar, Caraguatatuba, on March 1967 (C, D) and Itaóca municipality on January 2014. Source: 
Marcelo Gramani; Municipal Archive Caraguatatuba 

2.1 Morphometric parameters 

Morphometric parameters have been used by some authors to evaluate the susceptibility of basins to debris flows, 
because some of these parameters, like drainage channel and slope curvature, sediment availability, shape and area of 
the basin can influence in the dynamics of the debris flows, including their range, the disposal of the deposits and their 
magnitude of destruction. 

The morphometric parameters used (Drainage Density; Ruggedness Index; Circularity Index; Relief Ratio; 
Drainage Hierarchy; Slope Mean Channel; Curvature Concave) were defined from literature (Augusto Filho, 1993; 
De Scally et al., 2001; Jakob, 2005; Chen and Yu, 2011; Dias et al., 2016). The mapping of those parameters derived 
from two sets of elevation data, one a topographic map (1:10,000 scale) and SRTM (1 arc-sec). The litho structural 
data were obtained from the geologic map from Brazilian's Geologic Service (Fig. 2).   

The debris flows mapping was carried out using the research made by Cruz (1974) as a base, interpretation of aerial 
photographs in scale 1:25.000 and satellite images, fieldwork, where were collected the characteristics of the deposits. 
The information was spatialized using the location and characteristics of the deposits, being elaborated a classification 
of the deposits based in boulders size - “Small, Medium, Large and Very Large,” based on the classification proposed 
by Stoffel (2010). For the delimitation of the deposits, we made a 50meters buffer in the drainage, relating the location 
of the boulders with the drainages that could have transported and deposited the boulders. We also used the altimetry 
where the boulders are located and its proximity to slopes as criteria for the mapping.  

2.2 PTVA Method 

For the vulnerability, the PTVA (Papathoma Tsunami Vulnerability Assessment) method developed by Papathoma-
Köhle (2016) was used. Then, two classes of criterion were selected: the constructive itself (building material, the 
presence of high walls, number of floors, the presence of large doors and windows) and the surrounding of the 
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constructions (presence of vacant lots or wide-open area, the presence of blocks and their dimensions and proximity 
of buildings). Subsequently, the method of Multicriteria Evaluation (Voogd, 1983) was applied using a simple linear 
transformation to count each criterion and assign the weights. The weights were organized according to their 
importance for the application of the mitigation measures by the public power, as stated by Papathoma and Dominey 
- Howes (2003). This is the following assignment: Construction material (weight 7), High walls (weight 6), Presence 
of large / wide doors and windows (weight 5), Large land / wasteland (weight 4), Number of floors, Presence of blocks 
(weight 2) and Size of blocks (weight 1). In front of the counting and the assigning of weights, the vulnerability was 
calculated with the sum of the multiplication of each weight by the standardized count of each criterion. Thus, the 
final vulnerability was divided by the sum of the weights to be expressed in the scale of 0 to 1. 

3. Results

3.1 Susceptibility / Morphometric Parameters 

Considering the morphometric parameters and the morphology of debris flows deposits, all eight basins presented 
favorable conditions for debris flows (Table 1). There were high values of Drainage Density (Dd), mainly the Area 2 
(A2) and the Guaxinduba basin of Area 1 (A1), where large blocks were also identified and the highest values of the 
Roughness Index (Ri), indicating its high sediment yield potential, along with the Palmital 1 and Gurutuba (A2) basins. 

Table 1: Morphometric Parameters of the five basins in Area 1 and three basins in Area 2, with predominant lithology. 
Legend: Area (km²); Drainage Density (Dd) (km/km²); Ruggedness Index (Ri) (m/km); Circularity Index (Ci) 
(km²/km²); Relief Ratio (Rr); Drainage Hierarchy (Dh); Slope Mean Channel (Smc); Cc (Curvature Concave). 
In highlight = Critical values. 

According to the Circularity Index (Ci), all basins have a more elongated shape (Ci <0.5), except Palmital 1 and 
Palmital 2, where the large and extra-large rock block deposits were identified, especially the Guaxinduba and Pau 
d'alho basins (Fig. 3B). According to literature, this elongated shape is more favorable to deflagration of debris flows 
in steep landscaping slopes (Crozier, 1986). However, two basins (Santo Antonio and Aldeia) presented a circular 
shape as well large deposits related to previous debris flows (Fig.3A). Although all basins show high values of Relief 
Ratio (Rr), indicating a significant potential of transport and flows, those with higher volumes of deposits had the 
lowest values of this index (Santo Antonio, Pau d'alho and Guaxinduba).  

The Gurutuba basin (A2) has critical values in all morphometric parameters, where, in its lower portion, the large 
debris flows with large size deposits were mapped and the high destructive power (Fig. 3) and rapid flash floods that 
reached elevations between 1.90 and 2.60 m, destroying about 15 buildings.  

The Palmital 1 and Palmital 2 basin, which also present critical values in all morphometric parameters, are 
tributaries of the Palmital river basin, wherein 2014, recorded mudflows and flash floods. All these basins drain into 

Area Basin Area Dd Ri Ci Rr Dh Smc Cc Lithology (>50%) 

1 

Massaguaçu 20,5 1,7 1,6 0,55 132 3º 10º - Granitoids 
Guaxinduba 24,1 3,4 3,4 0,25 78 4º 10º 26% Granitoids  

Aldeia 22.3 2.4 2,6 0,43 112 4º 11º 30% Granitoids 
S. Antônio 40,0 2,2 2,0 0,43 94 5º 11º 20% Granitoids   Quartzites 
Pau d’alho 23,0 2,2 2,2 0,28 91 4º 14º 29% Complex (gneiss-migmatite) 

2 
Palmital 1 0,8 7,7 3,8 0,61 299 3° 22º 25% Phyllite, Metarenite 
Palmital 2 1,0 5,2 2,7 0,62 252 3º 23º 30% Phyllite, Metarenite 
Gurutuba 0,5 5,1 8,7 0,42 170 2º 29º 27% Phyllite, Metarenite /Granite 
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neighborhoods and districts of two cities (Itaóca and Apiaí) with urban and rural occupations, crops fields and forest. 

In 2014 this area was affected by debris flows, mudflows and flash floods that destroyed more than 500 buildings, 
300 people homeless and 25 people killed (Gramani and Arduin, 2015, Matos et al., 2016). 

Fig. 3. Deposits in Santo Antônio basin (A), Pau d’alho basin (B), mudflows and flash floods in Itaóca city from 2014. Source: Itaoca municipality. 

3.2 Vulnerability 

Regarding the vulnerability 38 part of the basin were mapped (Fig. 4) with high (8%), average (70%) and low 
(22%) vulnerability and with a variation of 30% between the lowest vulnerability and the highest one. The high 
vulnerabilities (76% to 85%) are concentrated in the northern and central portions. Mean vulnerabilities (66% to 75%) 
are predominant and well distributed, with low vulnerabilities (55% to 65%) concentrated in the central and southern 
portions. 

There was a variation of about 30% of the lowest vulnerability (55%) and the highest vulnerability (83%), as a 
result of the variation in the conditions of the vulnerability criteria. Some criteria were more important for the increase 
of the final vulnerability, like lack of high walls involving the constructions, presence of blocks in the surroundings 
and proximity of the constructions mapped with open lands. On the other hand, other criteria contributed to the 
reduction of vulnerability: masonry constructions, distance from vacant lots such as fields or vacant lots and absence 
of previous blocks of races. 
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Fig. 4. Vulnerability map of buildings. 

4. Conclusions

• No criterion was determinant in the final classification of the vulnerability and the result depends on the variation
of a set of criteria that tends to increase or reduce the final vulnerability. In general, the condition of the constructions
that most increased the vulnerability met the following criteria: 1) absence of high walls involving construction, 2)
the presence of blocks in the surroundings, 3) proximity to buildings mapped with open land, and 4) buildings with
only one floor

• There are still few studies on the spatialization, identification, and evaluation of the magnitude of debris flows in
Brazil at basin scales. Thus, it is believed that these studies can contribute to future work that aims to identify the
potential of watersheds in the generation of debris flows.

• It was not possible in this work to associate the susceptibility and the vulnerability for all analyzed basins. Future
works will produce new maps of the deposits seeking to identify this association.
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Abstract 

Historical patterns of debris flows have been reconstructed at the town of Forest Falls in the San Bernardino Mountains using a 
variety of field methods (mapping flow events after occurrence, dendrochronology evidence, soil chrono sequences).  Large flow 
events occur when summer thunderstorms produce brief high-intensity rainfall to mobilize debris, however the geomorphic system 
exhibits properties of non-linear response rather than being a single-event precipitation-driven process.  Previous studies contrasted 
the relative water content of flows generated by varying intensity summer thunderstorms to model factors controlling their velocity 
and pathway of deposition.   We hypothesize that variation in sediment discharge also results from complexity in this geomorphic 
system, and this paper presents ongoing empirical field studies focused on sources of complexity in three formative components of 
recently monitored debris-flows at Snow Creek Canyon: 1) thresholds of sediment delivery from sources at the higher reaches of 
bedrock canyons; 2) storage effects in sediment transport down the bedrock canyons; and 3) feedbacks in deposition and transport 
of sediment as flows from the bedrock canyon collect into a single active channel on a fan landform downslope. An example of the 
first component occurred in March 2017, when snow melt generated a rapid translational landslide/debris slide of about 80,000 m3; 
this sediment was deposited in the bedrock canyon, but moved no further down-gradient.  A second component has been observed 
when accumulation of meta-stable sediments in the active channel remain in place until fluvial erosion or subsequent debris flow 
created dynamic instability to mobilize the mass downslope.   The third component occurred in the active channel where low-water 
content debris flows deposited sediments that filled the channel, raising the channel grade level to levy elevation, allowing for 
subsequent spread of non-channelized flows onto the fan and new scouring channel pathways down fan.  Assessment of spatial and 
temporal complexities in a debris-flow system can improve risk prediction. 

Keywords: debris flows; hyperconcentrated flows; debris-flow system 

1. Introduction 

Debris flows entail considerable spatial and temporal uncertainties that complicate efforts to predict hazards.  
Geomorphic systems that exhibit non-linear dynamics are said to be ‘complex’ and multiple sources of complexity 
have been recognized in geomorphology studies (Temme et al. 2015, Murray and Fonstad 2007, Phillips 2003). This 
paper reports an ongoing empirical field study to explore sources of complexity in a debris-flow system spanning from 
a canyon catchment to fan landform, located in the Transverse Range of Southern California. 

1.1  Site Description 

The Transverse range is a west-east oriented mountainous physiographic region of California associated with 
the transform boundary of the Pacific and North American tectonic plates (Harden 1998).  The San Andreas Fault 
Zone makes the “Big Bend” step-over in Southern California, resulting in regional transpressional tectonic stress 
which has uplifted the San Bernardino Mountains (Yule and Sieh 2003).  The study site is Snow Creek Canyon (Lat. 
34.0669° N, Long. 116.9103° W), located on Yucaipa Ridge at the southeastern escarpment of the San Bernardino 
Mountains in the San Bernardino National Forest (place names after GNIS 2018).  

Snow Creek Canyon originates on the north side of Yucaipa Ridge at 2,657 m, and flows into Mill Creek at 
1,663 m elevation, over a horizontal distance of 2.6 kilometers.  Snow Creek flows through the community of Forest 
Falls, among several other drainages that form a bajada along the base of Yucaipa Ridge.  The bajada trends downhill 
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in a northward direction to the grade level of Mill Creek Valley (Fig. 1a and 1b).  The California Geological Survey 
and County of San Bernardino classified the northern and southern flanks of Mill Creek Valley as a landslide hazard 
zone (Tan, 1990; San Bernardino County, 2010).  The only ingress to the town is along Valley of the Falls Drive, a 
two-lane paved, county-maintained road built upon the bajada and intersected by numerous active flow channels.  

Forest Falls has a Mediterranean-type climate with warm, dry summers and cold, wet winters.  Yucaipa Ridge 
results in significant orographic enhancement of precipitation.  Winter season precipitation occurs during the passage 
of mid-latitude cyclones, and summer monsoonal rainfall occasionally occurs in thunderstorms with brief intense 
showers.  Flood-intensity rain events infrequently occur in late summer or fall if the region is impacted by the remnants 
of a dissipating tropical cyclone, as well as in winter if a Pacific atmospheric river circulation pattern develops. A 12-
year record of precipitation (2006-2018) is provided by the San Bernardino County Flood Control District that has 
operated a remote automated weather station (RAWS) with tipping-bucket rain gauge for alert of hazardous rainfall 
atop Yucaipa Ridge at 2753 m elevation (San Bernardino County Flood Control District, Meteorological Sensor ID: 
2900). The rain gauge registers a mean annual precipitation of 85.8 cm ± 24.9 SD for the October to September 
hydrologic year.  Approximately 84% of precipitation occurs from October through June.  On average, the wettest 
month of the year is December (21.7 cm) and the driest month is June (0.4 cm). 

Historically, the study site has experienced several debris and hyper-concentrated flows.  Within the last two 
decades, debris and hyper-concentrated flows have damaged structures, caused one fatality, and produced numerous 
closures of the only road into this valley (Morton et al., 2008); these flows occurred during summer months.  The area 
has also experienced extensive tectonic activity with the Mission Creek Fault, a part of the San Andreas Fault zone, 
mapped across the bedrock portion of the Snow Creek channel and the Mill Creek Fault (North Branch of the San 
Andreas Fault) is concurrent with the main drainage of the valley of which Snow Creek is a tributary (Fig. 1, USGS, 
2002).  The tectonism not only produces uplifting mountains, and hence source of the debris, but surface faulting and 
intense shaking has created a highly fractured, and in some cases deeply weathered, rock mass.  

Fig. 1.  (a) Map showing Forest Falls location between two strands of the San Andreas Fault in the San Bernardino Mountains of Southern California.   
(b) Aerial photo showing Snow Canyon, the community of Forest Falls, and nearby features (source: modified from Google Earth Pro, 2018). 

1.2 The 2017 and 2018 Mass Movements and Flows 

On February 17, 2017, the first of two mass-wasting episodes occurred in the upper reaches of Snow Creek 
Canyon (Fig. 2a).  Less than two months later, a second mass movement occurred in the same area of Snow Creek 
Canyon (Fig. 2b).  These events occurred as seasonal temperatures produced melting of the snow pack on these slopes. 
From photographs and videos taken by a telephoto lens about 1-1/2 kilometers away in Mill Creek Canyon, and 
subsequent inspection of the debris slide, the mass movements appeared to be translational landslide movements of 
intact bedrock with a colluvial veneer.  Some detrital material was deposited at the base of the approximate 45 to 50-
degree side slope, and at the surface this consists of 1 to 3-meter diameter angular boulders.  However, an interesting 
aspect of this mass movement was the accompanying rapid sediment runout that extended 600 to 700 meters 
downslope within the narrow bedrock canyon.  This runout episode was fortuitously captured on video.   Based on the 
video, the mass of clastic material moved in a fluid manner, at a velocity on the order of 100-140 km/hr, and sediment 
clasts and sediment waves reached heights estimated of up to 50 meters (Prochaska et al., 2008).  The bedrock slope 
was observed to ravel small amounts of sediment  during the following three relatively abnormally dry seasons 
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(summer 2017, Fall 2017, and winter 2018). However, most of the debris deposited in the canyon from the two mass 
movement events has remained stationary and has not been remobilized. 

About a year and a half later, on August 16, 2018, an intense precipitation cell over Yucaipa Ridge dropped 
over 5 cm of rain in a 2-hour period.  The runoff from this storm produced a hyper-concentrated mudflow that forced 
closure of Valley of the Falls Road as approximately 0.1 to 0.25 meters of sediment covered the road.  Post flow 
inspection of the fan upstream of the road showed that the sediment produced channel filling and channel avulsion. 
This sediment was ultimately deposited into the Mill Creek drainage. The sediment source for the flow is not obvious 
but is thought to be primarily from the scarred area of the 2017 mass wasting event, and material that accumulated 
600 to 700 meters downstream from that event having fines flushed from debris interstices. 

Fig. 2.  (a) Mass wasting area in Slide Canyon after first episode (on February 17, 2017); area of movement outlined in yellow.). (b) Second 
movement event in Slide Canyon (about 2 months later).  Trees on slide mass are approximately 25 meters high.  (Photo source: McIntosh, 2017). 

1.3 Empirical approaches to study sources of complexity in the Snow Canyon Debris-Flow System 

For almost two decades, the damaging effect of Snow Creek canyon debris flows on the Forest Falls 
community has been recognized, with the primary causative mechanism attributed to high-intensity summer storms 
on Yucaipa Ridge.   However, the non-linear dynamics of 2017-18 flow events suggests this debris-flow system also 
functions with multiple sources of complexity. This paper hypothesizes that complexities occur in 3 system 
components that we describe to guide ongoing empirical field study of the debris-flow system, including:  storage 
effects in episodic sediment loading from bedrock landslide events; sediment storage thresholds and flow movement 
triggering in the narrow channel; and sediment transport across the alluvial fan in a complex channel filling, cutting, 
and avulsion process of feedbacks.   A Geographical Information System (GIS) modelled dimensions of the catchment 
source area for debris flow generation. The catchment area of Snow Creek Canyon was analysed from a 10 m cell 
resolution Digital Elevation Model (DEM) downloaded from the National 3D Elevation Program (USGS 2018), and 
processed with ArcMap 10.3 software (ESRI, Redlands, CA).  The ‘surface tool’ in ArcMap Spatial Analyst derived 
slope angles of each grid cell.  The ‘watershed tool’ was used to delineate the planimetric area of the catchment 
upstream from a fan apex pour-point. The ‘stream order’ tool was used to determine the rank of trunk stream channel 
at the fan apex using a 1,000 grid cell flow accumulation rule. The ‘surface volume’ tool in ArcMap 3D Analyst was 
used to compute a 2D projected area encompassed by the catchment, and a 3D surface area of the canyon slopes. 

2. Previous Studies 

This paper uses creek names shown on the U.S Geological Survey 7.5' Forest Falls quadrangle (after GNIS 
2018), which is consistent with current US Forest Service and local emergency response usage.   The names “Snow 
Creek Canyon” and “Rattlesnake Canyon” have been used interchangeably on some publications. 

Previous research concluded that, cumulatively, debris-flow events in Snow Canyon and Rattlesnake Canyon 
occur on average every 3.5 years with some years having two episodes. This average was based on documented events 
since 1951 and tree ring data over the past 300 years (Morton et al., 2001; Morton et al., 2008; Turk et al., 2008), 
which documented 15 large-scale debris-flow events up to 2008. 

The active channel of Snow Creek is presently located on the eastern side of the fan.  The age of fan surface 
deposits generally increases from east to west across the landform, as evidenced by chronosequence studies of soil 
development, and tree-ring age dates of surface deposits (Morton et al., 2008, Turk et al., 2008).  The west edge of 
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the fan is bounded by an inactive debris-flow channel that is cutoff by the active channel at the fan apex. These studies 
indicate that debris flows are distributed across the fan over time, and identify a need for higher resolution study of 
how channel pathways change. 

3. System Components Operating in Snow Creek Canyon 

Three components are observed to operate in different areas of Snow Creek Canyon and each appears to have 
its own controls, but inputs and thru-puts may link the components or only influence that component.  The components 
include:  1) sediment delivery from source at the higher reaches of bedrock canyons; 2) sediment transport down the 
bedrock canyons; and 3) deposition and transport of sediment on and across the debris-flow fan. 

Our GIS model indicates that Snow Creek Canyon has local relief of 862 m from fan apex (1795 m) to the crest of the 
highest headwall at Yucaipa Ridge (2657 m), over a total length of 1.6 km horizontal distance (53.8% gradient).  Slope 
angles of DEM grid cells range from 2.7° to 69.5°, with mean of 39.8° (Fig 4b).  Although the catchment encompasses 
67.2 ha of planimetric area upstream from the fan apex, the 3D surface model provides an estimate that 93.6 ha of 
surface area covers the steep slopes within this canyon.  The trunk channel of this catchment ranks as a 2nd order 
stream by tributary accumulation of flow from >10 ha drainage area on these slopes, and has a nearly linear drainage 
pattern.  Below the fan apex at the base of the canyon, the trunk channel spans a horizontal distance of approximately 
530 m with an average gradient of 17.2% (Fig 4b).  The channel makes an s-turn from 317 m to 342 m below the fan 
apex and is the location of the levee breaches during recent flows. 

3.1 Sediment delivery from source at the higher reaches of the bedrock canyon 

The Winter-Spring 2017 mass wasting event in Snow Creek Canyon occurred on the west canyon wall, at an 
elevation of 2347 m.  A variety of geological and meteorological conditions may have contributed to the mass wasting 
event including, rock weathering, steep terrain inducing rock fall, high precipitation rates, tectonic activity,  and warm 
temperatures that produced rapid snow melt.   

The rocks are mapped Mesozoic quartz monzonite and Precambrian gneiss (Dibblee, 1964; Gutierrez, 2010). 
These rocks were observed to be highly fractured and weathered.  The walls of Snow Canyon are steep, ranging from 
50 degrees to near vertical.  The area of movement is a mapped landslide complex with slopes in the failure area at 
50-55 degrees.  A colluvial layer 1-2 meters thick overlies a highly fractured bedrock mass (Fig 3a and 3b). The mass 
movement occurred on a plane that is oriented subparallel to the valley wall.  At the base of the slope, the block size 
of the angular boulders ranges from 1.5 to 3.5 meters.  By contrast, at the toe of the debris runout located 600-700 
meters downslope, the block diameter of the angular boulders exposed at the surface was 0.6 to 1.5 meters. While 
material size is obviously sorted with distance from the slide area, the rapid and violent nature of this event is also 
thought to have produced a rapid breakdown of particle sizes.  This was most likely enhanced by the rock mass’s in 
situ fracturing and weathering.  And even further downstream on the alluvial fan surface, clast diameters range from 
10 cm to 0.5 meters along with a considerable sand and silt-sized fraction. 

This location is an extremely active tectonic zone.  The Mission Creek Fault (aka., North Branch of the San 
Andreas fault) is about 0.50 km from the Snow Canyon mass movement episode (USGS, 2002). At the bottom of the 
valley, nearer the Forest Falls community, the Mill Creek fault is about 2.5 km to the north.  The main South Branch 
of the San Andreas fault, located approximately 3.5 km south of upper Snow Canyon, trends along the south side of 
the Yucaipa Ridge.  According to the California Geological Survey’s Alquist-Priolo Earthquake Fault Zone maps, all 
three of the above-mentioned faults are considered potentially active during the Holocene period (CGS, 1974).  
However, another related factor, seismic shaking is an ongoing process and this topographic high would amplify any 
seismic shaking at the site. For example, since February 12, 2017, there have been 24 documented earthquakes greater 
than M2.5 within a 20 km radius of Snow Canyon.  According to the USGS Earthquake Hazards program, a magnitude 
3.4 earthquake occurred on February 10th, less than one week prior to the Snow Canyon mass movement event, 
approximately 8 km southwest of the site.   

Data obtained from the Yucaipa Ridge rainfall gauging station shows Forest Falls having received 0.81 m of 
precipitation from October 23, 2016 to February 18, 2017 (San Bernardino County Flood Control District, 2017).  In 
the preceding weeks prior to the mass wasting event there were no recorded precipitation events; however, the warm 
temperatures during this time melted much of the snow pack and this runoff could have facilitated movement.  Note 
the difference in snow coverage shown in photographs on Figures 2a and 2b. 

Based on our observations and conclusions by O’Keefe, 2017, the 2017 Snow Canyon mass wasting event 
appears to combine aspects of the flow and slide mechanisms, including flow as a debris avalanche (Cruden and 
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Varnes, 1996).  Summerfield (1991) notes that debris avalanches often begin as landslides and historically, the 
documented major mass wasting episodes in Forest Falls have been classified as debris flows and debris avalanches. 
Prior to 1999, Forest Falls experienced 11 debris flows and during July 1999 a debris flow and debris avalanche 
occurred at Snow Creek, east of Snow Canyon (Morton and Hauser, 2001).  The California Geological Survey and 
San Bernardino County have classified the northern and southern mountains of Mill Creek Valley, surrounding Forest 
Falls and encompassing Snow Canyon, as a landslide hazard zone. 

Fig. 3.  (a) Source area of mass wasting taken in May 2017, about 2 months after last movement occurred.  Rock mass structure is evident, as is 
moderate to high degree of weathering. Slope orientation is approximately 50 degrees; (b) Trees and large boulders were mobilized by the Winter-
Spring 2017 mass wasting event.  The landslide source area is several hundred meters upslope from this location. Angular boulder diameters range 
from 0.2 to 2.0 meters in diameter. 

3.2 Sediment storage and transport down the bedrock canyons 

Less information is known about this part of the system than of the two other components because it is easily 
overlooked as an independent component of the process mode.  More attention is given to the upslope mass movement 
that produces the sediment or the downslope alluvial fan.  Had it not been for the unique opportunity of the photo and 
video documentation of this event, we could have also overlooked its importance; however, the fact that all of the 
sediment produced in the Winter-Spring 2017 mass wasting event was stored in this section, suggests it should not be 
overlooked.  At very least, the amount of sediment stored and estimating its control on groundwater flow within this 
sediment mass pose intriguing questions.   

We are in the process of quantifying the 2017 sediment that was deposited within this bedrock channel 
segment.  Our pre-flow aerial photography is not high enough resolution to use as a base.  We are currently using a 
LIDAR base obtained in 2016 that has been recently made available as our pre-flow base (NCALM, 2014).  For post 
flow, will be using new sUAV LIDAR once it becomes operational or sUAV conventional photography.  For both, 
the steep topography in the area has created logistical obstacles.  For obtaining information on groundwater flow 
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within the deposited sediment and how this sediment may be remobilized into an active debris or hyper-concentrated 
flow can at this time only be estimated or modelled hydrologically.  

 At this point we know that the estimated 120,000 cubic meters that moved in the 2017 event was stored 
within the bedrock channel area from the slide mass site to a distance downstream 600-700 m.  In August 2018, a 
hyper-concentrated sediment flow was produced on the fan and extended onto Valley of the Falls Drive.  The volume 
estimate for this sediment was not able to be accurately determined as precise depth and sediment extent records were 
not recorded. However, based on crude sediment depths, we roughly estimate that about 15,000 cubic meters of 
sediment was deposited on and downstream of the road.  This combined with the sediment estimates that mapping of 
alluvial fan surface mapping determined, which was on the order of 10,000 cubic meters, then the total amount of 
sediment mobilized during event was on the order of about 120,000 cubic meters.  This would leave about 95,000 
cubic meters of sediment, produced by the 2017 mass wasting event, still stored within the bedrock channel segment.  

From a risk standpoint at this time, we can only speculate about the amount of sediment or debris that another 
intense rainstorm could possibly produce. For example, will a repeat storm again produce another hyper-concentrated 
flow of relatively fine-grained sediment? Or did the August 16, 2018 storm runoff remove all loose, available stored 
sediment?  At what point will the coarser material be mobilized?  Does the coarser material currently exist in a meta-
stable state with only the fine material able to be mobilized by fluid flow?  What is its threshold trigger? For example, 
could the coarser material only be mobilized into a true debris flow only episodically, say when another large mass 
wasting event produces enough kinetic energy (i.e., bull-dozing driving force) to physically mobilize this material (as 
opposed to mobilization by hydraulic forces alone)?   

3.3 Sediment deposition and transport of sediment on and across the debris-flow fan 

Open traverse surveys of topography on the fan were recorded using submeter precision global positioning 
system (GPS) roving receivers (Trimble GEO7x with Zephyr antenna, ArcPad 10 software).  The GPS positional data 
(x,y,z) were recorded only if a real-time differential correction was obtained and the 3D position dilution of precision 
(PDOP) was < 3.0.  Elevation (z) was calibrated using the GEOID03 model offset of -30.414 m reported by the 
National Geodetic Survey at the latitude and longitude coordinates of Forest Falls CA relative to height above the 
WGS84 ellipsoid (NGS 2017, 2018).  

Fig. 4.  LIDAR imagery of Snow Creek and alluvial fan. (a) Entire system downstream of mass movement area with features annotated.  Area A is 
the channel where sUAV point cloud imagery was acquired that shows the channel changes produced by the August 16, 2018 hyper-concentrated 
flow       (b) Enlarged area from Fig 4a that shows close up of alluvial fan channels. 

A total of 3,022 GPS survey points were recorded across the fan on September 23, 2017. This procedure was 
repeated on September 28, 2018 to record 2,362 GPS survey points over the active channel and extent of debris flow. 
Only GPS survey points with Estimated Positional Error (EPE) � 1 m were used for geospatial analysis of the fan 
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surface elevation change.  This resulted in use of 2,002 points (66.2%) from the 2017 survey, and 2,113 points (89.4%) 
from the 2018 survey.  This GNSS data for both years was exported to ArcMap and converted into 10 m cell grids 
using the ‘Point to Raster’ tool that averaged all elevations within each cell.  The Spatial Analyst ‘Raster Calculator’ 
tool was used to compute the difference in elevation (ΔZ) for 2018 minus 2017. Cells with negative values of -1 m or 
more indicate areas where net erosion exceeded the range of GPS measurement imprecision (figure of ΔZ).  Likewise, 
positive values greater than 1 m indicate where net deposition measurably occurred.  Taken together, our GPS 
surveying, sUAV photography, and analysis of existing LIDAR across the fan provide multiple lines of evidence that 
deposition appears to be shifting in a westward direction by spread of non-channelized flows onto the fan. At the same 
time, there has been significant fluvial erosion by new scouring of channel pathways down fan in a process of channel 
avulsion below where the active channel was overtopped by bedload accumulation.  

4. Discussion of system 

Previous work had concluded that summer monsoon rainfall events on Yucaipa Ridge were the hydraulic 
driving force that produced debris flows.  For example, including the 1999 and 2016 debris and hyper-concentrated 
flows, Forest Falls has experienced 13 debris flows since 1951.  However, monsoonal storms occur much more 
frequently than do documented debris incidents.  Based on observations of the 2017 mass wasting event, where 
sediment was observed to accumulate within the middle portion of the bedrock channel, and then where an August 
2018 monsoonal event created a hyper-concentrated flow that mobilized about 25,000 cubic meters, we observed that 
a large percentage of the coarse-grained material boulders and clasts remain as a meta-stable sediment plug in the 
middle channel.  What is unknown is what type of an event will be required to mobilize the larger volume and larger 
diameter material into a presumed true debris flow.   

Fig. 5.  Some event causes the course sediment stored in the middle section (the bedrock channel) to become mobilized and transported downslope. 
These two possible scenarios are possible models for the complex controls that operate to control the type and volume of flow that may occur in 
Snow Creek canyon and alluvial fan. 

5. Conclusions & Recommendations for Future Research 

Sediment loads contained within the debris-flow system at Forest Falls are produced in multiple non-linear 
components of erosion, transport, and deposition.  We identify a need to quantify ‘thresholds’ of rainfall intensity 
required for sediment mobilization, recognizing that ‘storage effects’ occur in bedrock canyons and active drainage 
channels which accumulate significant loads of sediment mobilized by antecedent mass-movement processes, as well 
as from deposits of smaller water-limited debris flows that traveled short distances. Debris flows from the canyon 
deposited sediments that aggraded within the active drainage channel and breached the active channel levy, allowing 
for subsequent spread of non-channelized flows onto the fan.   A ‘feedback’ process of channel avulsion progressed 
in subsequent flow events that eroded new channel pathways down fan.  Field investigations and monitoring will 
progress to gather data that will build a model of these complexities. Existing and future imagery such as LIDAR, 
InSAR, and conventional aerial photography are being analysed through the use of Point Cloud software to quantify 
baseline geomorphic conditions and provide measurements of event-specific changes.  Possible future work is: 

• The amount of sediment stored in the bedrock channel needs to be quantified.  LIDAR and InSAR may allow
more precise calculations so the hypotheses developed can be tested.

• The amount and location of sediment that is stored on the alluvial fan.  The forested nature of this geomorphic
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surface has limited the use of historic stereo photography or new high resolution sUAV photography for this 
purpose.  LIDAR and InSAR may provide the ability for this purpose.   
A sediment budget to determine how much sediment is being produced in which area, where it is being 
temporarily being stored, and how much sediment passes through the system.  

• The locations where individual mass-wasting and debris-flow events are triggered needs to be determined
with higher spatial and temporal resolution.  A time series of such data could potentially be useful to provide
a statistical frequency distribution for occurrences of sediment mobilization, contrast different scales of flow
events, as well as to determine the flow distances contained within this system.  An array of field
instrumentation may be useful, such as infrasound acoustic sensors for mass-wasting events and geophones
for ground vibration detection caused by debris flows (after Hurlimann et al. 2003, Abanco et al. 2014,
Havens et al. 2014), and could be calibrated with events documented by the aerial surveys and GPS surveys.
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Abstract 

Long-term records of the magnitude and frequency of debris flows on fans are rare, but such records provide critical information 
needed for debris-flow hazard and risk assessments. This study explores the history of debris flows on a fan with seasonally 
inhabited cabins at Pope Creek along the Entiat River about 48 km upstream from the town of Entiat, Washington. Motivation for 
this study was provided by the Duncan Fire, a wildfire which burned the Pope Creek basin in 2014 and resulted in debris flows 
and water-dominated floods on the fan between August 2014 and October 2016. We excavated and mapped seven 6-m long (2.4-
m deep) trenches, mapped deposits on the surface of the fan, and constrained the ages of deposits using radiocarbon dating and 
the computer program OxCal. Preliminary results indicate that there have been at least 10 debris-flow events (DFEs) since 4000 
cal yr BP. The mean recurrence interval between events was 433 +/-44 years, but intervals range from 724 to 20 years. The four 
most recent events have the shortest recurrence intervals. The largest event had an estimated sediment volume of 97,000 m3 and 
occurred at about 285 cal yr BP (1665 AD) during the Little Ice Age. The most recent debris-flow event that was triggered by 
rainstorms following the Duncan Fire was about 8x smaller than the largest event. These results may indicate that the largest DFE 
was triggered by an exceptional meteorological event that occurred during a cool, wet time, and that smaller DFEs were triggered 
by less exceptional meteorological events that occurred following wildfires. 

Keywords: debris flow; fan; magnitude; frequency; Washington State 

1. Introduction

In most parts of the world, debris-flow frequency and magnitude relations, and changes in those relations due to
wildfires, are poorly documented, but are critical for hazard and risk assessments. Debris-flow frequency and 
magnitude relations are poorly documented because of a scarcity of systematic trenching studies of debris-fan 
deposits. In the western United States, existing studies of natural exposures of fan stratigraphy show an increase in 
fire-related sedimentation events (floods and debris flows) during warm climatic conditions and multidecadal 
droughts (e.g., Pierce and Meyer, 2008; Frechette and Meyer, 2009). 

In this paper, we present preliminary results from a systematic study of debris-flow deposits on a debris fan in an 
area susceptible to wildfires in central Washington State. We studied the debris flows by mapping deposits on the 
fan surface, and by mapping and dating debris-flow stratigraphy in seven ~2.4-m deep trenches distributed across 
the fan. We used dated deposits to model debris-flow recurrence intervals for 4000 cal yr BP and compared our 
results to available climate and fire histories in central Washington.  
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2. Setting

The debris-fan that we studied is at the mouth of Pope Creek, a tributary to the Entiat River in the Okanogan-
Wenatchee National Forest (Fig. 1). The Pope Creek fan and basin cover areas of 0.2 km2 and 9.1 km2, respectively. 
Relief from head of basin to the toe of the fan at the edge of the Entiat river is 1,340 m. The basin is underlain by 
an Eocene-age biotite and hornblende-biotite granodiorite within the Duncan Hill Pluton (Tabor et al., 1987). The 
fan and river valley were mapped by Tabor et al. (1987) as Holocene and Pleistocene alluvium ranging from 
poorly-sorted sandy gravelly sand on the fan, to moderately-sorted cobbly gravel along the river.  

The geologic history of the study area is complex. The area is on the east side of the volcanically active 
Cascades Range about 45 km southeast of the Glacier Peak volcano. Pumaceous tephra is present in the Pope 
Creek basin and most likely originated from an eruption of Glacier Peak between 11,000 and 13,000 years ago 
(Porter, 1978). The area is also near the western edge of the Okanogan ice lobe of the Pleistocene Cordilleran 
continental ice sheet, but just outboard from the area that was glaciated (e.g., Balbas et al., 2017). Alpine glacial 
drift has been mapped in isolated parts of the Entiat Valley near Pope Creek (Haugerud and Tabor, 2009). 

Fig. 1. Map of the Pope Creek debris fan showing surficial geology mapped in 2017, location of trenches excavated in 2017, and location of 
cabins and outbuildings near the Entiat River. Trenches 1, 3, 7, 8, and 12 were not excavated, and are therefore not shown here. All post-2014 
deposits are part of debris-flow event 10 (DFE10). Coordinates of tick marks are UTM, zone 10, meters. Elevation data are from the National 
Elevation Dataset (NED, USGS, 2018), contour interval is 20 m.  Small inset map shows the location of the fan and basin in Washington State. 
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The Entiat River basin has a long history of destructive wildfires and subsequent floods and debris flows 
including events in the 1970s (e.g., Perkins et al., 1971; Klock and Helvey, 1976; Woodsmith et al., 2004), 2014 
(Duncan Fire, Burned Area Emergency Response, 2014), and 2015 (Wolverine Fire, Burned Area Emergency 
Response, 2015).  After a wildfire in 1970, debris flows in June 1972 destroyed private cabins and killed four people 
on the Preston Creek fan in the Entiat Valley (Klock and Helvey, 1976). At the Pope Creek fan, there are records 
from two historical debris-flow events, one on May 19, 1995 (U.S. Bureau of Reclamation, 2009) that was not 
related to a wildfire, and another following the Duncan Fire which burned in July and August, 2014. The 1995 event 
deposited boulders and large woody debris at the head of the fan, and finer sediment on lower parts of the fan, 
including on National Forest Road 51, and near private, seasonally occupied cabins located on the periphery of the 
fan near the Entiat River. The post-2014 debris-flow event deposited material on the fan in a similar manner to the 
1995 event.  

The Duncan Fire burned about 65 percent of the Pope Creek basin at moderate to high soil-burn severity (Burned 
Area Emergency Response, 2014). Prior to the Duncan Fire, a mixed conifer forest blanketed the basin and fan, with 
ponderosa pine, grand fir, silver fir, and mountain hemlock trees in the basin, and ponderosa pine on the fan. This 
vegetation regime is classified by the U.S. Forest Service as Pacific Northwest forested, mixed conifer, eastside 
mesic. For this vegetation regime, the Forest Service Fire Effects Information System gives mean fire return 
intervals as 200 yrs, 150 yrs, and 40 yrs for stand replacement, mixed, and surface fire-severity classes, respectively 
(U.S. Forest Service, 2018).  There is not a correlation between soil-burn severity and fire-severity classes (e.g., 
Safford et al., 2007). 

3. Methods

During field work in the spring and summer of 2017, we mapped deposits on the surface of the Pope Creek fan, 
and excavated and mapped seven trenches in the fan. We identified deposits on the fan surface and then mapped 
deposit boundaries on a June 2016 Digital Globe WorldView-2 image. Trenches were about 6 m long, 2.4 m (8 ft) 
deep, and had two 1.2 m (4 ft) high walls separated by a 1.2 m (4 ft) wide bench. At each trench, we mapped and 
described deposits, flagged unit contacts using nails and flagging, surveyed the position (UTM zone 10 coordinates 
and elevation above mean sea level in m) of all flagged nails using a total station surveying unit, and collected 
charcoal samples for radiocarbon dating.  Charcoal samples were all detrital charcoal, meaning that the charcoal was 
not created in-situ, but instead was transported to its deposition location from an upstream location either on the fan 
or in the basin, and thus provided maximum ages for the deposits.    

We interpreted deposits as debris-flow deposits or flood (water-dominated) deposits based on sedimentological 
characteristics. Debris-flow deposits were unsorted, matrix-supported deposits that contained randomly oriented 
clasts (cobbles and boulders). Flood deposits were sorted, clast supported, contained layers, and were generally finer 
grained than debris-flow deposits.     

From surface and subsurface exposures, we documented that the Pope Creek fan is dominated by debris flows 
rather than floods, but, we also know from observations of debris-flow events in multiple locations that individual 
events often have both debris flow and flood components, both in time and in space. Previous investigations have 
shown that there can be debris flows and/or floods over periods of years to possibly decades that leave 
sedimentologically identical deposits that cannot be distinguished from one another in cross section unless there are 
soil horizons visible between the deposits (see Major, 1997 for additional details). To account for such uncertainties, 
throughout this paper, we use the term debris-flow event (DFE) to describe historical and pre-historic flow events on 
the fan. A single DFE can include one or more flows that cannot be distinguished from one another, either on the fan 
surface, or in stratigraphic sections. We identified 10 DFEs at Pope Creek, with the oldest designated as DFE1 and 
the youngest as DFE10. An individual DFE can contain both debris-flow deposits and flood deposits on different 
parts of the fan surface, or at single locations. Flows on the fan after the Duncan Fire (Post-2014 DFE10, Fig. 1) are 
useful to illustrate this point. In DFE10, there were multiple flows following the 2014 Duncan Fire that were 
indistinguishable from one another on the fan surface and in trenches. Additionally, DFE10 had debris flow and 
flood components (Fig. 1), with debris-flow deposits near the head of the fan, and flood deposits on the middle and 
lower parts of the fan.  

Soil horizons can be useful to distinguish DFEs because they indicate hiatuses in the debris-flow depositional 
cycle. For soil descriptions, we used the nomenclature of Schoeneberger et al. (2012). Specifically, we described A, 
B, and C soil horizons.  An A horizon is organic matter and mineral-rich material that accumulates at or near the 
land surface. A B horizon underlies an A horizon and is different from the original parent material because of an 
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accumulation of secondary material, color, or structures (aggregation of soil particles). A C horizon is a 
subsurface horizon and can be like or unlike the material from which the soil formed. C horizons lack properties 
of A and B horizons. At the Pope Creek fan, C horizons are the parent material from which the A and B horizons 
formed. In some cases, because of a lack of adequate time and/or climatic conditions, there are C horizons at 
Pope Creek that never had A and B horizons form. Additionally, it is possible that some C horizons had A and/or 
B horizons at one point in time that were locally scoured away by subsequent floods and debris flows.     

We submitted 17 charcoal samples for accelerator mass spectrometry (AMS, 14C) dating to the Woods Hole 
Oceanographic Institute (16 samples) and Beta Analytic, Inc. (1 sample). Prior to submittal, we removed 
inorganic sediment and any organics from modern plant roots and dried the samples by heating them in an oven 
at 50°C for 2 hours.  

We identified and correlated DFEs (Fig. 2) using soils and radiocarbon dates as constraints. To model the 
timing of DFEs from radiocarbon dates, we used OxCal radiocarbon calibration and analysis software version 
4.3.2 (Bronk Ramsey, 2009, 2017) and the IntCal13 calibration curve of Reimer et al. (2013). OxCal is a 
Bayesian analysis tool that probabilistically models the timing of undated DFEs by incorporating the time 
distributions of all available chronological constraints (14C dates from charcoal in our case). Oxcal produces a 
probability density function (PDF) for each undated event. We modeled the maximum ages for the deposition of 
DFEs (i.e., the age of fires that created the charcoal) using OxCal R_Date commands for units with single 
charcoal samples, OxCal R_Date and Phase commands for units with multiple charcoal samples, and Date 
commands for ages of the individual DFEs (see Lienkaemper and Bronk Ramsey, 2009, and DuRoss et al., 2011 
for additional details regarding these OxCal commands). Our modelling provides mean values and 95% 
confidence interval bands for the maximum ages of DFEs.  

We estimated volumes for each DFE based on our observations of the post-2014 DFE10 event. We used the 
percentage of the fan area covered by DFE10 (19%) and the number of trenches where deposits from DFE10 
were exposed (2) to establish an equation to estimate the sediment volume (V) of DFE10, and the other nine 
DFEs: 

V = MT*TE*PF*TA (1) 

where MT is the mean thickness (m) of DFE deposits from map and/or trench exposures, TE is the number of 
trenches where DFE deposits are exposed, PF is 0.095, which is the estimated percentage (9.5%, 19%/2 based on 
DFE10) of the fan that is covered for each trench where DFE deposits are exposed, and TA is 204000, which is the 
total area of the fan (m2). For DFE10 (the post-2014 event), MT was based on about 10 natural exposures as well as 
trench exposures. For all pre-2014 DFEs, MT was estimated from trench exposures alone. This approach for 
calculating DFE volumes relies on an assumed positive correlation between the percentage of fan area covered by a 
DFE, and the number of trenches where the DFE is exposed. An additional assumption is that all DFEs would have 
a similar pattern of deposition to that of DFE10. For example, if a pre-2014 DFE primarily transported material 
down a single channel and into the Entiat River, rather than spreading across the fan in multiple depositional 
“fingers” as DFE10 did, then our method for estimating volume would underestimate the volume of the event, or we 
would simply not see the event in our limited number of trenches. The obvious limitation of our methodology is that 
it yields rough volume estimates that are subject to refinement as additional trench data become available, or if 
better subsurface mapping methodologies are used at the fan.  

4. Results

Our surficial map of the fan (Fig. 1) distinguishes two ages of material: pre-2014 material that is boulder-rich 
debris-flow deposit, and post-2014 (DFE10) material that was deposited in 2 or 3 separate flows that the U.S. 
Forest Service documented as occurring between August 2014 and October 2016.  DFE10 had both debris-flow 
and flood deposits and had an estimated sediment volume of 12,000 m3 (Table 1). The pre-2014 material can be 
broken into DFEs based on exposures in trenches and from radiocarbon dates (see Fig. 2).  

Trench exposures reveal a total of 10 DFEs in the last 4000 years (Fig. 2).  The timing of DFEs 10 and 9 are 
from historical records. The ages of DFEs 8-6 are well constrained both spatially and temporally because of the 
presence of buried A and B soil horizons, as well as an abundance of radiocarbon dates. The ages and spatial 
correlations between trenches for DFEs 5-1 are poorly constrained because of a general lack of soils and sparse 
availability of radiocarbon dates. The average thicknesses of individual DFEs range from 0.1 to 1.1 m (Table 1). 
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Estimated sediment volumes of DFEs ranged from 2,000 m3 (DFE9) to 97,000 m3 (DFE7, Table 1). We estimate 
that the largest DFE in the 4000-year period of record (DFE7) covered about 48% of the total fan area (Table 1).     

The modelled ages for each DFE are shown in Figure 3. DFEs had a mean recurrence interval of 433 +/- 44 years 
for the 4000-year period of record. However, over the last 300 years, DFEs seem to be occurring more frequently, 
with mean recurrence intervals for the last 4 DFEs (DFEs 10-7) ranging from about 260 to 20 years (Fig. 3). We 
suspect that this observation is an artifact because we have good soil, radiocarbon, and historical constraints for the 
last several hundred years that allow us to better distinguish DFEs compared to the rest of the period of record. The 
largest DFE in the period of record, DFE7, occurred about 285 +/-98 cal yr BP (1665 AD).   

Fig. 2. One-meter wide sections showing stratigraphy exposed in each trench shown in Figure 1.  “N” and “S” in trench names refers to north and 
south walls, respectively. Correlation of debris-flow events (DFEs) between trenches are shown with colors. Soil designations shown in 
individual sections refer to A, B, and C soil horizons used to correlate deposits between trenches. Conventional radiocarbon ages are shown in the 
table and calibrated ages are shown in stratigraphic sections.  Correlations of older deposits (DFEs 1-5) were difficult because of poor soil and 
radiocarbon constraints.  These correlations are subject to revision as additional radiocarbon dates become available in the future.   
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Table 1. Estimated areas and sediment volumes for debris-flow events. Estimates are based on measurements of 
DFE10 which covered 19% of the total fan area and was exposed in two of the seven trenches. Average thickness of 
DFE10 was estimated from both surface and subsurface (i.e., trench) mapping. All other average thickness estimates 
were made from multiple measurements in trenches alone. Total fan area is 204,000 m2. If deposits from a debris-
flow event were exposed in all seven trenches, we estimate that the event would have covered 67% of the fan. 

Debris-Flow Event Number of 
trenches where 
DFE is present 

Estimated 
average 
thickness (m) 

Estimated 
percentage of 
total fan area 
covered by the 
deposits 

Estimated area 
covered by the 
deposits (m2) 

Estimated 
sediment 
volume (m3) 

DFE10 2 0.3 19.0 39,000 12,000 

DFE9 1 0.1   9.5 19,000   2,000 

DFE8 3 0.5 28.5 58,000 29,000 

DFE7 5 1.0 47.5 97,000 97,000 

DFE6 4 0.7 38.0 78,000 54,000 

DFE5 3 0.3 28.5 58,000 17,000 

DFE4 2 1.1 19.0 39,000 43,000 

DFE3 2 0.7 19.0 39,000 27,000 

DFE2 1 0.3   9.5 19,000   6,000 

DFE1 1 0.5   9.5 19,000 10,000 

By combining the modelled ages (Fig. 3) and estimated volumes (Table 1) for DFEs over the last 4000 years, 
we defined a magnitude/frequency relation for debris-flow events on the fan (Fig. 4). This relation shows that the 
annual probability of DFEs exceeding 1000 m3 is about 0.3 percent, whereas the annual probability for events 
exceeding 90,000 m3 is about 0.03 percent. This relation is based on the entire period of record and assumes 
stationarity in climate over the period of record. Stationarity is the concept that climate and other natural systems 
fluctuate within an unchanging envelope of variability (e.g., see Milly et al., 2008 for details). Climate change is 
altering the range of historical climate variability (i.e., temperatures and precipitation) and is expected to render 
the stationarity assumption invalid (Milly et al., 2008). Our magnitude/frequency relation (Fig. 4) does not 
account for a change in climate stationarity that could be related to the observed increase in DFE frequency over 
the last several hundred years.   

5. Discussion

Wildfires increase the susceptibility of hillslopes to debris flows (e.g., Cannon and Gartner, 2005), but
meteorological events trigger the flows. Based on the prevalence of charcoal in our trenches, wildfires have 
repeatedly burned the Pope Creek basin during the last 4000 years. For the vegetation assemblage that existed at 
Pope Creek prior to the Duncan Fire, the estimated mean return period for surface fires and stand replacement 
fires are 40 and 200 years, respectively (U.S. Forest Service, 2018). The surface fire interval is about an order of 
magnitude less than our mean debris-flow recurrence interval (433 years), whereas the stand replacement interval 
is about half of our debris-flow interval. In addition to the post-Duncan fire DFE (DFE10), past fires have 
undoubtedly contributed to other DFEs at Pope Creek. However, the resolution of our data does not allow us to 
establish a direct link between the timing of fires and debris flows at Pope Creek.     

Our records of climatic variations in the Holocene that could influence the magnitude and frequency of fires 
and meteorological events are similarly crude. Available climate data for our 4000-year period of record come 
from two sources, radiocarbon-dated pollen records from multiple sites in Washington State (e.g., Whitlock, 
1992), and historical records of world-wide climate anomalies such as the Medieval Warm Period and the Little 
Ice Age (e.g., Broecker, 2001).  Pollen records reveal broad changes in temperature and precipitation during the 
Holocene. In general, these records (e.g., Prichard et al, 2009; Mack et al., 1979) indicate a shift from warm dry 
conditions in the mid Holocene (~8000 to ~4500 cal yr BP) to cool moist conditions in the late Holocene (~4500 
cal yr BP to Present). All of our DFEs occurred in this cooler, moister time period. The Medieval Warm Period 
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and the Little Ice Age are warmer and cooler periods that are overprinted on this overall period of cool moist 
conditions.   

The largest debris-flow event in our record (DFE7, Table 1) occurred during the Little Ice Age and the 2nd largest 
event (DFE6, Table 1) occurred at the end of the Medieval Warm Period or in the transition period between the 
Medieval Warm period and the Little Ice Age (Figure 3). The significance of the largest event occurring during the 
Little Ice Age is unclear.  However, there is about an 8x difference in size between DFE7 and the size of the event 
that we know is related to wildfire (DFE10). If we speculate a little, this difference may indicate that the largest DFE 
was triggered by an exceptional meteorological event that occurred during a cool wet time period, and that smaller 
DFEs were triggered by less exceptional meteorological events that occurred closely following wildfires. 

. 

Fig. 3. Probability (PDFs) for the time of debris-flow events (DFEs) on the fan. Fig. 4.  Annual probability of exceedance for debris- 
BP is “Before Present” with “Present” (0 on the x -axis) defined as 1950 AD.  PDFs  flow event volumes on the Pope Creek fan derived 
were modeled using the Date command in OxCal.  Mean values are shown as small  from data in Table 1 using the Poisson probability 
black circles. Horizontal bars under each PDF show 2σ ranges.  Recurrence intervals model and methods described in Coe et al. (2004). 
between DFEs are the time periods between mean values. Times of the Medieval  
Warm Period (1150-750 cal yr BP, 800-1200 AD) and Little Ice Age (600-90 cal yr  
BP, 1350-1860 AD) are from Broecker (2001). 

6. Conclusions

We mapped and trenched a small debris-flow fan in central Washington State and found evidence of 10 debris-
flow events in the last 4000 years. We used radiocarbon dates from trenches in the program OxCal to model the ages 
and recurrence intervals between debris-flow events. The mean recurrence interval is 433 years, but intervals range 
from 724 to 20 years. The four most recent events have the shortest recurrence intervals. The largest event, with an 
estimated sediment volume of 97,000 m3, occurred at about 285 cal yr BP (1665 AD) during the Little Ice Age. The 
most recent debris-flow event that was triggered by rainstorms following a wildfire in 2014 was about 8x smaller 
than the largest event. These results may indicate that the post-fire debris-flow event was triggered by a rainstorm 
with a relatively small (short) return period compared to the meteorological event that triggered the largest debris 
flow.  
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Abstract 

Debris flows are a common problem in Western Washington State. One persistent location of debris flows is Slide Ridge. Glacial 
till deposits erode in debris flows which travel to Lake Chelan, passing through the community of Shrine Beach in Washington 
State. In the early 1990s an unlined debris channel was constructed from the apex of Slide Ridge to Chelan lake and a large debris 
basin was constructed on the upslope side of the road crossing. Every 1-2 years there is a flow large enough to fill the basin, pass 
over the road to continue downstream to Lake Chelan, and the road is left covered in debris. The largest debris flows since 2003 
have volumes estimated to be between 803 m3 to 9863 m3. Samples show the sediment is 85% gravels and dominated by angular 
cobbles. A number of models are being tested for their ability to predict future debris-flow volume, maximum debris-flow height, 
and runout distance. Results of the modeling will be used to design and evaluate mitigation measures that include the installation 
of grates, nets, altering the road configuration, and combination of these measures.  

Keywords: debris flow; Cascades; debris channel; mitigation 

1. Introduction

Slide Ridge basin is a steep mountainous catchment with rock outcrops split by numerous scree (loose rock) slopes
and very sparse areas of soil or vegetation. Based on cursory inspection, the upslope rocks are highly fractured, 
unstable and are frequently mobilized into debris flows. The occurrence of debris flows in the area has a long history 
and the GLO maps (circa 1890’s) call out the area as “Rock Slide 1000 ft deep”. Over geologic time, debris flows 
have transported sediment from the upper reaches and built an alluvial fan to Lake Chelan. The downstream area of 
the fan and lakefront have been developed in recent decades despite the prevalence of debris flows. With increased 
development, the occurrence of road closure due to debris-flow deposition became an issue. The road provides the 
only year-round access to properties located uplake along the south/west shore.  

Debris flows were unmanaged on Slide Ridge until the 1990s. Following a sequence of large debris flows that took 
multiple paths down the alluvial fan and caused a significant amount of property damage, the County developed an 
Environmental Impact Statement and options for debris-flow mitigation. The EIS called for construction of a debris 
flow channel on Slide Ridge to funnel future debris flows to a depositional basin upslope of the road, a culvert under 
the road to allow for debris passage without overtopping the road, and earthen check dams in the upslope channel to 
reduce the debris volume transported downstream. These features were built and have been maintained since 1994, 
but the incidence of debris deposition on the road and around downslope properties has continued. The debris basin 
was built with 3058.2 m3 (4000 yd3) capacity, and the largest recorded debris-flow volume was 12156.4 m3 (15900 
yd3) in 2005. 

This presentation presents the results of a mitigation alternatives evaluation for Slide Ridge. The history of the 
ridge and debris flows were investigated and aided by a large debris flow occurring during the study time frame. Field 
data collected following this debris flow were combined with historical data to calibrate a DFLOWZ model. This 
model was used to predict deposition from a range of different debris-flow volumes, including volumes larger than 
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any previously recorded, under a range of mitigation alternatives. Alternatives were developed with the goal of 
reducing or eliminating road closures, reducing the required maintenance, and reducing the public safety hazard. 
Alternatives included increasing the size and/ or number and location of debris basins, installing a herringbone style 
debris breaker, and altering the defined debris-flow channel geometry and slope to increase the volume transported 
into the lake during a debris flow. This presentation focuses on how the alternatives have been selected and analyzed. 

2. Site

Lake Chelan is located on the eastern side of the Cascade Range in Washington State. The lake has an upper and
lower basin connected by a constricted, shallow reach known as the Narrows. The upper basin, Wapato Basin, was 
carved by the Chelan glacier and the lower basin, Lucerne Basin, by the Okanogan-Columbia Valley lobe of the 
Cordilleran Ice Sheet (Kendra and Singleton, 1987). The lake drains to the Columbia River.  

Slide Ridge is on the southwest side of Lake Chelan immediately downstream of the Narrows. It is a steep, 
mountainous catchment of coarsely crystalline granites, schists, and gneisses with well developed jointing. Vegetation 
is sparse, and outcrops are separated by scree slopes. Debris flows have built an alluvial fan over time, and many 
historic remnant channels and flow deposits are visible across the fan. Large debris-flow events have deposited 
sediment into Lake Chelan over time. In 1967, bathymetry measurements identified 45 m of sediment accumulation 
in the channel center, and it was inferred to have originated with flows off Slide Ridge (Whetten, 1967). Shoreline 
bathymetry from 1987 were used to estimate the off-shore slope at 11%. LiDAR was collected over the study area in 
May, 2018.  

Fig. 1. Channel slopes based on 2018 Lidar for Slide Ridge debris channel. 

The existing Slide Ridge geometry channelizes the debris flows from the apex to efficiently convey flows to S 
Lakeshore Road. Above the apex the upper basin slopes are 45 degrees or more and rapidly contribute water and 
debris down a dendritic series of steep channels. There is a 30-foot high rock step in the main flow path of this system 
where the “channel” generally begins. From this step to the apex, hill slopes vary dramatically throughout the year as 
small events deposit debris and large events scour and transport the debris downstream. Using this surface, measured 
hillslopes measured from the 2018 LiDAR ranged from 25 to 40% from the step to the apex (Figure 1). The 
channelization begins at the apex, with a levee attached to the left/north valley wall. The slopes for the channelization 
gradually decrease from 25% at the apex to 18% above the debris basin as shown in Fig. . The channel slope locally 
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increases to an average of 22% leading into the debris basin, which is flat. Debris flows entering the basin must turn 
right/south 90 degrees, travel across the flat basin, then turn 90 degrees through a constrictive 2 m (H) by 3.2 m (W) 
(6.2 ft (H) by 10.5 ft (W)) corrugated culvert. The bottom of the basin is about 4.3 meter (14 ft) below the road surface. 
This geometry has effectively conveyed small debris flows to the basin, but also encouraged large debris flow 
deposition over the road.  

3. Debris-Flow History

The recent history of debris-flow timing and volumes have been documented locally since the 1970s. In 1972 a
large debris flow scoured a channel 4.6-6.1 meter (15-20 ft) deep along the upper hillslope. As this flow traveled 
downstream, it spread out and deposited among homes and damaging properties downslope of Lakeshore Road. A 
broad channel was constructed between the road and lake in response with side levees to contain future flows. The 
channel downstream of the road has slopes ranging from 14% at the upstream end near the culvert outlet to 8-10% at 
the lake. 

 In 1990 two large debris-flow events overwhelmed the downstream channel, depositing on the road and houses. 
A larger mitigation effort was deemed necessary as development around the Lake continued, and in 1994, the deep 
and narrow debris channel with levees was constructed from the apex to the road to constrain debris flows and convey 
them down the constructed channel corridor. Plowed earth check dams were included in the upper channel. A debris 
basin was built on the upstream side of the road with a 3058.2 m3 (4000 yd3) capacity. A culvert ran under the road 
with the plan that debris could pass through the culvert and continue downslope to Lake Chelan. This system remains 
in place. The channel sections vary in size upstream and downstream of the road. The upstream channel section is 
confined with a bottom width of 4.3-6.1 meter (14 to 20 ft), steep side slopes, 10.7-13.7 meter (35 to 45 ft) top width 
and depths of 4.3-5.5 meter (14 to 18 ft). The downstream channel is broader with a bottom width of 12 to 20 feet, 
gradual side slopes, 55 to 80 feet top width and depths of 2.4-3 meter (8 to 12 ft). Channel and basin are cleaned of 
sediment and the earthen check dams are re-built following debris flows.  

Debris-flow volumes overwhelm the basin capacity every few years, requiring road closure, emergency county 
excavation of the road, and typically contracted excavation of large debris volumes deposited in the basin and channel. 
The County recorded volumes for those debris flows requiring basin clean outs for the past 15 years. There are 8 
recorded events, and it is suspected that many smaller events occurred within this time period that were not recorded. 
The volumes recorded reflect only the amount deposited on the road and in the basin. We were able to visit the site 
within days of the 2017 debris-flow event.  

Based on our observations, survey, and field measurements following this event, we estimate an additional 764.6 
m3 (1000 yd3) of debris/sediment deposited in and around the debris basin that is in addition to the reported volume 
for basin clean out. Therefore, this estimate has been used to increase volumes from the historic record to account for 
the entire debris-flow volume (Table 1).  

Table 1. Historic debris-flow volumes reported at Lakeshore Road since 2003. Dates were estimated based on 
available background data (rainfall records, photos), and may not be the exact date of debris flow for all events. 

Year Date Estimated total volume (m3) Estimated total volume (yd3) 

2003 Nov. 11 8,594 11,240 

2005 May 10 12,156 15,900 

2006 June 11 4,293 5,615 

2010 Aug. 3 8,410 11,000 

2011 June 10 7,454 9,750 

2014 June 13 2,600 3,400 

2015 Dec. 9 803 1,050 

2017 Oct. 22 7,034 9,200 
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4. Hydrologic Analysis

Gage records of rainfall intensity and duration in the vicinity of Slide Ridge were analyzed to determine if a
correlation exists between observed rainfall and debris-flow volumes. Although there are three nearby rain gages, 
there is considerable spatial variability in local storm events. The rain gages have varying record lengths, and the 
longest had recorded data as far back as the 2003 event. Storm data from the dates when large debris flows were 
documented were used to develop rainfall threshold curves to estimate when a debris flow is likely to occur. A separate 
threshold curve was created for each gage due to spatial variability in rainfall patterns (Figure 2). Seven of the eight 
documented debris flows were well represented by the data. The 2011 event was poorly recorded and may have been 
a more localized thunderstorm. 

Fig. 2. Duration plot of debris flow events for all 3 rain gages. Historic debris flow events are shown a x. The calculated minimum rainfall 
thresholds for each gage are shown as dashed lines.  

Spearman and Pearson tests showed the 2-hour rainfall duration had the highest statistical correlation between 
debris flow and rainfall events. A regression curve was fit to the rain gage data for the 2-hour rainfall intensities to 
provide an approximation of debris-flow volume for predicted average 2-hour rainfall intensities (Figure 3). While 
highly speculative, this correlation enables managers to begin planning debris-flow mitigation measures.  

5. Debris-Flow Characteristics

Field investigations were conducted in 2017 and 2018 to collect sediment samples and evaluate the debris channel.
Sediment samples were collected from multiple locations in the defined debris channel (Figure 4). The first site visit 
was 2 days after the October 2017 event. Samples were collected from the debris slurry downslope of the road (SR1) 
and in the channel area upstream of the debris basin (SR2). Water contents were measured by weight at 8.2% water 
for the main part of the debris flow (SR2) and 17.2% water in the runout slurry sample (SR1). The SR1 sample was a 
suspended liquid, and the SR2 sample from the debris flow was deformable under body weight even with the presence 
of large angular cobbles. The combination of low water content, silts, and cohesive sediments created the slurry 
capable of transporting 3 to 4-foot boulders downslope. Three additional samples were collected during a second visit 
in December, 2017. The full debris channel was investigated during this visit and samples were taken at the apex 
(SR5), and at major slope breaks on the upper slope (SR3, SR4). There was an abundance of boulders that are 
commonly 3 to 4 feet in diameter were abundant in the area and evidenced periodic mobilization by debris flows. The 
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matrix of smaller sediment sizes was saved from these samples and sieved (Figure 5). Samples SR3-5 indicate the 
matrix in the upper slope area was composed of approximately 10% sand.  

Fig. 3. Regression equation for Slide Ridge debris-flow volume based on Camp4 rain gage intensity (at 2 hour duration). The 2011 event did not 
appear to be captured by the Camp4 gage and was removed from the fit. 

Fig. 4. Locations of sediment samples (call out boxes), earthen check dams (red rectangles), and deposition from the 2017 debris flow on Slide 
Ridge (grey hatch marks). The background image is the 2018 LiDAR of the site.  
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The runout length of a debris flow is highly dependent on the water content in the debris-flow front (aka debris-
flow snout) and the grain sizes within the debris. Observation and sediment samples indicate that for Slide Ridge the 
grain size distribution will remain relatively constant. The water content and debris volume will vary with event and 
act as the main controls over run out lengths and widths. Evidence of rapidly deposited debris snouts were apparent 
throughout the upper debris channel for flows that did not travel to Lake Chelan. Deposition on the reach between the 
road and the lake evidenced continued movement of the smaller gravels that had been part of the larger debris-flow 
matrix. The combination of slope break and culverted basin immediately upstream of the lower reach acted to arrest 
movement of the largest boulders. Maximum gravel sizes downslope of the road reach 0.5 meter. The debris slurry is 
much more mobile and extends beyond boundaries of debris deposition. Following the 2017 event, slurry had filled 
open space in the debris basin, flowed down the road and side ditches, and flows past the debris deposition and into 
the Lake. It is suspected that slurries associated with large debris events follow this general pattern with a large amount 
flowing into the Lake.  

The earthen dams constructed in the debris channel act as accumulation points for small debris flows and normal 
bedload transport events that occur between large debris-flow events. Sediment deposits immediately upstream of 
these dams were observed during field reconnaissance. These check dams may be mobilized during large debris 
events, adding to debris-flow bulking with distance downslope.  

Fig. 5. Grain size distributions for slide ridge samples SR1 to SR5. Samples SR1 and SR2 were taken 2 days after a large debris flow in October, 
2017. SR1 is from the debris-flow slurry. SR2 is debris deposited at the road. Samples SR3, SR4, and SR5 were taken from the upper debris 
channel in December, 2017. 

6. Debris-Flow Model

Data were used to calibrate the debris-flow model DFLOWZ. The DFLOWZ model is used to simulate runout
length and area for given debris volume events. This information will help determine a mitigation strategy that can 
reduce maintenance in the future. The model predicts debris-flow runout length and area with a maximum uncertainty 
of 3 that can be improved upon with calibration data. The model is fully described in Berti and Simoni (2007), Simoni, 
Mammoliti, and Berti (2011), and Berti and Simoni (2014). We employed the version DFLOWZ_J. Calibration 
parameters are used to adjust the cross-sectional and planimetric depositional areas for a given debris-flow volume 
and path. The grain size distribution and water content are used as guides in setting the calibration parameters.  
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The model was calibrated to within 10% of the documented depositional area and volume from the October 2017 
event. The measured grain size and water content were used to guide the calibration. Water content was the least 
constrained parameter and was the focus of the calibration. Grain size information was assumed to be constant between 
model runs, while event volume is varied to simulate historic or recurrence interval debris flows. The model does not 
simulate the slurry deposition downstream of the main debris deposit. Once calibrated to the 2017 event, the model 
was used to simulate the depositional area and depths associated with the past debris flows documented in Table 1. 
This was done to evaluate the severity of these debris flows, including when and where debris deposits extended 
outside the defined channel area. These results were compared to historical photos and evaluated by County staff 
familiar with the area to provide a qualitative model check. The model calibration was refined using information 
gained on the past flows.  

7. Mitigation Alternatives

The calibrated model was used to aid in conceptual evaluation of mitigation options. Debris flows of larger volume 
were simulated to predict runout pattern and volume. These present a ‘worst case’ scenario useful when considering 
possible mitigation and changes in current management practices at the Slide Ridge site. As described above, the 
existing system is effective at causing debris deposition at the road crossing, however the existing basin is undersized 
and debris frequently deposits on the road.  Alternatives were developed with the goal of reducing or eliminating road 
closures, reducing required maintenance, and reducing the public safety hazard. A number of alternatives were 
investigated, and the most promising were to increase debris retention on the channel slope, alter the water content of 
the debris flow to arrest downstream movement of the largest boulders, and to alter debris channel geometry and slope 
to increase the volume of debris transported into the lake.  

Trapping and storing the debris flow in a retention basin is a proven management technique to trap debris where it 
can then be more easily hauled away after a debris flow. The existing basin could be lowered to provide additional 
volume. A large debris basin could be added into the existing system anywhere upstream of S Lakeshore Road. 
Locating a debris basin below the apex is a typical management strategy as it allows debris flows to be captured from 
a known location, without relying on the conveyance channel to contain all events. The debris-flow volumes would 
require that the basin either be very large, or a series of smaller basin be constructed. In either case there is a large 
disruption to an already unstable slope with little vegetation.  

As an alternative to retaining all the debris during an event, systems have been designed that capture only the largest 
particles allowing the remaining debris flow to have increased water and sand content. Such a system could result in 
longer runout distances for the remaining debris flow. Installation of the herringbone style debris breaker detailed in 
Xie et al. (2016, 2017) could be placed in the upstream channel or at the existing basin. The system would arrest the 
movement of the larger particles in the flow while allowing the smaller gravels to transport downstream in a slurry 
with a now relatively larger water content. Therefore the grain size distribution of the debris was adjusted to represent 
an artificially increased water volume. A rough estimate is that about 3058 m3 (4,000 yd3) of 0.3 meter or larger 
material would reach the road during a 100-year event. If that amount were extracted and retained, the remaining 
debris would be much more likely to be conveyed to the lake.  

An alternative to convey the entire debris flow to the lake in an unlined channel was evaluated. The evaluation 
included frequent reference to the October 2017 event and historic performance. Different system geometries were 
evaluated using the DFLOWZ model, following an empirical technique presented by Rickenmann (1999) and with 
consideration of site geometric constraints. The debris-flow model was applied to determine how debris flows would 
deposit in the reach from the existing basin to the lake if there were a debris channel for that distance. To simulate 
this, the current debris basin and road were removed from the model surface. A new debris channel was graded to 
have a consistent slope from the end of the current channel (just upstream of the existing debris basin) to the lake. 
Channel slopes of 12% and 14% were tested. The 14% slope is the same as the slope immediately downstream of the 
road. The slope quickly lessens as the channel approaches the lake and a 12% slope was also tested.  

A number of scenarios were tested in the debris-flow model for runout pattern and length. The effectiveness of the 
alternatives was determined from the ability of the alteration to maintain the debris flow within a contained channel, 
the relative amount of debris transported to the lake, and the height of the debris at the site of the road. Channelizing 
the debris flow downstream of the road crossing aiding in transport to the lake. It was quickly found that a channel 
lined with berms would be necessary to prevent debris deposits from extending into properties near the lakefront while 
conveying debris to the lake. Different berm and channel geometries were testes, and berm heights over 6 feet did not 
increase the amount of deposition in the lake. The width of the berm had a greater influence than height on the elevation 
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of the debris deposits. Berms widths up to 75 feet reduced the height of the deposit at the road. Debris-flow runout 
length was not found to be sensitive to the channel slope. Altering the slope between 12% and 14% had little influence 
on the area covered by debris deposition. Debris volumes up to 7646 m3 (10000 yd3) were contained within the area 
of the channel for all scenarios. Deposition became significant when the debris volume exceeded 15291 m3 (20000 
yd3).  

8. Summary

Debris flows are a common on Slide Ridge, on the shores of Lake Chelan in Washington State. Glacial till deposits 
continue to generate debris flows that travel to Lake Chelan, passing through the community of Shrine Beach. In the 
early 1990s an unlined debris channel was constructed from the apex of the ridge to Chelan lake and a large debris 
basin was constructed on the upslope side of the road crossing. Every 1-2 years there is a flow large enough to fill the 
basin, pass over the road to continue downstream to Lake Chelan, and the road is left covered in debris. Debris deposits 
are 85% gravels and dominated by angular cobbles. Field data were collected and used to calibrate a DFLOWZ model 
of the system. Modeling enabled formation and testing of a number of mitigation alternatives.  

The analysis of mitigation alternatives for debris flows on Slide Ridge in Washington State is under refinement. 
While a large number of alternatives mitigation options exist, those deemed most appropriate for Slide Ridge included 
expanding the system of debris storage upslope, increasing conveyance of debris to Lake Chelan through slope and 
debris channel manipulation, and installation of a herringbone style debris breaker to arrest movement of the largest 
boulders while increasing relative water content in the debris flow.  
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Abstract 

Debris-slides are a frequent hazard in fragile decomposed metasedimentary rocks in the Anakeesta rock formation in Great Smoky 
Mountain National Park. The spatial distribution of an existing debris-slide area could be used to prepare susceptibility map for 
future debris-slide initiation zones. This work aims to create a debris-slide susceptibility map by using a knowledge-driven method 
in a GIS platform in Anakeesta formation of Great Smoky Mountain National Park. Six geofactors, namely, elevation, annual 
rainfall, slope curvature, landcover, soil texture and various slope failure modes were used to create the susceptibility map. Debris-
slide locations were mapped from the satellite imagery, previous studies, and field visits. A Weighted Overlay Analysis was 
performed in order to generate the final susceptibility map, where individual classes of geofactors were ranked and were assigned 
weights based on their influence on debris-slide. The final susceptibility map was classified into five categories: very low, low, 
moderate, high and very high susceptible zones. Validation of the result shows very high category predicted ~10%, high and 
moderate categories predicted 75.5% and ~14.5% of the existing debris-slide pixels respectively. This study successfully depicts 
the advantage and usefulness of the knowledge-driven method, which can save considerable amount of time and reduce complicated 
data analysis unlike statistical or physical based methods. However, the accuracy of the model highly depends on the researcher’s 
experience of the area and selection of respective geofactors.  

Keywords: Debris-slide Susceptibility; Heuristic; Weighted Overlay Analysis; Great Smoky Mountain National Park. 

Introduction 

Debris-slides are fast movements of earth materials, which occur including subarctic regions (Rapp and Stromquist, 
1976) and humid tropics (Simonett, 1970). Debris-slides are common in the Appalachian Valley and Ridge, and Blue 
Ridge physiographic provinces of the United States (Bogucki, 1976). Van Westen (1993) discussed that under the 
presence of favorable causal and triggering factors, such as earthquakes and extreme rainfall, most of the mountainous 
terrains are susceptible to slope failure.   The same was pointed out by Bogucki (1976), who found that a combination 
of Appalachian slope and rainfall has eroded the mountains by several thousand noticeable debris-slides. About 2000 
slides have formed in Georgia, North Carolina, Tennessee, Kentucky, West Virginia, and Virginia and as many as 200 
deaths that may have been caused directly by slide activity from 1940 to recent (Scott 1972, Wooten, et al., 2016). 
Additionally, these events have caused damage to homes, property and road networks, and have had major impacts on 
federal lands.   

It is important to develop a detailed understanding of the causes and mechanisms of debris-slide events for better 
prediction and risk assessment. One of the preliminary steps to evaluate events and predict future slide related hazards 
is to develop debris-slide susceptibility maps (Pradhan, 2011). These maps are used to identify zones that are prone to 
mass failures depending on the geofactors that have caused the slides in past. Presumably, the same factors would 
cause the slides in future (Varnes, 1978; Carrara et al., 1995; Guzzetti et al., 1999).  Geographic Information Systems 
(GIS) provides a powerful tool to analyze spatial hazard related data, and hence, it has become indispensable tool for 
regional slope failure hazard and risk analysis. Several authors have applied different methods to map slope failure 
susceptibility and hazard (e.g., Nandi and Shakoor, 2010; Pradhan, 2011; Lee and Pradhan, 2007). Regional slope 
failure mapping is generally grouped into three categories: (i) heuristic or knowledge-driven methods (ii) data-driven 
methods and (iii) physically based models.  The heuristic methods are again divided into direct or indirect methods. A 
direct heuristic method deals with detailed field investigation of area’s geomorphology, geology, and hydrology 
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(Brabb, 1984). The accuracy of the method is highly dependent on the experience of the investigator and the precision 
level of the work (Ghosh et al., 2013). On the other hand, the indirect heuristic methods are based on assigning some 
weights or rating to the individual geofactors according to their importance, which is solely decided by the investigator, 
based on similar existing research (Hansen, 1984; Varnes, 1984). 

Data-driven methods are mostly statistical, which include bivariate and multivariate analysis and are primarily 
based on the observed data of landslides and relevant spatial geofactors (Nandi and Shakoor, 2010; Ghosh et al., 2013). 
In these methods, several causative factors for debris-slides are integrated with the slide inventory to statistically model 
the relationship between the geofactors and slope failure. (Van Westen, 1993).  Nandi and Shakoor (2017) used the 
same approach to study debris-slide susceptibility in Little Pigeon River (WPLPR) watershed in the southern 
Appalachian Mountains, where debris-slide locations were identified from aerial photographs, and satellite images. 
Topographical, bedrock geology, and hydrological data were collected, processed, and constructed into a spatial 
database using GIS.  Logistic regression model was used to evaluate the role of these factors in controlling debris-
slide susceptibility. While the method was rigorous and powerful, the limitations of the method were (i) time 
consuming and not recommended for urgent projects, and (ii) rock discontinuity data were not used as input variable.  
Therefore, the objective of this research is to include bedrock discontinuity data that play crucial role in controlling 
the debris-slide events in the form of rock kinematical index, and create a knowledge-driven susceptibility model for 
predicting the spatial probability of debris-slide initiation zones. 

Study area 

The study was conducted in the Anakeesta rock formation in the Upper West Prong Little Pigeon River watershed 
(WPLPR), Great Smoky Mountain National Park, TN. The elevation of the study area ranges from 1105 m to 2010 m.  
Temperature in Great Smoky Mountains varies from -2.22˚C (28 ˚F) to 31.11˚C (88˚F) at the base and -7.2˚C (19 ˚F) 
to 18.33˚C (65˚F) at the ridges.  The area receives annual rainfall of 1397mm (55 inches) at the base and 2159 mm (85 
inches) at the highest point of the park. The rainfall increases with increase in the elevation and is highest at the 
Anakeesta formation. Torrential rainfall associated with severe thunderstorms and hurricanes are the main triggering 
factors for debris-slide in the study area (Bogucki, 1976; Clark, 1987). 

Geologically Anakeesta formation is characterized by fine grained dark colored sedimentary and metasedimentary 
rock having craggy pinnacle structure i.e., needle-shaped rock faces and steep slopes. The dark color of the rocks is 
mainly due to presence of graphite and some part of the formation exhibits rusty orange color due to presence of iron 
sulfide minerals mainly pyrite. The main rock types include phyllite, chloritoid slate, graphitic and sulfidic slate, 
feldspathic sandstone, laminated metasiltstone and coarse grained metagraywacke (Southworth et al., 2012).  Different 
sets of discontinuities exist in form of joints, fractures and to some extent as cleavage, which enhance the weathering 
along these discontinuity planes. 

Fig. 1. Study area (a), Debris-slide initiation zones photos in Anakeesta Formation (b, c). [Photo courtesy: Greg Hoover (b) 
gosmokies.knoxnews.com (c)] 

a
a

b 

c 
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Methodology 

The present study used both digital data and field investigation.  A flow chart in Fig. 2, provids a step by step 
process of the methodology.  

3.1. Digital Data 

In order to create the debris-slide susceptibility map, six geofactors, namely, elevation, rainfall accumulation, soil 
texture, landcover, slope curvature, and various bedrock discontinuity layers responsible for slope failures were used. 
Elevation and slope curvature maps were derived from LiDAR Digital Elevation Model (DEM) of 0.76m spatial 
resolution. The LiDAR DEM for Tennessee is available at TNGIS website (http://www.tngis.org/). Soil texture, 
landcover and rainfall accumulation maps were collected from the National Park Service’s database 
(https://irma.nps.gov/DataStore/Search/Quick) (Fig.3.a-e).  Debris-slide initiation locations were digitized from 
historical to recent aerial photos and satellite imageries, and about 30% of the locations were confirmed during field 
studies.  The debris-slide initiation locations were used to evaluate the suitability of susceptibility analysis.    

3.2. Field investigation and Kinematical index 

Geometrical relationship between orientations of the topographic slope and geological discontinuities play 
important role in controlling the slope instability in an area, which is known as rock kinematics.  Slope instability 
analysis based on this mutual relationship is known as rock kinematic analysis. Factors like topographic slope angle 
and aspect, internal friction angle of the rock and orientation of geological discontinuities combined with each other 
control slope stability within a rock mass. Depending upon the number of geological discontinuities and their 
orientations with the topography, three different modes of rock failure can occur (i) Planar (ii) Wedge (iii) Topple (Eq. 
1 and 2) (Ghosh et al., 2010). The kinematical index layer was prepared using the geometric relationship between 
geological discontinuities and the topographic slope angle and direction (Fig. 3f). From field mapping and previous 
work, structural orientations (dip angle and dip direction) of a total of 313 discontinuities were used in the study.  The 
internal friction angle (ϕ) of the bedrock was estimated from Rock Mass Rating system data collected in the field 
(Bieniawski, 1989). Topographic slope angle (θ) was obtained from the LiDAR DEM, dip/plunge angle (β) and 
direction of discontinuities were obtained by plotting the structural data in Stereonet 10 software (Allmendinger et al., 
2012).  Subsequently, the following equations were used in ArcGIS to spatially detect the areas where slope failures 
were kinematically possible (Ghosh et al. 2010): 

    ϕ ≤ β  ≤ θ (for Plane and Wedge Failure)  (1) 

    θ ≥ [ ϕ + (90° - β)] (for Topple Failure)       (2) 

Eleven combinations of planer, wedge and topple failures were possible in the study area that produced 11 different 
kinematic layers susceptible to failure.  The wedge type of failures were dominant in the study area, and were more 
prevalent in bedding (52°       151°) and Joint1 (50°       255°) governed discontinuities. All layers were ranked based 
on presence of actual debris-slide initiation location, and the ranked layers were combined into one kinematic index 
layer.  A detailed description of the preparation of composite kinematic index layer is presented in a forthcoming 
paper (Das, et al., in preparation).  

A Weighted Overlay Analysis was performed to generate the debris-slide susceptibility map, using a heuristic 
approach. Weighted Overlay Analysis tool is available in the Spatial Analyst extension in ArcGIS 10.5.  All geofactor 
layers were converted into raster format and rescaled to 0.76-m grid size before the susceptibility analysis.  Based on 
the field studies and prior knowledge of the study area, the individual classes of the geofactors were ranked and the 
relative weights were assigned to each individual geofactor. The weights represented the degree of influence of 
individual geofactors in producing debris-slides in the region on a scale of 0 to 100 that added up to 100%.  Table 1 
summarizes the different geofactors and their corresponding weighting that were used in the susceptibility analysis.  
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Table 1. Summary table of the geofactors. 

Geofactor Source Average (Range) Weight 

Elevation Digital Elevation Model 1526 m (1105m – 2010m) 30 

Rainfall National Park Services 2051mm      
(1854mm– 2159mm) 

25 

Soil National Park Services Channery loam, Channery silt loam, 
Loam, Slide area, Peat,      
Very Channery loam 

15 

Kinematical Index Digital elevation model and 
Lithological map (National Park 
Service)     

5.68 (0 - 57.95) 15 

Landcover National Park Services Barren land, Deciduous forest, 
Developed Open space, Developed  low 
intensity, Developed medium intensity, 
Evergreen Forest, Mixed Forest, Shrub 

10 

Curvature Digital Elevation Model -6.62 (-6839   to + 11380) 5 

Fig. 2. Flow chart of the methodology. 
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Result 

In the study area, there were 256 debris-slide initiation zones (Fig. 1a).  Majority of debris-slides were present in 
the Newfound Gap and Mt. LeConte areas in the northeastern corner.  The elevation of the area ranged from 1105 m 
to 2010 m with a mean of 1526.64 m (Fig. 3b), rainfall varies from 1854.2 mm to 2159 mm (Fig. 3d) and curvature 
ranged from -6839.87 to +11380 having mean of -6.62 (Fig. 3c) (Table 1).  The negative curvature value stands for 
upwardly convex surface and positive value indicates concave surface at that cell. 

The debris-slide initiation zone susceptibility map from the Weighted Overlay Analysis were classified into: very 
low, low, medium, high, and very high susceptibility categories (Fig. 4). Only 0.03 % and 9% of the total map area 
were located under very low and low susceptibility zone, respectively. When the area was compared with the actual 
debris-slide initiation zones, these areas exhibited no trace of past or recent slide activities. Medium susceptibility zone 
occupies 43.43% of the study area and predicted 14.44 % of actual debris-slide occurrence zones. High susceptibility 
zone represented the largest area in the map (45.43%) and accounted for 75.53 % slides in the study area. Very high 
susceptibility covered only 2% of the total study area; however, it predicted nearly 10% of the known slide locations 
(Fig. 5).   

a b c 

e 
f 

d 

Fig. 3. (a) Landcover Map; (b) Elevation Map; (c) Curvature Map; (d) Annual Rainfall Map; (e)  Soil Texture Map; (f) Kinematical Index Map. 

e 
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Fig. 4. Debris-slide susceptibility map. 

Fig. 5.  Debris-slide susceptibility zones compared to the known slide initiation areas. 

Discussion 

Anakeesta ridge in the northeastern part of the study area has experienced failures in the past and is expected to 
experience failures under the present climatic, geological, and hydrological conditions. Failures in high elevation, and 
high rainfalls area support the finding. On the other hand, the very channery loam soil texture seems to have a positive 
correlation with debris-slide initiation zones, which are subangular, blocky, and friable earth materials derived from 
weathering of phyllitic Anakeesta formation. Evergreen forest and shrub are the dominant vegetation in the area and 
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show strong spatial relation with debris-slides. Curvature does not reveal any trend with the initiation of slides. Debris-
slides could be found in both concave and convex surfaces.  The field study and spatial analysis suggested the presence 
of kinematically triggered failures due to movement of geological discontinuities within bedrock.  The investigation 
also suggested that initial wedge failures dominated the slides on steeper slopes and these slides were eventually 
converted into debris flows with increasing water content, and soil/decomposed plant/broken rock debris as they 
moved along existing drainage channels. The present drainage channels were probably paleo debris flow channels, but 
they were not studied during this research.  

The model predicted the existing debris-slides with high accuracy, where 86% of the known slides were situated in 
high and very high susceptibility categories.  However, this study focused on rapid analysis using a heuristic approach. 
Success of a heuristic model relies on the expert’s opinion and selection of incorrect geofactors and assigning 
inappropriate weighting can lead to erroneous results.  Future work will apply data-driven statistical-based approaches 
like logistic regression or artificial neural networks to model the debris-slide susceptibility and compare the results 
with the heuristic approach used in the existing study.  The study used 256 debris-slide initiation zones; however the 
dates of failure were unknown, therefore, several thunderstorms and hurricanes induced debris-slides could not be 
studied. That hindered the spatio-temporal probability analysis of debris-slides in the area.  In the future, a time-
stamped debris-slide inventory should be generated in order to provide a complete spatio-temporal hazard analysis of 
the area.  

Conclusion 

This paper successfully demonstrated the usefulness of the heuristic model or knowledge-driven method in order 
to rapidly generate debris-slide susceptibility map.  This study also introduced a kinematical index layer, which is a 
new addition, and could be included as one of the structural geology based geofactors for debris-slide susceptibility 
modelling.  A satisfactory result was achieved by using this new variable. Validation of the model shows most of the 
debris-slides (86%) were located in the very high and high susceptible zones. Therefore, it can be concluded that the 
geofactors used in this study were appropriate with the region’s conditions and most likely to be important for 
predicting debris-slides in the study area.  
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Abstract 

Avulsions remain a critical but understudied aspect of debris-flow fans and flow hazard. A substantial body of work on fluvial 
systems provides a conceptual framework for understanding avulsions, but equivalent research on debris-flow systems has lagged 
behind. A small but growing set of field examples and analogue experiments shows that many, but not all, avulsions on debris-
flow fans follow a relatively predictable ‘avulsion cycle’ that consists of (1) deposition of debris-flow material in the active 
channel, (2) backstepping of deposition toward the fan apex in one or more small- to medium-sized surges or flows, and (3) 
avulsion during a subsequent larger surge or flow that leaves the channel and establishes a new pathway down the fan. Debris 
flows tend to occupy persistent pathways on the time scale of individual flows, but over longer time scales (perhaps greater than 
~5-20 flows, based on very limited data) flows tend to avulse to fill topographic lows, leading to compensational behavior. 
Avulsions may be encouraged by sequences of small- to medium-sized flows followed by a large flow, and discouraged by 
sequences of large flows in succession, although this idea remains speculative and needs to be tested. Avulsion frequency is 
important for understanding flow hazard but is poorly constrained, and cannot yet be predicted as a function of either flow or 
catchment characteristics. The advent of new, high-resolution topographic data from fan surfaces, coupled with methods to 
estimate the timing and abandonment of deposition on a wide range of fans, should allow us to begin to make some initial 
estimates of avulsion frequency and to understand the key controls on the timing and pattern of avulsions. 

Keywords: debris flows; fans; avulsions; avulsion frequency; hazard 

1. Introduction

Debris-flow fans are semi-conical landforms that grow by the deposition of sediment in repeated flows from a 
mountain catchment. They are ubiquitous in high-relief areas around the world, and because of their relatively low 
surface slopes they are commonly used for settlement, agriculture, or other human activities. The construction of a 
debris-flow fan, however, requires that the locus of deposition must shift over time in order to fill the available 
accommodation. These episodic shifts in the position of the active channel are called avulsions. 

Avulsions are critical events in the evolution of a debris-flow fan, and are important for several reasons. First, 
they control how sediment is distributed across the fan surface. Switching of the active channel between different 
pathways creates a small number of distinct sectors on the fan surface (Fig. 1). Each of these sectors records debris-
flow activity during a particular period of time and over a number of flows (e.g., Schumm et al., 1987; Duehnforth et 
al., 2007; Schuerch et al., 2016). The sectors thus serve as an archive of past flow size and behavior, and potentially 
of the environmental conditions under which the flows occurred (d’Arcy et al., 2017). The intervals between 
avulsions set the period of time recorded by each sector, which can be as long as tens of thousands of years (e.g., 
Whipple and Dunne, 1992; Duehnforth et al., 2007; 2017). 

_________ 
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Fig. 1. Sectors on the Straight Canyon debris-flow fan, Chalfant Valley, California, USA, labelled from 1 (oldest) to 10 (youngest, the active 
channel). Flows travel from right to left across the fan. Stars show locations of major avulsions between sectors. 

Second, the frequency of avulsions also determines the persistence of transport pathways (Jerolmack and Paola, 
2007; Straub et al., 2009) and thus the architecture of the developing fan stratigraphy (Pederson et al., 2015). 
Finally, avulsions are also a key determinant of debris-flow hazard. Debris flows that leave the main channel pose 
the greatest threat to people and infrastructure, because mitigation measures such as check dams are usually applied 
only to the presently-active channel. Any migration of debris-flow activity outside of the main channel will thus 
bypass those mitigation measures and threaten other parts of the fan surface. 

Despite this importance, avulsions on debris-flow fans have received little research attention. There are some 
documented examples in the literature, but very few systematic studies of avulsion location, trigger, mechanism, or 
frequency. This may in part be due to the long time periods between flows in many settings, which make direct 
observations of avulsions very rare (de Haas et al., 2018a). In addition, there are few debris-flow fans worldwide 
where debris-flow deposition in space and time has been monitored (e.g., Suwa and Okuda, 1983; Wasklewicz and 
Scheinert, 2016; Imaizumi et al., 2016) or reconstructed (e.g., Stoffel et al., 2008; Schuerch et al., 2016).  

Here, we draw together findings from recent work on debris-flow avulsions and identify some key research 
priorities that must be tackled in order to understand the full role of avulsions in debris-flow hazard and fan 
development. For a wider review of debris-flow avulsions, we refer interested readers to de Haas et al. (2018a). 

2. Fluvial context

Avulsions have long been recognised as a key element in fan development, irrespective of the sediment transport 
process. Dutton (1880) wrote eloquently about avulsions in describing the deposition of alluvial sediments at the 
‘gate’ or mouth of a mountain catchment: 

“When the stream is progressively building up its bed outside of the gate, it is obvious that it cannot long occupy 
one position; for if it persisted in running for a very long time in one place it would begin to build an embankment. 
Its position soon becomes unstable, and the slightest cause will divert it to a new bed which it builds up in turn, and 
which in turn becomes unstable and is also abandoned. The frequent repetition of these shiftings causes the course of 
the stream to vibrate radially around the gate as a center, and in the lapse of ages it builds up a half-cone, the apex of 
which is at the gate. The vibration is not regular, but vacillating, like a needle in a magnetic storm; but in the long 
run, and after very many shiftings, the stream will have swept over a whole semicircle with approximately equal and 
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uniform results.” (Dutton, 1880, pp. 220-221) 

Much of our understanding of avulsions has been derived through observations of fluvial systems, and it is 
instructive to review some of that work here. Mohrig et al. (2000) showed that avulsions in ancient river deposits 
were linked to the aggradation of the river system by approximately one channel depth above the surrounding 
floodplain. We can define an avulsion frequency fA as the rate of avulsion per unit time; Jerolmack and Mohrig 
(2007) argued that fA should scale with mean channel depth h̄, sediment aggradation rate vA, and the number of 
active channels N as: 

𝑓𝑓𝐴𝐴 = 𝑣𝑣𝐴𝐴𝑁𝑁
ℎ�

(1) 

Reitz and Jerolmack (2012) proposed an alternative approach to estimate fA based on channel geometry and the 
sediment supply rate, building on earlier work by Bryant et al. (1995): 

𝑓𝑓𝐴𝐴 = 𝑄𝑄𝑠𝑠
�ℎ𝐵𝐵𝐵𝐵(𝑡𝑡)+𝜃𝜃6∑∆𝑦𝑦𝐵𝐵

2(𝑡𝑡)�
       (2)

where Qs is the sediment supply rate, B is the channel width, r(t) is the fan radius as a function of time, θ is the 
width of a channel lobe, and Σ∆y is the total vertical aggradation at the fan apex since a fan sector was last active. 

Studies of natural and laboratory fluvial fan systems have documented the sequence of events in a typical 
‘avulsion cycle’ (e.g., Schumm, 1987; Hoyal and Sheets, 2009; Reitz and Jerolmack, 2012; Ganti et al., 2016): an 
upstream-propagating wave of in-channel deposition and backfilling, followed by overbank flooding and a 
‘searching phase’ during which several new channel pathways may be active, followed by concentration of flow into 
a new channel. Jerolmack and Paola (2007) argued that avulsions are steered by the presence of abandoned channels 
on the fan surface, leading to persistent re-occupation of a small number of sediment transport pathways. Straub et 
al. (2009) termed such behavior ‘persistent’ or ‘anti-compensational’, in contrast to ‘compensational’ behavior in 
which the channel avulses frequently to fill the topographically-lowest part of the fan surface. 

While these studies provide a useful framework and show how avulsion frequency might scale with different 
measures of a sedimentary system, it is not clear how applicable they are to debris-flow fans. Field observations 
show that channel beds on debris-flow fans can be super-elevated by 2-5 channel depths or more above the 
surrounding fan surface (de Haas et al., 2019), so direct application of equation (1) may be limited. The episodic 
nature of debris flows and the capacity for flows to both erode and deposit sediment on a fan surface (e.g., Schuerch 
et al., 2011) complicate the definition of a sediment aggradation rate except over long time periods. For the moment, 
therefore, an expression for avulsion frequency fA that is relevant for debris-flow fans remains a research priority. 

3. Field observations

Field observations of avulsions have tended to focus on individual events, such as the major avulsion that 
occurred in 1984 on the Dolomite Canyon fan, California, USA, as documented by Blair and McPherson (1998). 
There, the initial flow surges formed a complex of levee and lobe deposits along the active channel pathway. The 
boulder-rich front of a large subsequent surge then blocked the channel near the fan apex and diverted the flow by 
an angle of about 70° into a new pathway. 

To identify some common elements of debris-flow avulsions, de Haas et al. (2018a) assembled observations 
from 16 fans worldwide for which the spatio-temporal evolution of debris-flow activity could be determined. They 
noted that avulsions often, but not always, occurred in response to the deposition of debris-flow lobes that formed 
sediment ‘plugs’ (Fig. 2) within the active channel (e.g., Whipple and Dunne, 1992). These avulsions were often 
preceded by a sequence of small- to medium-size flows, and were most likely to occur when plugs were deposited in 
locations from which alternative pathways could be easily accessed by future flows. Plug formation was more likely 
in smaller flows or those with limited mobility. This overall pattern mimics in some way the avulsion cycle observed 
on fluvial fans – in particular, the role of small flows in setting the conditions for a subsequent avulsion, as argued 
by Field (2001) – although the processes involved in the individual phases are quite distinct. 
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Fig. 2. (A) Shaded-relief image of the proximal part of a small debris-flow fan in Saline Valley, California, USA, showing a sequence of 
individual debris-flow lobes numbered 1-5 from oldest to youngest. Relative ages are based on cross-cutting relationships. Dark grey shaded area 
show left-lateral levee deposited after abandonment of lobe 2; black arrow shows flow direction. Image derived from Lidar topographic data with 
0.5 m cell size. (B) Field photograph of lobe 2 from panel (A), outlined in black. Flow was toward the camera; note the figure on the lobe for 
scale. White arrows indicate the crests of the channel-margin levees. This lobe filled and blocked the active channel, forcing an avulsion to the 
east; a subsequent flow has deposited a lateral levee across the head of the channel (highlighted in dark grey), forcing its abandonment. Black 
arrow shows flow direction during subsequent levee deposition, as in panel (A).  

De Haas et al. (2018a) noted that, unlike on fluvial fans (e.g., Ganti et al., 2016), very large flows (that is, those 
in the tail of the volume distribution) can have highly variable roles in avulsions. Large debris flows can spill out of 
the active channel and excavate a new channel or re-occupy an older abandoned channel. Sequences of large flows, 
however, may be more likely to erode the existing channel, enlarging it and thus making avulsion less likely, 
especially if the rate of bed entrainment depends on some measure of boundary shear stress (Schuerch et al., 2011; 
Iverson, 2012; Iverson and Ouyang, 2015). Large flows can also split among multiple channels, depositing material 
over a large area of the fan surface and increasing the likelihood of future avulsion (de Haas et al., 2018a). 

Over sequences of ~5-20 flows, de Haas et al. (2018a) showed that the locus of deposition often tends to shift 
toward the topographically lowest areas of the fan. This indicates that flow pathways can persist over short time 
scales of a few flows, but tend toward compensational behavior over longer time scales, as seen in other sedimentary 
systems (e.g., Straub et al., 2009; van Dijk et al., 2016). A tendency toward long-term compensational behavior was 
also observed by Pederson et al. (2015), who demonstrated that deposition on three well-exposed debris-flow fans 
was intermediate between random and fully compensated over sequences of 22-28 individual beds. They inferred 
that compensational behavior and more frequent avulsions were likely to be enhanced by thick, wide, coarse-grained 
flows with high clay contents, arguing that such flows can more easily fill topographic lows and form thick deposits 
that will steer subsequent flows toward other areas of the fan (e.g., Whipple and Dunne, 1992). 

4. Analogue experiments

To explore the link between the distribution of flow sizes and avulsion behavior, de Haas et al. (2018b) ran a 
series of analogue debris-flow experiments in a small laboratory flume and tank. This work built on earlier 
experiments in the same flume by de Haas et al. (2016), who constructed a model fan with a sequence of 55 flows, 
each with a total flow mass of ~6.5 kg. De Haas et al. (2018b) ran two additional experiments under identical 
conditions; however, rather than keeping the flow mass constant, the mass of each flow was chosen from a steep- or 
shallow-tailed double Pareto mass distribution. The mass of each flow in the two additional experiments ranged up 
to ~13 kg, although the mean flow mass in all three experiments was the same. All flows had an identical grain-size 
mixture and a water content of 44% by volume (see de Haas et al., 2016, for materials and methodology). 

All three experiments showed broadly similar avulsion cycles that consisted of channel establishment, 
backstepping of deposition toward the fan apex, a ‘searching phase’ during which deposition spread across the 
proximal fan, and avulsion toward a new topographically-favorable sector. Comparable behavior was observed in 
analogue experiments by Schumm et al. (1987). In detail, however, the different flow mass distributions led to 
markedly-different avulsion mechanisms. A uniform flow mass distribution led to regular avulsion cycles in which 
backstepping deposition proceeded from fan toe to apex before avulsion occurred. In contrast, a steep-tailed 
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distribution, corresponding to a narrow range of flow masses, led to two additional avulsion mechanisms: large 
events that could overtop existing channels and occupy new pathways, and sequences of small flows that led to 
plugging of only the proximal part of the active channel. A shallow-tailed distribution, with a wide range of flow 
masses, also showed these additional avulsion mechanisms, although the more frequent large flows excavated the 
main channel and made avulsions less common. 

While these results are based on a small number of experiments and do not consider other factors that may be 
important, such as variations in flow mobility due to grain size or water content, they suggest that sequences of 
several small- to medium-sized flows may be critical in forcing avulsion in a subsequent larger flow – as observed, 
for example, on the Kamikamihori fan in Japan (Suwa and Okuda, 1983). The experimental results also highlight a 
major difference between the fluvial avulsion cycle and that observed on debris-flow fans: backfilling and channel 
plugging need not proceed up the entire fan surface in order to force avulsion on debris-flow fans, as is often the 
case on fluvial fans, but can be limited to a key reach or even a single point. This makes debris-flow avulsions 
harder to anticipate than their fluvial counterparts, and calls for research on likely avulsion locations. 

5. Research priorities

In this final section, we summarise some of the key research priorities that would help to develop a more 
complete picture of avulsion. 

5.1. Avulsion mechanisms and triggers 

 The avulsion cycle model outlined above predicts that avulsions should be enhanced by particular sequences of 
flow volumes – especially those in which a series of small- to medium-sized flows that partly or fully block the 
channel are followed by a large flow that triggers avulsion. As estimates of debris-flow volume are accumulated at 
more and more observation stations (e.g., McArdell et al., 2007), it should be possible to begin to relate the 
sequencing of flow volumes to the temporal evolution of bed elevation in different settings. It would also be useful 
to look for evidence of ‘pre-conditioning’ of an active channel for avulsion – e.g., via channel blockage in key 
locations on a fan, perhaps where channel incision into the fan surface is minimal and where there are abandoned 
channels that could form new flow pathways after an avulsion. 

Some additional understanding of the formation of channel plugs can be gained by examining the characteristics 
of flow deposits that have triggered avulsions in the past. Measurements of channel depths and debris-flow 
depositional lobe thicknesses on fans in Saline Valley, California, USA (Fig. 2) from high-resolution Lidar 
topography (de Haas et al., 2019) show that depositional lobes that have plugged channels and triggered avulsions 
tend to be substantially thicker than the median lobe thickness at the same radial position on the fan (Fig. 3A), and to 
have thicknesses that are comparable to the median channel depth at the same radial position (Fig. 3B). While 
perhaps not surprising, this result confirms that plugs must fill a substantial portion of the available channel in order 

Fig. 3. Characteristics of debris-flow depositional lobes that form channel plugs on fans in Saline Valley. (A) Histogram of channel plug 
thickness. Values are binned at 50 m radial distance intervals from the fan apex and normalized by median lobe thickness within each bin. Most 
channel plugs that have triggered avulsion are thicker than the median lobe within that distance bin. (B) Histogram of channel plug thickness. 
Values are normalized by median channel depth within the same 50 m bins. Note similarity between plug thickness and median channel depth. 
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to force avulsion, and that channel plugging, rather than aggradation above the floodplain (e.g., Mohrig et al., 2000), 
is the key avulsion mechanism at this site. Avulsions can still be forced by plugs which are thinner than the median 
lobe thickness (Fig. 3A) or channel depth (Fig. 3B), but they are the exception. Similar measurements from other fan 
settings would be helpful in elucidating the sequence of events involved in channel plugging and avulsion. 

5.2. Avulsion size and location 

The impact of an avulsion on a fan surface depends on three factors: the size of the flow, the radial position at 
which the avulsion occurs, and the ‘opening angle’ between the old and new flow pathways. One reasonable 
measure of avulsion size is the incremental area of fan surface that is inundated after the avulsion, such that full 
resurfacing of the fan will occur once those incremental areas sum to the total fan area (e.g., Cazanacli et al., 2002). 
This measure, however, ignores the fact that a large opening angle can pose a hazard to infrastructure that is far from 
the old pathway, especially if mitigation measures are concentrated close to the active channel. Thus, an alternative 
measure of avulsion size Ma could be the product of the opening angle Daz, normalized by the total angle described 
by the fan, and the radial distance of the avulsion site from the fan toe Dr, normalized by the fan length (Fig. 4). Ma 
thus varies between 0 (no avulsion) and 1 (an avulsion at the apex from one fan margin to the other), and provides a 
way of comparing the potential impacts of avulsions that occur at different locations on the fan. 

Fig. 4. Schematic of avulsion size Ma  as a product of the normalized opening angle Daz and the normalized radial position Dr. 

Jerolmack and Paola (2007) showed that avulsion sizes in their experiments (measured in terms of the length of 
new channel created) followed an exponential distribution. They demonstrated that there was no binary distinction 
between ‘nodal’ avulsions that occur at the fan apex and ‘local’ avulsions that occur elsewhere; instead, the former 
are simply less frequent. Field observations by de Haas et al. (2018a) tend to support that continuum, with avulsions 
possible at all radial positions on a fan surface. Field observations by Pederson et al. (2015) and experimental work 
by de Haas et al. (2018b) both suggest, however, that flows become more compensational, and avulsions thus 
somewhat more likely, on the distal parts of the fan surface – perhaps driven by down-fan decreases in channel 
depth that outweigh down-fan decreases in lobe thickness (Whipple and Dunne, 1992). It may thus be possible to 
identify avulsion ‘hotspots’ by comparing the thickness of typical debris-flow depositional lobes with typical 
channel depths; as both of these quantities vary down-fan, avulsions should be more common in areas where lobes 
can more easily fill and block the channel network. These observations also suggest that avulsions with high Ma – 
those that occur near the apex and have wide opening angles – should be comparatively rare events. 

5.3. Avulsion frequency 

We currently have no capacity to predict the occurrence or frequency of avulsions on debris-flow fans, meaning 
that our understanding of avulsion occurrence is almost entirely reactive. A major research priority is therefore to 
compile sufficient information on avulsion occurrence and timing to enable first-order comparison with channel and 
flow characteristics, sediment supply, and fan climatic and tectonic setting. De Haas et al. (2018a) reviewed the 
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available data on historically-active debris-flow fans, and showed that documented avulsions occurred 
approximately every 3-8 flows. It is worth bearing in mind that those fans were specifically studied because of their 
frequent flow activity, and they are not necessarily representative of avulsion frequency on less-active fans. 

Over the longer term, fans show evidence of switching between different sectors on a range of time scales: for 
example, sectors on the Illgraben fan in Switzerland are typically active for ~102 yr (Schuerch et al., 2016), but 
sectors on fans in Owens Valley, California, may be active for ~103-104 yr (Duehnforth et al., 2007; Le et al., 2007; 
d’Arcy et al., 2015). There are still relatively few well-dated fan surfaces worldwide for which the timing of sector 
activity and abandonment can be estimated. The explosion in the practicability of surface dating by analysis of in-
situ cosmogenic radionuclides over the last 20 years, however, means that it is now more feasible than ever to 
generate quantitative fan-surface age estimates (e.g., Ivy-Ochs et al., 2013). 

At the same time, fan sector identification is typically based on both quantitative and qualitative measures of fan 
surface topography, including such diverse observations as surface roughness at various scales, channel cross-
cutting relationships, downlapping or onlapping relationships, relative weathering of surficial materials, soil 
development, and vegetation growth. Despite some efforts to quantify these measures (e.g., Frankel and Dolan, 
2007), division of the fan surface into discrete sectors remains an uncertain and somewhat ambiguous exercise. 
Thus, while there is clearly a need for more fan-surface chronologies, we also suggest that attention should be given 
to the ways in which fan sectors are formed and abandoned, and the implications of these processes for the fidelity 
with which fan surfaces record avulsions. 

5.4. Numerical modelling of avulsions 

A promising approach for exploring the controls on avulsion frequency is through the numerical modelling of 
repeated flows and the concomitant evolution of fan surface topography. McDougall (2017), in a thorough review of 
landslide and debris-flow runout models, pointed out that predicting the occurrence, location, and impacts of 
avulsion in numerical flow models remains a major outstanding challenge. While existing flow models can simulate 
flow paths given some assumptions about initial flow volume and entrainment or deposition along the flow path 
(e.g., Frank et al., 2015), it is difficult even a posteriori to simulate major avulsions due to the need to model the 
dynamic feedbacks between entrainment or deposition, changes in the channel bed topography, flow volume, and 
flow behaviour. Recognition of other possible flow paths, for example due to the presence of abandoned channels on 
the fan surface, is not sufficient; avulsion into those paths requires filling of the active channel, routing of material 
down the new pathway, and sufficient excavation of the new channel to ensure that it is maintained in subsequent 
surges or flows. While runout models are typically used to reconstruct the pathways of individual debris flows, there 
has also been much less attention devoted to modelling the impact of series of flows on a fan surface; thus, the 
suggestion by de Haas et al. (2018b) that the sequence of flow sizes, as well as the sizes themselves, may be 
important for triggering avulsion remains untested by independent observations. Finally, fan surface models require 
sufficient field data to allow testing and evaluation – especially high-resolution topographic data that can resolve 
individual channels and lobes, as well as repeat imagery of fan surfaces that can be used to identify avulsion 
occurrence and magnitude. We therefore close by calling for concerted research effort toward the development of 
numerical approaches that can simulate avulsions and thus the spatial evolution of debris-flow hazard over 
sequences of multiple flows. 
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Abstract 

Morphological characteristics of debris-flow deposits are a fundamental part of the field study of the process. The deposits show 
aspects related to flow dynamics, which reflects its main mechanics and enables the correct identification of process. Occurrences 
of debris flows are quite common in Brazil, especially in the Serra do Mar region, located at the southern/southeastern coast of 
the country. Geological and geomorphological characteristics and high rainfall indexes contribute to high susceptibility of the 
process in the region. In one of those occurrences, in the summer of 1967, the city of Caraguatatuba was intensely affected by 
high rainfall far above the average, with maximum values in between the 17th and 18th of March (586 mm/48h), which triggered 
landslides and debris flows that destroyed the city. In this way, the goal of this research was the morphological characterization 
and identification of debris-flow deposits from the 1967 event, in Caraguatatuba, Serra do Mar/Brazil. To achieve this goal, the 
following steps were made: a) selection of watersheds hit by debris flows; b) mapping of the debris-flows deposits in field 
surveys; and c) identification of morphological characteristics of deposits, applying field records. The results showed that the 
deposits mapped presented common characteristics described in literature as typical of debris flows, highlighting the presence of 
inverse grading, lateral levees and large boulders. The watersheds showed differences related to morphology types of deposits, 
indicating the influence of its characteristics in deposition. Those results contribute to the study of debris  flow, mostly to 
identification of susceptible areas but also to mitigation actions promoted by the government, aiming to improve land use 
planning, avoiding occupation of those areas by population. 

Keywords: geomorphology; mass movement; hydrogeomorphic processes; mapping; tropical environment. 

1. Introduction

Debris flows are among the mass movements with the highest destructive power due to their capability to
transport high volume of several types of material (e.g. boulders, organic matter) through long distances in high 
velocities. When debris flows reach areas of lower relief, where people and infrastructure are concentrated, they 
commonly cause social and economic damage, including casualties.  

In the southern and southeastern region of Brazil, the occurrences of debris flow are common, which causes 
destruction and damage to local infrastructure, homelessness and a higher number of deaths (Vieira and Gramani, 
2015). By being a process with a long time return and for the lack of risk mapping and government support, the 
population occupies susceptible areas, constructing its houses in deposits from past events or using it with 
landscaping purposes, ignoring the risk to new occurrences. In Brazil, the primary historic debris flows which 
caused casualties include: Caraguatatuba in 1967 with 120 fatalities; Santa Catarina in 2008 with 135 fatalities; Rio 
de Janeiro Mountain Region in 2011 with more than 1.000 fatalities; and Itaoca in 2014 with 25 fatalities (Jones, 
1973; Avelar et al. 2011; Kobiyama and Michel, 2014; Matos, et al., 2017; Dias et al., 2016a; Dias et al., 2016b; 
Gramani and Martins, 2016; Picanço et al., 2016; Gomes, 2016; Dias, 2017; Côrrea, 2018). 

Identification of debris-flow deposits is an important determinant of areas susceptible to debris flow. Identifying 
distinctive sedimentary features that show flow dynamics, such as inverse grading, lack of sorting and large 
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boulders, differentiates debris-flow deposits from other deposits, like floods or debris floods. (Johnson, 1970; Costa, 
1984; Jakob, 2005; Welsh and Davies, 2010).  

Characterization of debris-flow deposits can contribute to a better understanding of the process, in addition to 
serving as a support to the government in preventive and mitigative measures in susceptible areas. Therefore, the 
aim of this research was identification and characterization of debris-flow deposits in the city of Caraguatatuba, 
related to the 1967 event. 

2. Study Area

The city of Caraguatatuba is located on the southeastern Brazilian shore, (São Paulo State), in a mountainous 
region named “Serra do Mar” (Fig. 1). Due to its geological, geomorphological and climatic characteristics, the 
occurrence of landslides and debris flow is frequent in Serra do Mar. However, despite the high susceptibility and 
occurrence of fatal debris flow, the area is densely populated with none or little control from authorities, which 
contribute to higher risk of new fatalities (Matos, 2017). 

Fig. 1. Location of the study area and the watersheds Pau d’alho (1) and Guaxinduba (2). 

Rainfall volumes among the summer season between 1965 – 2011 shows a high rate, typical of the region, 
however, in the summer of 1966-1967 an unusual rainfall volume affected the city, when the total rainfall exceeded 
1.400 mm (Fig. 2), with critical values on March 16th and 17th when it rained about 548 mm/48h, triggering 
landslides and debris flows. Several watersheds were hit, including Santo Antônio, Guaxinduba, Pau d’alho, 
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Canivetal and Camburu. The events devastated the city, destroying urban infrastructure, including the main highway 
to the city, displacing 400 people and causing 120 fatalities (Fig. 3) (Cruz, 1974; De Ploey and Cruz, 1979; Dias et 
al., 2016). More than 50 years after, the area affected has been re-occupied by population, who ignore the evidence 
of the debris flows which is still visible in the landscape.  

Fig. 2. Total rainfall in the summers of 1965 – 2011 in Caraguatatuba, Brazil, highlighting the summer of 1966 – 1967. Source: Dias et al., 
2016b. 

Fig. 3. (a) Debris-flow deposits (boulders size: approx. > 10 meters of diameter) and (b) part of a bridge destroyed in the 1967 event, in 
Caraguatatuba, SP. Source: (a) Cruz (1974); (b) Public Archive of Caraguatatuba. 
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3. Methods

3.1. Selection of watersheds hit by debris flows 

The selection of watersheds was based on the geomorphological mapping presented by Cruz (1974; 1990), in 
which identified the areas affected by landslides and debris flows soon after the 1967 event. The affected areas 
present differences concerning occupation and magnitude of the processes. Thus, the watersheds selected are 
Guaxinduba and Pau d’alho (Fig. 1). Guaxinduba is a densely occupied area and is near the urban center of the 
county. Pau d'alho is located within a privately-owned farm. Both watersheds are identified by Cruz’s map as areas 
where debris flows occurred, but without information regarding morphology of deposits (e.g. size, morphological 
features). 

3.2. Mapping of debris-flow deposits 

The mapping of debris-flow inundated area was made using the geomorphological map from Cruz (1974; 1990) 
in which the author identified mass movements occurrences in general, without specifying the typology. With this 
map, it was possible identifying watersheds where debris flows gone through, as well deposition areas. The map was 
treated on Geographical Information System (GIS) to locate and delimitate the inundated area of debris flows in 
each watershed. After the digital treatment, field surveys were made to confirm the location of the hit areas and if 
the characteristics of the deposits correspond to the process analyzed. It was collected information about location, 
access, size and typology of the deposits. 

3.1. Identification of the morphological characteristics of deposits 

We characterized the morphological features of deposits during field surveys, including location information 
(e.g., altitude, coordinate, access, occupation) and features of the deposit (e.g., size, morphological characteristics, 
presence of large woody debris). First, it was verified if the areas indicated by Cruz (1974;1990) as from debris 
flows shows characteristics indicated in literature as typical from the deposition of the process, such as lack of 
sorting, lateral levees and large boulders (Johnson, 1970; Costa, 1984; Eisbacher and Clague, 1984; Ujueta and 
Mojica, 1995; Jakob, 2005; Takahashi, 2007; Welsh and Davies, 2010). After that, the location of deposits visited in 
the field was overlaid with the digitized mapping from Cruz (1974; 1990) in GIS and new cartographic products 
were generated with that information.  

4. Results and Discussion

Results showed that both watersheds exhibit morphology typical of debris-flow deposition, as mentioned in
literature, highlighting deposits with inverse grading features and lack of sorting in sediments, one of the main 
characteristics indicated as typical from debris flows (Ujueta and Mojica, 1995; Jakob, 2005; Takahashi, 2007; 
Welsh and Davies, 2010). However, the deposits are distinct in each watershed. Guaxinduba watershed exhibits 
deposits with inverse grading, lack of sorting, and very large boulders. No lateral levees or organic matter were 
found (Fig. 4). 

 The main body of the deposit is in the central area of the watershed where the largest boulders are located, which 
are currently used in landscaping. It is an area very much modified and occupied; however, evidences of the 1967 
disaster are still visible in the landscape, indicating the susceptibility of the area and the potential risk that residents 
are subjected to. 

Pau d’alho watershed shows more preserved deposits, with features of inverse grading, sediments with lack of 
sorting and predominance of lateral levees along the main channel (Fig. 5). No large boulders or presence of organic 
matter were found. 
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Fig. 4. Debris-flow deposits in Guaxinduba watershed. The inundated area is from digitized of the mapping made by Cruz (1974; 1990). Pictures 
A and C are identified in the enlarged area, near the urban areas. 

Fig. 5. Debris-flow deposits in Pau d’alho watershed. The inundated area is from digitized of the map made by Cruz (1974; 1990). 
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By comparison with Guaxinduba watershed, Pau d’alho has no residential occupation, only pasture areas. There 
are also buildings to support farm activities and employees, and infrastructure (e.g. roads and powerlines). All main 
activities of the farm are established on the flat zones, distant from deposits and steep areas. 

Other differences were observed between the two watersheds, beside the occupation. In Pau d’alho, inside the 
farm area, was installed the Gas Treatment Unit (UTGCA), from PETROBRAS, responsible to process the natural 
gas that will be distributed to the domestic market. The construction of the unit was carefully planned considering 
the susceptibility of the area to the occurrence of debris flows, as shown in the report made by the IPT (2006) 
(Institute for Technological Research of São Paulo State). Thus, preventive measures were made aiming to mitigate 
damages, such as the elevation of part of the structure, to avoid debris, and the construction of a barrier.  

This demonstrates a difference in the evaluation and precautions taken in each watershed against debris-flow 
hazards. The Guaxinduba population occupies an area without mitigation measures or governmental planning and is 
centered among previous debris-flow deposits. Some houses use the large boulders of the debris-flows deposits as 
part of their construction (Fig. 6b), in Pau d’alho, the risk of new occurrences was a worry before the UTGCA 
installation, aiming to mitigate damages and loss due the occurrence of debris flows (Fig. 6a).  

Fig. 6. (a) The Gas Treatment Unit (UTGCA), from PETROBRAS installed in Pau d’alho watershed, with precautionary measures to debris-
flows damage, as the elevation of the pipes (left) and culverts to withstand debris-flow passage (right); (b) boulder used as part of the construction 
of a wall from a house, in Guaxinduba watershed.
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5. Conclusion

This work showed the characteristics of debris-flow deposits in two watersheds from the city of 
Caraguatatuba/SP (Guaxinduba and Pau d’alho) from the 1967 event. The features found in the deposits correspond 
with the main aspects related to the occurrence of debris flows, such as inverse grading and lack of sorting, which 
validate and complement the geomorphological mapping made after the event, in 1974. 

Also, the results show differences related to the occupation and preventive actions in watersheds despite both 
being susceptible to the occurrence of debris flows and still had evidences from past events in the landscape. In spite 
of being a very occupied area, Guaxinduba doesn’t have any structure or precautions aiming to mitigate damages. In 
comparison, Pau d’alho is a farm area, without residents, however, the recent installation of a natural gas treatment 
unit (UTGCA) included debris-flow mitigation design and construction. 

Thus, with this work it was possible to characterize the morphology of debris-flows deposits in both watersheds, 
as well as the locating debris-flow deposits from the 1967 event and characterizing the risk to the local population 
and infrastructure. This study contributes to the understanding of debris flows in Brazil and may promote mitigation 
actions to be included through land use planning and the population living in areas susceptible to debris flows.  
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Abstract 

On December 16, 2017, a rockslide was triggered in the headwaters of the Burrito River (Chaitén district, 43.4° SL) 
which produced debris and mud flows that flooded Villa Santa Lucía, destroying half of the town’s urban area. These 
mass wasting events covered an area of 3 square-kilometers on Rute 7 and 1 square-kilometer on Rute 235, which 
resulted in twenty-one fatalities and one person still missing. The rockslide was produced by an intense rainfall which 
took place on the 15th and 16th of December, same year. The rainfall’s measured depth totaled 122.8 mm in only 24 
hours, with a high isotherm of 0° (2.700 m asl). This event was preceded by a two-week-long period of high 
temperatures (22°C daily maximum) previously registered. The main playing factors were the presence of deeply 
altered volcanic rocks (clay-iron oxides) of the Cordón Yelcho Pleistocene Volcanic Range (SERNAGEOMIN-
BRGM 1995) plus vertical fractures, open cracks and very steep slopes. The rockslide impacted a covered glacier and 
ice-cored moraine that resulted in a very high-speed blast, followed by large debris and mud flows that traveled a 
distance of 8 kilometers, deeply eroding the Burrito valley walls including its forest, soil and sediments (Duhart et al., 
2018). A 7.2 x 106 m3 total of sediments, water, ice and vegetal coverage were estimated and about 2 x 106 m3 were 
deposited on a 9 x 105 m2 fan area, covering the northern area of Santa Lucía village. An average velocity of 72 km/h 
was estimated for the higher part of the flow (Fernandez et al., 2018), although the initial blast was higher due to the 
trees that were uprooted and torn alongside the valley walls. As of today, the rockslide scar is still unstable with steep 
slopes, open cracks, a prominent hanging block and vertical fractures. A Laser Scan monitoring test was developed 
and is currently under assessment design. The implementation of permanent monitoring beneficial to the understanding 
of the rock’s failure origins in the generation zone may enhance the development of an alert system for landslide 
hazard risk reduction. 

Keywords: destructive landslide, rock fall, debris flow, covered glaciar, triggered rainfall. 

1. Introduction

This article is a report of the geology, velocity and volume estimations, of the Santa Lucía landslide, which occurred 
on 16 December 2017 that caused damage and fatalities in the homonymous village and the ‘7 way’. This landslide 
was generated in a periglacial environment with the conjugation of several conditioning factors and triggers. 
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1.1. Location 

The area is located in the Andean Main Range (43,413°S -72,367°W). The Santa Lucía village is a located in the 
north-south oriented tectonic valley (Fig. 1), that corresponds to the Liquiñe-Ofqui Fault Zone. The valley has 
experienced erosion by glaciers and later filled by glacial, volcanic, alluvial and fluvial sediments. The Cordón Yelcho 
Mountain has northwest-southeast orientation with height above 2400 m asl, has covered by glaciers and is 8 km from 
the village. 

1.2. Geology of the area 

The Villa Santa Lucía area is composed of metamorphic, granitic, volcanic and limited sedimentary rocks (Fig. 1). 
The oldest rocks of the area are Paleozoic micaceous schist and amphibolites (PzTrbm). The intrusive basement is 
composed of Miocene diorites (Md) and tonalites (Mt), and Cretaceous tonalites (Kt), granites (Kg) and monzogranites 
(Kmg) (Fig. 1). As well as Jurassic-Cretaceous volcano sedimentary rocks (JKvs), Oligocene-Miocene sedimentary 
rocks (OlMvs), Pleistocene-Holocene volcanic rocks (Q(P)v) and unconsolidated sedimentary deposits (Fig. 1).  

The landslide generation area corresponds to a Middle to Upper Pleistocene volcanic chain called ‘Complejo 
Volcánico del Cordón Yelcho’ (Moreno, 1995; in SERNAGEOMIN-BRGM, 1995) which is covered by glaciers and 
edified above 15 km-long metamorphic and granitic rocks with an N-S orientation and an average altitude of 2,100 m 
asl, its deep incisions forming radial valleys with virtually vertical walls. These rocks correspond mainly to lapilli and 
blocks tuffs, andesitic to dacitic, with fragments sub-rounded to angular, immersed in a matrix of fine ash with intense 
argillic alteration and the presence of iron oxides which are characterized by an orange-brown color. 

The volcanic layers are displayed sub horizontally and exhibit marked sub-vertical fracturing. They overlay to an 
intrusive tonalite of amphibole and biotite (which is cut by basaltic dikes of metric width with a preferential east-west 
orientation) and a sub-vertical trend. 

The outcrops exhibit streaks that represent an intense glacial polish. Glacial activity is also exhibited by the presence 
of subglacial rivers, subglacial lakes, ‘U’-shaped valleys and debris-covered glaciers that exhibit thick and fine 
sediments, containing ice cores on their frontal part.  

The main structural component region-wise is the Liquiñe-Ofqui Fault Zone (ZFLO) with an N-S orientation and a 
strike slip fault (Cembrano et al., 1996), whose primary trace corresponds to the Villa Santa Lucía valley. 

2. Santa Lucía landslide

The landslide area amounts to a total length of 12 km of distance from the generation area up to the confluence of
the Burrito and Frio rivers. Six indicative segments were recognized (Fig. 2). 

2.1. Characterization of the triggering event 

The landslide was triggered by the presence of warm rainfall during a two-weeks-long period in which the maximum 
daily temperatures exceeded 22°C, even reaching maximum temperatures above 27°C for two days which 
considerably aggravated the snowmelt (Rivera, 2017). During the 24 hours prior to the landslide event, rainfall reached 
a depth of 122.8 mm (www.dgastel.mop.cl, Table 1), with a maximum intensity of 10.6 mm/hr at 16:00 on 15.12.18. 
The rainfall event took place with a high isotherm of 0°C, above 2,700 m asl (Rivera, 2017), hence on 15.12.18 and 
16.12.18 in Santa Lucía village, and on the Cordón Yelcho and its associated glaciers only liquid precipitations 
received. 

2.2. Generation area 

The generation area (number 1, Fig. 2) corresponds to the headwaters of the Burritos River, whose height ranges 
from 1,000 m to 1,400 m asl and whose main escarpment possesses a length of 900 meters long and 520 meters wide, 
covering an estimated area of 44 hectares. The northern wall’s highest average slopes range between 77° and 81°. A 
rockslide originated from this area, which incorporated blocks of ice, snow, water, vegetation cover and variable grain 
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size sediments thus originating the debris flow that was channeled down the valley. Two lakes were generated as a 
result, with both of their frontal sections dammed by debris and ice blocks. 

2.3. Channeled debris flow, Burritos river headwaters 

The channelized debris flow followed a 2 km long course (number 2, Fig. 2) descended from  elevation of 1,000m 
to 600m asl, had an aproximated affectation width ranging from 200 to 400m wide and covered an approximate surface 
area of 54 hectares. From the Digital Surface Model (DSM) (SAF, 2017) and field observations, a wave height of 20m 
was estimated during the course of this path due the flow’s incorporation of a large number of uprooted trees and 
vegetation cover, thus dramatically increasing its total mass, volume and energy.  

Fig. 1. Geological regional map (SERNAGEOMIN-BRGM, 1995) of Villa Santa Lucía and its surroundings. The area affected by the 16.12.17 
landslide is marked in red.  
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2.4. Unchannelized debris flow 

It corresponds to the piedmont (number 3, Fig. 2), where there is a noticeable decrease in the slope to 10°, causing 
the flow to lose its confinement and start spreading sideways, covering an approximate area of 274 hectares in the 
process. It descended from 600 to 380m asl, reaching a width of 1.4 km for 2.3 kilometer-long route in a west-east 
direction and going over ‘7 way’ at the 2 km mark, with a wave height of 40-50 m tall caused by the debris flow’s 
energy, evidenced by the razed vegetation. 

2.5. Channeled debris flow, Burritos river’s northern-southern canyon 

In this segment (number 4, Fig. 2), the debris flow entered to the canyon 20 m deep, of the Burritos river from 380 
to 250 m asl, throughout a distance of 2 km. The affected area measures up to approximately 16 hectares. According 
to of the DSM (SAF, 2017), it is estimated that the flow’s wave would have reached a visual estimated height of 30 m 
tall. 

Table 1. Rainfall on the triggering event 

15-12-2017 16-12-2017 

Hour Accumulation 
per hour 
(mm) 

Cumulative 
precipitation 
(mm) 

Hour Accumulation 
per hour 
(mm) 

Cumulative 
precipitation 
(mm) 

8:00 

9:00 

10:00 

11:00 

12:00 

13:00 

14:00 

15:00 

16:00 

17:00 

18:00 

19:00 

20:00 

21:00 

22:00 

23:00 

0:00 

0,8 

1 

4,6 

5,6 

6,8 

5,2 

8,4 

7,4 

10,6 

5,4 

8,2 

5,4 

6,8 

6,4 

7 

7 

4,8 

0,8 

1,8 

6,4 

12 

18,8 

24 

32,4 

39,8 

50,4 

55,8 

64 

69,4 

76,2 

82,6 

89,6 

96,6 

101,4 

1:00 

2:00 

3:00 

4:00 

5:00 

6:00 

7:00 

8:00 

3,4 

4,4 

3,8 

4,4 

3,2 

1,4 

0,8 

0 

104,8 

109,2 

113 

117,4 

120,6 

122 

122,8 

122,8 

Total   122,8 

2.6. Channeled debris flow, Burritos river’s northern-southern canyon 

It corresponds to the area where most of the debris flow’s sediments were deposited in, thus resulting in the main 
affectation (number 5, Fig. 2) which covered about 50% of the total urban area of Villa Santa Lucía. The resulting 
deposit begins right at the apex of the fan, location where the flow loses its confinement and expands in a radius of 
600 to 1,000 m to the southeast and southwest directions. The deposit is primarily composed of tree trunks and 
fragments of volcanic and intrusive rocks in a matrix of fine sand, silts and clays, thus forming a large, muddy mass 
of slow drainage that covered most of the low gradient topography to a thickness ranging from 1 to 7 m. 
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2.7. Deposit and flood in the lower course of the Burritos river 

On the lower course of the Burritos river (number 6, Fig. 2) palisades that dammed the course were formed and 
resulted in the flooding of all the surrounding area. Meanwhile, fences (wired fences) held back, trapped branches and 
tree trunks that in turn caused water deviation, and more floods of the lowland areas.  

2.8. Volume estimation involved in the generation area 

The estimated volumes (of rock and ice) for the generation area were calculated by comparing the digital elevation 
models built prior to the event (INTERMAP, 2015; SRTM 30, 2000) with the digital elevation model (DSM) built by 
SAF on 19.12.2017 (Fig. 3). The estimated volume of the landslide was of 7,200,000 m3, out of which 2,200,000 m3 
were deposited on the upper part of the river basin and the remaining 5,000,000 m3 were deposited on Santa Lucía 
village. 

The area covered by the fan deposit at Villa Santa Lucia was estimated to be 900,100 m2 as reported by the 
orthophotomosaic’s interpretation (SAF, 2017). An average thickness of 2 m from excavations to search for missing 
persons, was taken into account, thus obtaining an estimated volume of 1,800,200 m3. Additionally, by using the digital 
elevation models DSM-SAF (2017) plus NEXTMAP World 10® DSM of INTERMAP (2015) for the fan deposit area 
in Villa Santa Lucía a volume of 2,130,192 m3 was further estimated. As a result, a total volume of 2,000,000 m3 is 
estimated for the fan deposit in Villa Santa Lucía. 

Fig. 2. Near infrared image (SAF, 2017). Red tones highlight the vegetation while gray tones delimit the affected area. Numbers indicate the 
segments described in this article. Circles indicate the curves used for velocity estimations. 
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2.9. Velocity estimation 

By using the 'on inclination in curve' formula (Johnson, 1970), an average speed of the flow was estimated 72 km/hour 
for the Burritos River’s confined channel (number 4, Fig. 2) (in a N-S direction). 

𝑉 = √(𝑔 ∗ 𝑅 ∗ 𝑐𝑜𝑠 ∝ ∗  
∆ℎ

∆𝑥
) (1) 

 𝑉  = median velocity (m/s)
 𝑔  = gravitational acceleration (m/s2)
 𝑅  = radius of curvature (m)
 α  = channel slope (°)


Δℎ

Δ𝑥
= cross-flow slope 

The formula of Johnson (1970) was applied in 3 different curves (Fig. 2, Table 2) with the variables of the equation 
extracted from the surface model and the orthophotomosaic (SAF, 2017). 

Fig. 3. DSM Profile. The red line corresponds to DSM SAF (2017), the orange line corresponds to NEXTMAP (2015) and the blue line 
corresponds to SRTM (2000). 

Table 2. Variables and results of the equation (1) 

Curve C1 C2 C3 

R 460 210 225 
∝ 2.121 1.626 10 
∆𝑥 145 55 57.4 

∆ℎ 12 11 11 
∆ℎ

∆𝑥 0,082 0,2 0,191 
𝑐𝑜𝑠 ∝ 0,999 0,999 0,984 

V2 372,820 411,434 416,141 

V (m/s) 19,308 20,283 20,399 Average 

V (Km/hr.) 69,510 73,021 73,438 71,990 
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3. Conditioning factors and triggers

Photographs taken prior to the event (as of April 2017), field observations and analysis of satellite and GoogleEarth 
images, all allow the interpretation of the geomorphological and geological conditions were combined with the major 
trigger (intense rainfall with a high isotherm of 0°C) for generate the rockslide and debris and mud flows. The 
following are the factors that contributed to the debris flow event. 

1. From 1985 up to 2017, the Yelcho Glacier (Rivera, 2017) receded approximatively 1 km, according to the
records. 

2. Satellite images from GoogleEarth back in 2006 show the presence of a remnant glacier and a lateral moraine,
both which are linked to a debris-covered glacier coming from the escarpment on the northwest and north directions 
of the Burritos River headwaters. The escarpment reveals orange and brown coloring representative of the action of 
argillic hydrothermal alterations (clays) on volcanic rocks of the ‘Complejo Volcánico del Cordón Yelcho’ which, 
consequently, contribute to the weakening of the rock mass. In addition, field observations also determined an intense 
sub-vertical fracturing of the volcanic rocks and the presence of abundant basaltic dikes. 

3. The photographs from April 2017 and those taken after the events show an abundant presence of fractures, which
are at least 1 m wide on the upper part of the north scar of the Burritos River headwaters. Furthermore, on the lower 
part of the generation area (corresponding to the basal outline of the escarpment) 350 m of the glacier covered by 
debris appears to have retreated. There is also evidence indicative of an incipient glacial lake, which would be partially 
clogged by debris and cryo-glacial morphologies (cavities in the ice) on the lateral moraine. 

 The conditions described above indicates the presence of water available (the glacial lake previously described) and 
an unstable retreating glacier (that would be melting) right beneath an active rockslide zone. The scarp of the active 
rockslide had steep slopes (approximately 80°), an intense fracturing, argillic alteration and open fractures in the 
volcanic rocks. Intense rains associated to a high isotherm of 0°C on 16 December 2017 triggered the rockslide and 
debris flow that would impact this covered glacier at the north-northwest orientation of the escarpment. The rockslide, 
in addition to water and sediments (debris) from the glacial lake, also forced the glacier down the Burritos River 
(Figure 4). This explains the formation of a debris flow with enough water to overtopped and eroded the banks of the 
Burritos River, stripping vegetation and entraining debris to create a cohesive flow (made of debris flow and mud) 
that included vegetation, soil, tree trunks, ice and detritus. This debris flow mobilized 8 km and eventually was 
deposited on the area of lower slope of the Burritos River valley, then was channeled down into the canyon where it 
would open as a fan, impacting Villa Santa Lucía. A less cohesive flow (debris flow) made of rocks and ice deposited 
on the intermediate zone of the mud flow as a result of the gravitational transport of the initial rockslide at the north-
northwest escarpment.  

4. Conclusions

The event that took place on 16.12.17 corresponds to a rockslide and debris-mud flow that impacted and partially 
covered the town of Villa Santa Lucia. This event was triggered by an hydrometeorological incident characterized by 
abnormally high and prolonged temperatures (registered beforehand) followed by intense rainfall with a high isotherm 
of 0°C on the day of the event. All the conditioning factors (including steep slopes, rock mass weakness, a retreating 
glacier, the presence of material ready to be dragged away) plus all the triggering factors (including intense rain and 
high isotherm of 0°C) culminated in an event of significant magnitude. 

It was estimated through digital elevation models that the initial rockfall volume in its generation area was of 
7,200,000 m3, out of which approximately 2,200,000 m3 worth of sediments were deposited on the upper part of the 
basin and the remaining 5,000,000 m3 mobilized towards Villa Santa Lucía. Regarding this last one, about 2,000,000 
m3 constitute the fan deposit that hit Villa Santa Lucía and covered an area of 900,100 m2. By using the 'on inclination 
in curve' formula (Johnson, 1970), it was estimated that the average flow velocity for the Burritos River canyon was 
72 km/hour. 

As of today, the rockslide generation area is still active increasing the possibility of similar events happening again. 
These events could be triggered again by an intense precipitation with a high isotherm of 0°C either by subduction 
earthquakes or by crustal earthquakes linked to the Liquiñe-Ofqui Fault Zone’s activity. 
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Fig. 4. Profile and sketch showing the current condition of the generation area. Picture was taken on 18.12.17, showing an unstable remnant 
blockstable; the current deposit of the landslide made of debris and ice blocks; the glacier, the dammed lake and the Burrito river headwaters. 
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Abstract 

In 2005 the settlement of Matatā on Awatarariki fan, Bay of Plenty, North Island, New Zealand was devastated by a 
>3 x 105 m3 debris flow; several dwellings were destroyed and many damaged, but no fatalities occurred. In the 7 years 
following the event, design options for a debris-flow containment structure in the catchment were developed. 
Following a formal determination by the Government’s building control agency in 2006, building consents were 
granted for a number of replacement dwellings on the fan. In 2012, the previously chosen containment structure project 
was cancelled due to effectiveness and cost concerns. Subsequent investigations confirmed there were no viable 
engineering solutions to manage debris-flow risk from this catchment, and risk analyses have demonstrated that no 
debris-flow management systems, warning and evacuation systems, or individual dwelling protection mitigation 
measures, independently or in combination, could deliver a residential environment with tolerable risk-to-life levels. 
Since 2013, Whakatāne District Council (the Council) has been working towards a non-legislated managed voluntary 
retreat from the area where the risk to life is greater than about 10-4a-1, which is also the area of boulder deposition in 
the 2005 event. This has involved many meetings with affected landowners, including legal counsel and experts, but 
the currently 13-year delay in resolving uncertainty about landowners’ futures has generated considerable stress and 
even hostility. A parallel legislation-based workstream the Council has undertaken to fulfil its statutory responsibilities 
has exacerbated tension between the Council and some property owners. From a technical perspective, this study 
emphasises the danger of lay officials and consultants placing too much confidence in immature technologies to 
reliably modify debris-flow occurrence. From a public management perspective, it highlights the immaturity of New 
Zealand’s natural hazard management policy framework, in particular the significant disconnect between policy intent 
and policy implementation and its polarising effects on a small provincial community. 

Keywords: Debris-flow risk-to-life; risk reduction; national and local government responsibilities; engineered risk reduction; managed voluntary 
retreat; New Zealand. 

1. Introduction

Although New Zealand is exposed to a wide range of natural hazards, use of formal risk management practices for 
low-frequency, high-consequence natural hazards is still an emerging field. New Zealand is one of 187 signatories to 
the 2015 Sendai Framework for Disaster Risk Reduction which refocused international policy direction for disaster 
reduction from disaster management to disaster risk management. In 2017, changes to New Zealand’s Resource 
Management Act formally recognized the Sendai philosophy of proactively managing risks from natural hazards. 
However, the Act was changed with minimal consideration of how it might be applied in practice. And therein lies the 
problem. Some local authorities, in response to events, have identified situations where significant risk from natural 
hazards exists and for which no pragmatic and affordable engineering solution exists. In such cases, retreat from the 
high hazard area is the only option. For these scenarios, the legislative provisions of the Resource Management Act 
are proving to be not only woefully inadequate, but also polarizing to communities, driving a wedge between the 
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affected residents and the local authorities endeavoring to apply the legislation. We demonstrate the challenges 
involved in implementing a disaster risk reduction framework through a case study involving Matatā, a small rural 
township in the eastern Bay of Plenty of New Zealand that experienced debris flows in 5 catchments in and around the 
township in 2005. Matatā is part of the Whakatāne district which has a land area of 4,442 km2 and a population of 
32,691 (2013 Census). The Whakatāne District Council (the Council) is the governing territorial authority. 

2. The Natural Hazard Event

In May 2005, extremely heavy rainfall in the steep catchments behind Matatā caused many slope failures that 
initiated debris flows and debris floods, devastating much of the coastal township (McSaveney et al, 2005). Twenty-
seven homes were destroyed, 87 other properties damaged and major transport links cut, resulting in an estimated 
NZ$20 million in damage. About 700,000 m3 of debris was deposited from 5 catchments. The most destructive debris 
flow was from the Awatarariki Stream, where about 300,000 m3 of debris was deposited throughout the fan. Boulders 
up to 7 metres diameter were mobilised in this debris flow. While there were no deaths or injuries, the nature of this 
event was such that deaths could easily have occurred. 

The closest automatic rain gauge was at Awakaponga, 5km SSE of Matatā. This recorded 367.5 mm for the period 
17-19 May, with a peak 1- and 24-hr rainfalls of 94.5 mm and 307.5 mm respectively. These are between 200-500 
year recurrence intervals based on extreme value statistics – but may be more frequent. Blackwood (2005) regards 
them as ~ 20 percent greater than the 1% AEP estimated rainfall intensities. Morphological evidence at Matatā and the 
adjacent Manawahe area indicated that rainfall intensities in the storm centre were even higher (Ibid). Peak debris and 
water discharges in the streams flowing into Matatā are estimated to have been between five and twenty times the 
theoretical 100-year flood discharges, with water flows up to twice the estimated 100-year floods (Tonkin and Taylor 
Ltd, 2005). For the Awatatariki catchment, the subject of this case study, the 100-year design flow is 44 m3/s whereas 
the estimated peak debris-flow discharge for the May 2005 event was 700 m3/s (Tonkin and Taylor Ltd, 2015). 

There is evidence that equally large and larger, debris flows have occurred many times over the last 7,000 years, 
with four smaller flows occurring since 1860 (McSaveney et al, 2005). 

3. An Engineering Solution?

Following the 2005 debris flows, the Council engaged external experts to advise what options were available to 
manage the risk to the Matatā community from future debris-flow events. Considerable community engagement 
informed option selections.  For all of the five catchments, cost-benefit analyses ranked engineering solutions higher 
than managed retreat (Walton and Clough, 2005). 

The Awatarariki fan community wished to re-establish the residential environment through an engineered solution 
that reduced the risk from future debris flows to acceptable levels. The Council considered a range of mitigation 
options and settled on a debris dam to achieve this. Subsequent consultation with the community, however, identified 
that any option involving large scale earthworks would not be supported by tangata whenua (local people of Māori 
descent who exercise customary authority in an identified area) due to the presence of highly-valued burial caves in 
the planned location of the dam. The Council then investigated alternative, less intrusive options. A combination of 
active marketing and an appetite for innovation by key Council officers and Council advisors resulted in adoption of 
a flexible ring-net proposal as the preferred solution. As the detailed design process proceeded and the requirement to 
contain >3 x 105 m3 of debris was established, significant design and construction challenges were identified, in 
particular the unprecedented 14 m high by 39 m wide size of the barrier required as well as the ability of the local 
bedrock to withstand the anchor forces involved. Ongoing maintenance costs were a separate community concern.   

As a consequence of better understanding the design and maintenance parameters, external engineering experts 
eventually advised the Council that an engineered debris detention structure in the catchment was not viable. The 
Council then investigated engineering options for a fan solution. Despite a range of options being considered, no 
viable solution could be identified. 

In December 2012 the Council resolved to not proceed with an engineered solution, and to investigate and develop 
a planning framework to manage the risk. This was a pivotal decision by the Council, not just for the affected 
landowners but also for the Council itself in its regulatory roles of building consent authority and resource consent 
authority. The Council decision formally recognised that the properties known to be at risk from the debris-flow hazard 
from the Awatarariki Stream catchment would continue to be exposed to that risk in the future. 
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4. Policy Framework for Natural Hazard Risk Management

In 2014 the New Zealand Insurance Council estimated that natural disasters can be expected to cost New Zealand 
just under 1% of its GDP (about NZ$1.6B) in any year (Insurance Council of New Zealand, 2014). This ranked New 
Zealand as having the third most vulnerable economy in the world to the impact of natural disasters. However, a lot 
of natural hazard damage is uninsured and many of the consequences are difficult to monetize; a Government agency 
recently estimated the total annual cost of natural hazard events in New Zealand to be between NZ$12B and NZ$18B. 
Annual costs of this magnitude are not sustainable for a country with a population approaching 4.9 million (Stats NZ, 
2018). Thus a policy shift away from disaster response to disaster risk management has wide-ranging support within 
New Zealand. Proactive risk reduction, strengthened community resilience, and reduced expenditure on disaster 
response are anticipated outcomes of the new policy direction.  Current policies and legislation relevant to natural 
hazard management in New Zealand are summarised in the following table. 

Table 1 Key legislation and policies relevant to natural hazard management in New Zealand 

Strategic document Description/Purpose Relevance 

Sendai Framework 
for Disaster Risk 
Reduction 2015-2030 
(SFDRR) 

SFDRR increases emphasis on disaster risk 
management and makes reduction of disaster risk a 
primary responsibility of signatory governments. 

New Zealand is a signatory to the SFDRR.  The nation has 
committed to reduce levels of risk that have been identified 
as being unacceptably high. 

Civil Defence 
Emergency 
Management Act 
2002 (CDEM) 

To improve the sustainable management of hazards. 
Achieves acceptable levels of risk by identifying, 
assessing, and managing risks, consulting and 
communicating about risks, and identifying and 
implementing cost-effective risk reduction. 

Both the Bay of Plenty Regional Council (BOPRC) and 
Council are part of the Bay of Plenty CDEM (Civil Defence 
Emergency Management) Group and contribute to the 
CDEM Group Plan.  The Plan provides a framework for 
civil defence and emergency management decisions to be 
made across the Bay of Plenty.  The Plan is linked to the 
Regional Policy Statement (RPS) which cascades to 
regional and district plans. 

Local Government 
Act 2002 (LGA) 

To meet the needs of communities for local 
infrastructure, local public services, and 
performance of regulatory functions in a way that is 
most cost-effective for households and businesses.   

Section 11A(d) states that a core public service to be 
considered is the avoidance or mitigation of natural hazards  

Resource 
Management Act 
1991 (RMA) 

Sets out how we should manage our environment, 
including the integrated management of natural and 
physical resources.   

Natural hazard risk management is now a matter of national 
importance.  Every RMA decision must take natural hazard 
risk into account.  In this context regional authorities can 
extinguish existing use rights, without compensation. 

Land Drainage Act 
1908 and Soil 
Conservation and 
Rivers Control Act 
1941 

Provide for the conservation of soil resources, the 
prevention of damage by erosion and to make better 
provision for the protection of property from damage 
by floods.   

Enable the regional council to undertake or maintain works 
to minimise flooding and damage in a catchment.  Some 
mitigation measures have been carried out at Matatā under 
these Acts following the 2005 debris-flow event. 

Local Government 
Official Meetings 
and Information Act 
(s 44A) 1987 
(LGOIA)  

Provides for Land Information Memoranda (LIM) - 
Council reports about a particular property or section 
or special features of the land, including hazard 
information. Their most common application is 
during the sale and purchase of properties. 

Debris-flow risks within the hazard areas on the 
Awatarariki Stream fanhead are identified in Land 
Information Memorandum (LIM) reports.   
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Building Act 2004 Provides for Property Information Memoranda 
(PIM) - Council reports about a particular property 
or section or special features of the land, including 
hazard information that may impact upon a new 
development.  Typically applied for before lodging a 
building consent application.  Sections 71-74 relate 
to limitations and restrictions for the construction of 
buildings on land subject to natural hazards. 

The NZ Building Code includes functional 
requirements and performance criteria for buildings. 
Code Clause B1 – Structure, includes requirements 
relating to building failure and references annual 
exceedance probabilities for some natural hazards 
that vary depending on occupancy and nature of 
activity undertaken.   

The Council applied to the Ministry of Business, 
Innovation and Employment (MBIE) for two determination 
under this Act during the Matatā process 

Bay of Plenty 
Regional Policy 
Statement (RPS) 

Provides overarching policy for the Bay of Plenty 
which is given effect through regional and district 
plans.  The RPS draws on long term plans, national 
policy statements and standards, and CDEM Group 
Plans (the latter being influenced by the National 
Civil Defence Emergency Management Strategy and 
National Civil Defence and Emergency Plan). 

In 2016, BOPRC introduced a risk management approach 
to natural hazards (Plan Change 2 – Natural Hazards).  The 
RPS now requires both the Regional Council and District 
Council to take steps to reduce high natural hazard risk.   

Whakatāne District 
Plan 

Identifies the important resource management issues 
in the District, and guides development in the 
district.  Helps ensure Whakatāne is developing the 
way the community wants it to. 

Currently, the District Plan zones the Awatarariki Stream 
fanhead as Residential.  The Council has commenced a 
process to re-zone the land to manage the debris flow and 
debris-flood risk to property and people.  This will also 
fulfil the Council’s responsibilities under the new natural 
hazard provisions of the RPS for the debris-flow hazard 
from the Awatarariki Stream catchment.   

The NZ Government’s adoption of the SFDRR signals the need for Government involvement in the development 
of national natural hazard risk management policies and frameworks, and in mitigation of risk from future (inevitable 
and foreseeable) high-impact natural hazard events that are beyond individual or community means to address. 

Recognising the SFDRR commitment, recent changes to the Resource Management Act (RMA) have elevated the 
importance of managing natural hazard risk to now be a matter of national importance when statutory decisions are 
made. Additionally, the RMA provides for regional councils, under certain circumstances, to remove existing uses 
without payment of compensation; however, this contentious provision has yet to be tested through the judicial system. 

A risk management approach to disaster reduction requires individual risks to be identified, quantified, and then 
managed according to priority. This introduces challenges for communities and regulatory decision-makers, including: 

 developing an understanding of multiple (interacting and cascading) natural hazards;
 identifying the impacts associated with each hazard (alone and in combination with others);
 establishing a reasonable likelihood of the hazard event occurring;
 comparative analysis of different hazard impacts together with the levels of risk they present; and
 development and funding of risk reduction interventions.

It is already clear that these are formidable challenges. Firstly, the level of risk for many natural hazard events is 
being established on an ad-hoc basis with no guidance, support, or oversight by central Government.  Second, risk 
quantification has proven costly and problematic due to the complex and uncertain nature and frequency of natural 
hazard events, particularly those of low probability where there are limited (if any) robust data from historical events. 
Also, and more importantly, no national framework has been established to guide communities on when risk reduction 
intervention is appropriate. Similarly, no national or regional funding framework exists to support risk reduction 
interventions. These challenges reflect the immature state of policy development for natural hazard risk management 
within New Zealand at the time this paper is authored. 

The new risk management approach means management of natural hazards is prioritised by the risk they present. 
The policy intent of the recently introduced Bay of Plenty Regional Policy Statement (RPS) is to ensure that the 
consequences of natural hazard events, when they do occur, are as low as practicable. This recognises that under-
acknowledgement of hazard risk in historical land use planning decisions has contributed to the high level of natural 
hazard vulnerability of many New Zealand communities. 
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Whereas the RMA focuses on environmental management, the Building Act (BA) focuses on building performance 
standards to ensure that buildings are safe for people to use. Specific provisions of the BA cover new building work 
on land that is potentially subject to natural hazards. In such cases, a building consent may be refused, or may be 
granted where the building construction won’t accelerate or worsen the natural hazard on the site or other property; 
the owner is prepared to accept the risk from the unmitigated hazard; and the building consent authority can reasonably 
grant a waiver or modification of the building code. The BA requires the consenting authority to record this information 
on the property title at time of granting of the building consent.  Building consent decisions can be challenged to the 
Ministry of Business of Business, Innovation and Employment (MBIE) through a determination application.  

5. Application of the Policy Framework to Management of Debris-Flow Risk on the Awatarariki Fan

In 2006, the year following the Matatā disaster, the Council applied for a BA determination from MBIE around 
whether it could issue dangerous building notices to prevent the Awatarariki fan properties being reoccupied. At the 
time it was considered that the 2005 debris flows were initiated by a rainfall event with a 0.005 to 0.002 AEP, and that 
if the event was replicated at any time in the future, similar consequences could be expected. The Council’s position 
was that the area should not be reoccupied, however, MBIE concluded otherwise and determined that the Council 
should allow residents to reoccupy their homes (Department of Building and Housing, 2006). The decision was 
subsequently extended to those wishing to rebuild homes destroyed by the 2005 debris flow. As well as repairs to 
existing dwellings, six replacement dwellings were also constructed between 2007 and 2011. 

Engineering works were completed on four of the five catchments affected by the 2005 event. The December 2012 
Council resolution to not proceed with engineering works for the Awatarariki catchment, and to move to a planning 
solution instead, caused the Awatarariki residents to be (understandably) very upset. 

In 2012, there was (and there still is) no national guidance on natural hazard risk management assessment 
methodologies, interpretation of assessments, or on tolerable/intolerable risk levels. The Council sought expert 
external advice to assist its decision-making processes. The Australian Geomechanics Society Landslide Risk 
Management Guidelines (AGS, 2007) were identified as an internationally well-respected framework. Debris flows 
can be considered a subset of landslides, providing justification for the use of the Guidelines for the Awatarariki debris-
flow risk assessment. These assessments generated an annualised loss-of-life risk distribution across the fan that ranged 
from 10-2 to 10-6 (Tonkin and Taylor, 2013). International comparisons indicated that an annual loss-of-life risk greater 
than 10-4 for an existing environment was unacceptable for residential use. This criterion was also adopted for rockfall 
risk assessments on the Christchurch Port Hills following the 2010-2011 earthquakes (Massey et al., 2014). Similarly, 
societal risk plotted on a F-N chart presented in AGS (2007) confirmed the risk to be unacceptable. 

Awatarariki fan residents were provided with the risk assessments conducted by Tonkin and Taylor Ltd and 
supporting information. A representative group of residents was invited to participate in a decision-making exercise 
to develop a way forward for the residents and the Council. A Consensus Development Group was subsequently 
established, including residents, a senior manager from the regional council, an elected representative and senior staff 
from the Council, expert technical and planning advisors, and independent facilitators. The Group met for four days 
over a two month period and explored a wide range of potential solutions. However not everything was agreed upon; 
for example, there was a significant gap between the Council and the landowners’ views on where the line of 
tolerable/intolerable risk should be drawn or whether a line should be drawn at all. The group agreed that a high risk 
exists but individuals varied widely in their personal tolerance of this risk, with many prepared to take individual 
responsibility for accepting the risk. The group agreed that engineering options were likely to be unaffordable and 
accepted that the Council had legal responsibilities to manage natural hazard risk to all people in society including the 
young, the elderly, and visitors. At the end of the process, there was agreement on a roadmap to move things forward. 
This roadmap included a further review of the quantitative risk assessment; investigation of early warning systems; 
consideration of on-site mitigation options; and development of a settlement agreement for voluntary managed retreat, 
with funding provided by a number of agencies, if on-site mitigation of the risk is not possible.  

A peer review of the risk assessment suggested that the modelled risk understated, by an order of magnitude, the 
risk-to-life during the 2005 debris-flow event, and consequently the area with loss-of-life risk greater than 10-4 a-1 was 
increased. The reviewers concluded that the risk in the expanded area (the “high risk area” hereafter) made residential 
use unsafe (McSaveney and Davies, 2015). This area includes 34 private properties of which 16 have dwellings, the 
rest being vacant sections. The other 11 publically-owned properties include transport infrastructure and reserves. 
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Early warning systems were investigated by GNS Science Ltd, a New Zealand Crown Research Institute, and it 
was concluded that they were unlikely to be effective due to the short time between event initiation in the catchment 
and impact on the fan. An escalating alert and warning system was also considered but discounted due to the lack of 
data on which to base reliable triggering, and the inevitable false warnings the system would produce. Capital and 
operational costs were additional factors, as was operational liability for system performance (Litchfield, 2015). 

On-site mitigation options were explored through a second Building Act determination. Two property owners 
lodged building consent applications to build dwellings within the high risk area. With knowledge of the high level of 
natural hazard risk and the lack of any suitable risk mitigation option, the Council’s building consent authority declined 
to issue a waiver or modification of the requirements of the New Zealand building code, and thereby declined to grant 
the building consents. The Council tested this decision by applying to MBIE for a determination.  Two years after the 
application was lodged, the determination decision was finalised (Determination 2016/034). The decision confirmed 
that vacant sites in the high risk area should not be developed for residential use. 

6. Voluntary Managed Retreat

Elimination of other possible solutions led to the final option identified by the Consensus Development Group, that 
of voluntary managed retreat; this would provide for acquisition of properties by the Government, BOPRC or the 
Council, on a ‘willing buyer – willing seller’ basis.  One of the Government’s responses to the devastating 2010 - 2011 
Canterbury earthquake sequence was to enact special legislation which enabled large areas of badly-damaged land and 
buildings to be acquired and people relocated. Most of the acquisitions involved land that had been damaged in the 
earthquakes, whose loss-of-life risk was low. In a policy environment promoting disaster risk management, and where 
a high loss-of-life risk had been proven with no viable risk reduction mitigation intervention available, Awatarariki 
fan residents and the Council looked to the Government in the first instance, and BOPRC in the second instance, to 
support an outcome consistent with that provided to property owners in Canterbury. 

To inform discussions with the Government and BOPRC an Acquisition Strategy was developed that would 
incentivise property owners to relocate away from the high risk area. Legal advice to the Council indicated that owners 
of all of the 34 properties in the high risk zone (i.e. vacant sites as well as sites with houses) needed to be offered the 
same process; final offers would reflect the difference in value of the land and assets obtained through a formal 
valuation process.  

The Acquisition Strategy recognized the “chicken and egg” dilemma for the Council: it needed to establish financial 
parameters for meaningful engagement with potential funding partners through identifying indicative settlement offers, 
without confirmed funding arrangements being in place. Legislative provision exists in New Zealand for compulsory 
acquisition of private land under the Public Works Act, however voluntary managed retreat is not a public work and 
therefore these provisions do not apply. Experience of managed retreat in the United States indicated that unless 
residents were incentivized to relocate, take-up of a retreat package would be low (Freudenberg et al., 2016). Accepting 
that a significant proportion of property owners in the high risk area had limited capacity to repay additional debt, 
voluntary retreat proposals were developed to incentivise owners to relocate. The proposals were based on the current 
market value ignoring the natural hazard risk at the time of a formal offer, plus contributions towards legal expenses 
and relocation where the fan property was the primary residence of the owner.  A valuation appeal procedure was also 
proposed. In sum, these provisions largely mirrored the acquisition provisions of the Public Works Act. 

Individual property valuations were needed to establish the financial envelope for managed retreat of the 34 
properties in the high risk zone. All but two owners gave consent for property valuers to visit their property. The 
valuation process assessed the potential cost of property purchases and clean-ups at NZ$15M. Indicative voluntary 
retreat proposals were provided to individual property owners who were then asked to register their interest in 
exploring the managed retreat process further. Two property owners declined to participate, one of whom was a Maori 
family group who owned a large parcel of land on the fan and had plans to register that land as a Maori reservation 
with a reserve status to avoid further development; this group supported retreat from the area and wished to integrate 
the development of the reservation with the Council’s broader plans for a coastal reserve for all of the high risk area. 
For a range of reasons including distrust of and lack of confidence in the Council, misunderstanding of the process, 
misunderstanding of the indicative offer, and different expectations of property values, 11 property owners did not 
return registrations of interest. The remaining 21 property owners wished to see the process continue. 

Despite the shift in national policy direction towards DRR, little support for managed retreat from Government 
ministers, BOPRC elected representatives, and officials has been forthcoming. Feedback from the Minister of Local 
Government in mid-2017 included a statement that Government wished to see a more definite expression of intent by 
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the Council to pursue the formal legislative provisions of the Resource Management Act as provided for by Parliament, 
and to apply the recent changes to the RPS. The RMA provisions required a District Plan change to alter the zoning 
of the high risk area from ‘Residential’ to ‘Coastal Reserve’, and a change to a Regional Plan that would remove the 
occupancy rights of the 16 property owners with houses on their land, with no compensation. Whereas the change to 
the District Plan reflected the status quo arrived at following the 2016 BA determination, the change to the Regional 
Plan removed the ‘voluntary’ component of the Council’s managed retreat strategy. This drastic change created a 
moral dilemma for several councilors who considered it one step too far. The subsequent Council resolution to progress 
along the RMA route was based on a majority vote rather than by consensus.   

BOPRC introduced a risk management framework to the Bay of Plenty region through its change to the RPS. It 
will also be responsible for implementing and enforcing the change to the Regional Plan.  The Council asked BOPRC 
to develop the Plan Change to the Regional Plan. This request was declined by BOPRC. As a consequence, the Council 
developed both plan changes.  BOPRC was then asked to adopt the prepared Regional Plan Change, but again this 
request was rejected.   

The lack of support from BOPRC and Central Government, combined with an absence of national and regional 
policy implementation direction and guidance, has required the Council, a provincial territorial authority with only 
34,500 residents, to chart a course through unexplored and incomplete national and regional natural hazard risk 
management frameworks with relevant key public sector actors observing from the sidelines.  

And what of the fan property owners, those most affected? The Council has maintained regular communication 
with all property owners throughout the process. For owners of vacant sites, the 2016 BA determination confirmed 
their inability to obtain a building consent to build on the land and their expectations largely reflected an acceptance 
of this.  Unsurprisingly, a number of the owners of properties containing houses reacted angrily to the Council’s 
decision to proceed with a Regional Plan Change that could see them forcibly removed from their homes without 
compensation. Their concerns were appropriately picked up by a sympathetic national media which resulted in 
Government Ministers taking a more active interest in engaging with the Council to pursue a managed retreat solution 
that is separate from the legislative RMA processes.   

A change in Government in October 2017 has seen an holistic approach to public governance that includes 
wellbeing of citizens. The willingness by the current Government to engage with the Council over a managed retreat 
solution for the Awatarariki fan has had a moderating influence on BOPRC.   

Now, 13 years after the event, and 6 years after a decision to not pursue an engineered solution, the level of risk is 
understood, and meaningful dialogue is occurring. This may not only lead to a solution for Awatarariki fan residents, 
but also result in a policy implementation template for managed retreat within New Zealand where unacceptable risk 
has been identified, no viable alternate solution to retreat exists, and the scale is such that local communities cannot 
afford to fund retreat on their own. 

7. Conclusion

An initial proposal for an earth containment dam in the upper catchment reflected a traditional ‘build back better’ 
approach to management of debris-flow risk from the Awatarariki Stream and its tributaries. Community consultation 
resulted in an alternative construction proposal that was attractive to professionals and local authority officials for its 
innovation and cost. Unfortunately, the risk inherent in innovation went unrecognised and it wasn’t until the detailed 
design phase that the inadequacies of the innovative design became apparent. Engineered fan solutions were also 
investigated and rejected. 

Since all engineering options had been exhausted, a disaster risk management approach was adopted.  Loss of life 
and property damage risks have been quantitatively assessed, with annualised loss-of-life risk ranging from 10-2 to 
10-6a-1 across the fan. 34 properties with an annual loss-of-life risk of >10-4a-1 were classified as being unsafe for 
residential use. Several risk reduction options were investigated including provision of early warning systems and 
active catchment management, but none proved to be viable. Having discounted all other risk reduction options, retreat 
from the risk was the only remaining option. 

The journey the Council and property owners have gone through over the last six years has demonstrated 
significant failings in the national policy framework for disaster risk management. 

 Although the policy vision is clear, the means to achieve it are lacking.
 No advice exists on how natural hazard risk should be assessed or what levels of risk require intervention.
 Intervention options are not enabled through supportive legislation, nor access to appropriate funding to

implement risk reduction interventions.
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 This lack of national policy guidance and support creates high levels of uncertainty, placing an
unreasonable burden on local authorities and adversely influencing their ability to reduce natural hazard
risk at the local level.

 Affected communities are seriously demoralised and polarised in the process.
Until these deficiencies are corrected, risk reduction initiatives will be resisted, inefficient practices will persist, 

and the New Zealand Government’s natural hazard risk reduction objectives will not be realised – leaving people at 
unacceptable risk and personal hardship. 
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Abstract 

On July 9, 2017, west of the California-Nevada state line, USA, the 2.8 km2 Farad fire burned steep slopes above Interstate 80. 
On the evening of August 18, 2017, a localized convective storm produced short-duration, moderate-intensity rain, which in turn 
triggered debris flows in a historically inactive basin. These flows impacted Interstate 80. At least four additional debris flows, 
not related to wildfire, have occurred along this section of road since 2013, but during much higher intensity rainfall. Here we 
utilize the history of pre- and post-fire debris flows along this section of Interstate 80 to explore the impacts of wildfire on debris 
flows. Specifically, we combine pre- and post-fire rainfall data and field measurements with empirical debris-flow models to 
quantify the impacts wildfire had on debris-flow generation and to estimate the likelihood and magnitude of future events. A 
characteristic pre-fire debris flow occurred on July 25, 2013 in a susceptible path ~30 minutes after rainfall began and during 
peak 15-minute intensities of ~50 mm/hr. This event closed both east and westbound lanes of Interstate 80. No other nearby paths 
had debris flows during this rainstorm. In contrast, one month post-fire, on August 18, 2017 a debris flow occurred in a 
historically inactive path, but within an area of high burn severity. Debris-flow initiation occurred ~30 minutes after the 
beginning of rainfall, but with peak 15-minute intensities of only ~26 mm/hr. This amplified rainfall-runoff response is consistent 
with fire-induced changes in soil hydraulic properties for which we measured post-fire decreases of a factor of 2 in field-saturated 
hydraulic conductivity and a factor of 4 in sorptivity. From field measurements, total volume estimates for the August 18, 2017 
post-fire debris-flow event ranged between 1270 and 4700 m3 depending on assumptions regarding pre-event channel geometry 
and volume of hillslope sediment transported. A shallow landslide that liquefied and flowed into the channel contributed ~450 m³ 
of material and was apparently triggered by concentrated overland flow off an old road into the toe slope of a much older deep-
seated landslide. Debris flows eroded most of the travel path above the fan to bedrock and contributed >850 m³ of debris, at a 
nearly uniform spatial rate, both of which suggest this event was likely limited by sediment availability. Just 100-150 m above 
Interstate 80 the flow transported boulders with maximum diameters in excess of 1 m, at peak velocities of ~2-5 m/s. We used the 
analysis of the August 18, 2017 debris-flow event to verify empirical equations developed by the USGS for predicting the 
probability, total volume, and runout distance of post-fire debris flows. We found good agreement between model output and 
observations and hence used these equations to predict characteristics of debris flows likely to occur in the near future.  

Keywords:  Wildfire; debris flow; hazard assessment; erosion 

1. Introduction

 Wildfire can dramatically change the hydrologic response of burned watersheds (Doerr et al., 2000; Ebel and 
Moody, 2017; Meyer and Wells, 1997; Moody and Martin, 2001). Debris flows that initiate within a burn scar and 
travel into populated areas are a severe hazard following fire (Cannon et al., 2010). Debris flows can grow 
dramatically through entrainment of sediment along the flow path and have discharges many times that of 
comparable water flows (Kean et al., 2016; McCoy et al., 2012; Santi et al., 2008). Post-fire debris flows represent a 
pervasive hazard that will likely become more prevalent in the future as intense rainfall and wildfire increase with a 
warming climate (IPCC, 2014; Westerling et al., 2006). Hence, there is a growing need for accurate debris-flow 
hazard assessments depicting the likelihood and magnitude of post-fire debris flows, as well as a mechanistic 
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understanding of the magnitude and recovery time of factors that change post-fire hydrologic response. Here we 
present a case study from the Interstate-80 corridor in the Truckee River canyon (Fig. 1) in which we document the 
changing hydrologic response following fire in steep debris-flow-prone basins, verify the predictions of a set of 
empirical equations that make up the USGS emergency post-fire hazard assessment (Gartner et al., 2014; Staley et 
al., 2016) and then apply these equations to explore the probability and magnitude of future post-fire debris flows. 

Fig. 1. Overview of study area in the Truckee River Canyon and site of the July 2017 Farad fire. (a) Bare-earth shaded-relief map derived from 
0.5 m resolution lidar data. Red polygon outlines the basin that experienced a post-fire debris flow on August 18, 2017. The green polygon 
outlines the basin that has had multiple historic debris flows unrelated to wildfire; it was not burned or burned at low severity in the Farad fire, 
but had no debris flow in the August 18, 2017 storm. Inset: Location map showing study location (black square) on the eastern edge of the Sierra 
Nevada mountains (red line) and along the California and Nevada state line. (b) Close-up view of shallow landslide that occurred during the 
August 18, 2017 debris-flow event. (c) Close-up of debris-flow deposits (lighter colored) on the fan above Interstate 80 after the August 18, 2017 
event. (d) Oblique view of Digital Globe Imagery from September 2017 draped over digital elevation model. Red and green boundaries as in (a). 
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2. Characterization of pre- and post-fire rainfall-runoff response

2.1. Characteristics of rainstorms triggering debris flow pre- and post-fire 

Both pre- and post-fire debris flows in this portion of the Truckee River Canyon have been triggered 
predominantly by short-duration, moderate- to high-intensity rainstorms. We compare the pre-fire debris-flow event 
that occurred on July 25, 2013, for which we have the most complete rainfall and timing data, with the post-fire 
debris-flow event that occurred on August 18, 2017 to highlight the amplified rainfall-runoff response following 
fire. The nearest rain gauge that records 15-minute rainfall totals is located 4 km up river. On July 25, 2013 a 
convective storm tracked over this rain gauge, whereas on August 18, 2017 the rain gauge was almost completely 
missed. As an alternative to in situ rainfall measurements we used rainfall rates determined from radar reflectivity. 
Specifically, we used National Oceanic and Atmospheric Administration (NOAA), Next Generation Weather Radar 
(NEXRAD) stage-three precipitation intensity data product. This product incorporates gauge calibration and is 
collected at five-minute intervals (Kitzmiller et al., 2013). NEXRAD precipitation estimates have been used in 
hydrological modeling, and are generally found to compare favorably with gauge data (+/- 25 %), but with under or 
overestimation depending on site and storm characteristics (Cho and Engel, 2016; Habib et al., 2009; Kitzmiller 
David et al., 2013). We calculated a rainfall time series using the mean precipitation intensity of pixels within the 
burn perimeter for each radar image and then decimated the 5-minute resolution data to 15-minute intervals. 

The results of this analysis are shown in Fig. 2. On July 25, 2013, peak 15-minute rainfall intensity was 50 mm/hr 
based on gauge data compared to 90 mm/hr based on radar returns. The July 25, 2013 storm appeared to track 
directly over the gauge so it is unclear why such an overestimation by the radar occurs, especially considering that 
radar-derived intensity commonly underestimates high-intensity rainfall (Habib et al., 2009). We have not looked 
extensively at other storms to see if this overestimation is systematic, but for this analysis we treat radar-derived 
precipitation intensities as maximums. This intense storm only triggered a debris flow in a steep, sparsely vegetated, 
and historically active basin (green outline in Fig. 1). No response was observed in the other more vegetated basins.  

We lack gauge data for the post-fire August 18, 2017 storm, but radar data shows the storm had a peak 15-minute 
rainfall intensity of <26 mm/hr. In this storm, debris flows were triggered only in a severely burned basin (red 
outline in Fig. 1). Debris-flow paths that were not burned, but were historically more prone to debris flows had no 
response. Both storms were of short duration and only exceeded an intensity of 20 mm/hr for ~45 minutes. Post-fire 
peak rainfall intensities required to triggered debris flows were notably ~1/3 to 1/2 of intensities required pre-fire.  

2.2. Soil infiltration properties pre- and post-fire 

To quantify post-fire changes in runoff generation mechanisms potentially responsible for the amplified post-fire 
runoff response, we used a METER Minidisc tension infiltrometer with a radius of 2.25 cm set to a suction of 2 cm 
to make in situ measurements of field-saturated hydraulic conductivity, Kfs and sorptivity, S. We scraped away ash 
from the soil surface and then spread a thin layer of quartz sand to ensure uniform hydraulic contact with the 

Fig. 2. Rainfall data and timing of debris-flow initiation for (a) July 25, 2013, which is characteristic of pre-fire events and for (b) post-fire 
August 18, 2017 event. Upper axis plots rainfall intensity, lower axis plots cumulative rainfall. On July 25, 2013 the storm tracked over a gauge 
recording 15-minute rainfall totals approximately 4 km from the debris-flow path, whereas on August 18, 2017 the storm missed this rain gauge. 
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infiltrometer disc. We recorded total volume of water infiltrated with time. We collected measurements at 10-second 
intervals during the first 60 seconds of the test, after which we decreased the sampling rate to every 15 to 30 seconds 
depending on infiltration rate. We analyzed these data using the methodology in Zhang (1997) and the derivative 
curve fitting technique suggested by Vandervaere et al. (2000) for two layer systems. The sand layer resulted in 
anomalously high infiltration rates for the first 10 to 20 seconds. These data points were discarded.  

The Zhang (1997) methodology uses parameters of the van Genuchten soil water characteristic curve (SWCC) 
model to solve for Kfs and S. For both burned and unburned soils, we measured SWCCs using the simplified 
evaporation method (Fissel and Breitmeyer, 2017; Peters and Durner, 2008). We measured four SWCCs (two 
burned soils and two unburned soils) using a METER HYPROP apparatus as described in Fissel and Breitmeyer 
(2017). We estimated parameters for the van Genuchten SWCC model from the measured SWCC data using non-
linear regression implemented in the proprietary HYPROP-FIT software package. We measured high suction (low 
water content) SWCC data using a METER environment WP4 chilled mirror hygrometer and appended these to the 
HYPROP data prior to fitting. These data were collected in general accordance with ASTM D6836 (ASTM 
International, 2016). Best-fit parameters for van Genuchten SWCC were different between the burned and unburned 
soils, as such, infiltration measurements were processed with parameters specific to burned or unburned soil. 

We made a total of 50 infiltration measurements almost evenly split between soils that were burned at moderate 
to high severity in the Farad fire versus soils that were not burned. Measurements were made over a six-month 
period starting April 2018. Infiltration measurements were grouped into unburned and burned categories for 
subsequent analysis. Additionally, we calculated the wetting front suction head, hf, defined in the Green-Amped 
infiltration model, as a parameter incorporating the competing effects of Kfs and S (Ebel and Moody, 2017). 

We found that burned soils had measurably lower Kfs, S, and hf (Fig. 3). The geometric mean of Kfs for unburned 
soils (49 mm/hr) was a factor of 2.5 higher than for burned soils (19 mm/hr). The geometric mean of S for unburned 
soils (85 mm/hr0.5) was a factor of 4 higher than for burned soils (20 mm/hr0.5). The geometric mean of hf for 
unburned soils (133 mm) was a factor of 7 higher than for burned soils (19 mm). 

2.3. Initiation timing and initiation mechanisms of debris flows pre- and post-fire 

The California Department of Transportation (Caltrans) reported that on July 25, 2013 at ~15:29, Interstate 80 
was struck by a debris flow that closed both east and westbound lanes, which was ~30 minutes after the first rainfall 
and ~15 minutes after rainfall intensities increased above 20 mm/hr (Fig. 2a). Debris flows that impacted Interstate 
80 only occurred in the basin outlined in green in Fig. 1. Post-event decimeter-resolution Digital Globe satellite 
imagery revealed extensive rill networks extending up to the drainage divide and debris-flow levees/deposits along 
the main travel path. No evidence of shallow landsliding was apparent and hence we interpret that this debris-flow 
event was triggered strictly by rainfall runoff and in-channel failure of debris (Kean et al., 2013).  

On August 18, 2017, personal observation by S. McCoy revealed that by 17:40 Interstate 80 had been struck by 
debris flows. We assume that actual time of initiation was 5 to 10 minutes prior to 17:40 given the lack of first 
responders, which would put initiation ~30 minutes after rainfall intensities increased above 20 mm/hr (Fig. 2b). In 
contrast to pre-fire events that had generally been localized to the basin outlined in green, the post-fire event only 
triggered substantial debris flows in the basin outlined in red in Fig. 1, which had been historically inactive prior to 

Fig. 3. Hydraulic properties of soils that were either unburned or burned at moderate to high severity in the Farad fire. (a) Field saturated 
hydraulic conductivity, Kfs. (b) Sorptivity. (c) Wetting front potential. On the box plots, the centerline shows the median, box edges mark the 
lower and upper quartiles, the whiskers extend 1.5 times the interquartile range, and circles show data that fall beyond the limits of the whiskers. 
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being burned. Post-event field surveys revealed high-density rill networks on burned hillslopes that fed into the main 
channel. These observations support an initiation mechanism by rainfall runoff (Kean et al., 2013). However, near 
the headwaters, a shallow translational landslide was found that had failed and entered the channel as a debris flow 
(Fig. 1b). This shallow landslide initiated within an old deep-seated landslide complex and occurred where runoff 
from an old road concentrated overland flow into the headscarp (Fig. 1). Levees were found upstream of the shallow 
landslide giving evidence that debris flows unrelated to the landside were occurring upstream. 

3. Characterization of the August 18, 2017 Post-Fire Debris Flow

To calculate maximum discharge of the largest debris-flow surge front, we estimated the maximum cross-
sectional area of flow as the channel cross-sectional area beneath the maximum height of levee deposits and flow 
velocity using the forced vortex equation with the correction factor for viscosity and vertical sorting set to 1 
(Prochaska et al., 2008). We assumed that minimal changes occurred in the channel after the passage of the peak 
surge that formed the levees. Channel and levee geometry were surveyed with a laser rangefinder, whereas radius of 
curvature of channel were measured on post-event satellite imagery (Fig.1).  

Channel cross-sectional area was measured at eight locations between the fan head and 30 m above Interstate 80, 
at which point channel cross-sectional area abruptly decreased. The mean cross-sectional area was 9.4 m2. Flow 
velocity was calculated at two locations corresponding to the tightest channel bends on the fan. Velocity estimated 
near the fan apex was ~5 m/s whereas the velocity ~100 m above Interstate 80 was ~2.0 m/s. We used the mean 
velocity of flow on the fan and the mean cross-sectional area to estimate a peak discharge of 33.3 m3/s.  

We characterized composition of levee deposits on the fan through random-walk point measurements. Boulders 
greater than 25 cm in diameter and logs greater than 1 m long comprised ~20% of deposits. The average long axis 
length of boulders was 1.2 meters. The average log length measured was 3.4 m. The largest boulder was 2.4 x 1.8 x 
1.5 m and the largest log was 7.6 m long. All objects measured were located within 180 meters of Interstate 80. 

To measure the total volume of material eroded along the flow path we followed the methods of Santi et al. 
(2008) and Gartner et al. (2014) in which eroded volume is estimated as the difference in cross-sectional area 
between post-event channel cross sections and projections of un-eroded hillslopes to the channel center line (Fig. 4). 
Channel shape prior to erosion was assumed to form a perfect V, but channel geometry in adjacent channels where 
limited erosion occurred showed that channels where more flat-bottomed to U-shaped. To test the sensitivity 
between a perfect V-shaped pre-event cross section and a more flat-bottomed one we raised the pre-event channel 
bottom at the centerline by 0.3 m and recalculated entrainment (Fig. 4a). Post-event channel geometry was surveyed 
with a laser rangefinder every ~5 m in areas of large scour and up to every ~50 meters in areas of uniform scour. 
Link distances between cross-sections were measured with the laser rangefinder. Link volumes were found as the 
product of cross-sectional area eroded and link length, which were then summed to calculate total event volume. 

The estimated volume of material eroded due to in-channel erosion was 820 m3 for the V-shaped initial condition 
versus 1900 m3 for a flat-bottom geometry. The cross-sectional area of scoured channel or spatial entrainment rate 
was nearly uniform along the flow path with a mean of 2.1 m2 (Fig. 4b). These estimates are for the portion of 
channel from the base of the landslide to the point of transition from erosion to deposition at the fan head. Above the 
landslide, the channel did not show evidence of significant scour.  The uniformity of entrainment rate was likely due 
to sediment-supply limitations. 80% of the channel length below the landslide headscarp eroded to bedrock at some 

Fig. 4. Measurements of channel entrainment during the August 18, 2017 event. (a) Example of field-surveyed channel cross-section showing the 
two assumed geometries, V-shaped versus flat-bottomed, of the pre-event channel and the resulting area of eroded material (orange polygon 
shown for flat-bottom initial condition). (b) Spatial rate of channel entrainment as a function of distance from the landslide head scarp. 
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point in the channel cross section. The landslide contributed an additional volume of approximately 450 m3, 
resulting in a total debris-flow volume of 1270 m3 for V-shaped or 2350 m3 for flat-bottomed geometry. These 
estimates neglect any contribution of sediment eroded from hillslopes. Previous studies with high-resolution 
topographic differencing or modeling have shown hillslopes can contribute over half of the net eroded volume 
(Staley et al., 2014; McGuire et al., 2016). Significant hillslope contribution to total debris-flow volume is consistent 
with observations of significant hillslope erosion and extensive rill networks. We interpret a minimum debris-flow 
event volume as 1270 m3 with no hillslope contributions and V-shaped initial channel geometry versus a maximum 
event volume of 4700 m3 with 2350 m3 from channel entrainment and 2350 m3 from hillslope erosion.  

3.1. Comparisons of field observations to empirical models of post-fire debris-flow probability, volume, and runout 

We used the empirical logistical regression equations of Cannon et al. (2010) as updated by Staley et al. (2016) in 
which the probability of post-fire debris flows is a function of the proportion of upslope area in burned area 
reflectance class (BARC) Class 3 or 4 with gradients ≥ 23°, the average differenced normalized burn ratio (dNBR) 
of the upslope area, soil erodibility factor (KF-Factor), and peak 15-minute rainfall intensity. To predict expected 
volumes of post-fire debris flows we used the multiple linear regression equation developed by Gartner et al. (2014) 
which is based on the elevation range of the basin, the upstream area that was burned at a high or moderate severity, 
and the peak 15-minute rainfall intensity. This set of equations for probability and volume comprise the core of the 
operational Emergency Assessment of Post-Fire Debris-Flow Hazard by the USGS. Our inputs vary slightly from 
that used in the operational USGS model. Instead of using the soil characteristics in US digital soil database 
STATSGO (Schwarz and Alexander, 1995) to calculate the KF-Factor we took two soil samples from the burn site 
and characterized soil structure as well as measured grains size distributions and organic content using standard 
sieve and hydrometer methods (ASTM D422-63; ASTM D1140-00) (ASTM International, 2017). The KF-Factor of 
the soil was then determined for each soil using the nomograph provided by the National Resources Conservation 
Service’s National Soil Survey Handbook, Part 618, Subpart B. Our KF-Factor from in situ measurements was 
0.075, which was substantially lower than the value calculated from the soil database parameters, ~0.25, which in 
turn lowered our calculated probability of occurrence by ~10 to 20% as compared to the published USGS hazard 
forecast. Additionally, the geometry of the basin in which the August 18, 2017 event occurred (red outline in Fig. 1 
and basin 67 in Fig. 5) is unique with an extremely low-gradient headwaters that transition to the steep debris-flow 
prone lower basin. The upper basin does not appear to contribute debris-flow sediment to the lower basin and was 
removed for the volume calculation. For probability and volume predictions, we selected a 15-minute rainfall 
intensity for a five-year storm (38 mm/hr) from the NOAA Atlas 14 precipitation frequency data server.   

The basin in which the August 18, 2017 post-fire event occurred (red outline in Fig. 1 and basin 67 in Fig. 5) had 
a predicted probability of 30% for debris-flow occurrence in response to 15-minute rainfall intensity of 26 mm/hr. 
Basin 101 had an estimated 37% probability for the same precipitation intensity, and there was also a small debris 
flow that occurred in this basin, but it was intercepted by a dirt road before it could develop significantly. 
Nevertheless, the two drainages with the highest probability of occurrence for the August 18, 2017 precipitation 
intensity were the only ones that showed evidence of debris flows. The predicted volume for 26 mm/hr precipitation 
intensity in Basin 67 was 3950 m3, which is consistent with the upper range of our field-measured volume. The 
predicted volumes for a 5-year storm event for the basins most likely to experience a post-fire debris-flow event as 
numbered in Fig. 5 are 6500 m3, 4700 m3, 3900 m3, 6000 m3 for basins 67, 101, 20, and 139, respectively. 

We estimated expected planimetric debris-flow inundation area using the USGS Laharz framework (Iverson et 
al., 1998). Rather than using the semi-empirical relationships that were developed for non-fire related debris flows, 
we used purely empirical equations that were developed by Bernard (2007) specifically for post-fire debris flows, 
A=0.26V0.40 and B=7.4V0.81, where A is the maximum cross-sectional area of the flow, B is the total planimetric area 
inundated by the flow, and V is the total volume of material produced by the debris flow. We selected the point of 
deposition onset to be the point at which channel slope decreased below 16 degrees, which was where deposition 
began in the August 18, 2017 event. This criterion resulted in onset of deposition proximal to fan heads. For basin 
67, the predicted planimetric area inundated using the minimum of field-measured volume is much less than the 
observed, whereas the empirically estimated volume, which is consistent with the upper range of field-measured 
volume, matches observations well (Fig 5). Debris-flow inundation area was also estimated using volumes from the 
empirical volume model for a 5-year storm (38 mm/hr) for three drainages with 30% or greater probability of post-
fire debris flow occurrence during a 5-year storm, as well as Basin 20, because its historical activity pre-fire. For all 
basins analyzed, debris flows are expected to impact Interstate 80 for a five-year storm event (Fig. 5). 
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4. Discussion and Conclusion

Analysis of pre- and post-fire rainfall runoff in the Farad fire burn scar revealed an amplified rainfall-runoff
response following fire. Pre-fire, many moderately steep and moderately vegetated basins were historically inactive 
despite experiencing peak 15-minute rainfall intensities exceeding 50 mm/hr, and which triggered debris flows in 
adjacent more prone basins. Post-fire, one of these historically inactive basins that was almost completely burned at 
high to moderate severity, had a significant debris flow in response to peak 15-minute rainfall intensity of <26 
mm/hr, whereas historically active basins that were not burned, or only burned at low severity, showed no response. 
This amplified rainfall-runoff response is consistent with fire-induced changes in soil hydraulic properties for which 
we measured post-fire decreases of a factor of 2 in field saturated hydraulic conductivity and post-fire decreases of a 
factor of 4 in sorptivity. Debris-flow initiation pre- and post-fire occurred within ~30 minutes of significant rainfall 
intensities and appeared to be related to rainfall-runoff initiation mechanisms described by Kean et al., 2013. 

Field measurements of the August 18, 2017 post-fire debris-flow event showed it was moving quickly (greater 
than ~2 m/s), had a large peak discharge (~33 m³/s) and was transporting boulders just above Interstate 80; by all 
measures it was a flow that far exceeded a clear water flow out of such a small basin. Event-volume estimates from 
field measurements ranged between 1270 - 4700 m3 depending on assumptions made about pre-event channel 
geometry and volumes of hillslope sediment transported. Comparisons between post-event field observations and 
predictions from post-fire empirical models were favorable. Basins with the highest probability of debris-flow 
occurrence experienced debris flows, predicted debris-flow volumes were within the observed range, and predicted 
area inundated by debris flows closely matched that seen on post-event imagery. Predictions from these empirical 
models for a five-year rain event highlight the potential for post-fire debris flows to impact Interstate 80 in the 
future. Debris racks or nets, increasing channel conveyance capacity into existing debris basins and creating 
additional debris basins upstream of Interstate 80 would likely decrease debris-flow hazard. 
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fire debris flow given the occurrence of a 5-year precipitation event (basin 67 and 101) or has had a debris-flow event in the last 5 years.  

675



Felling / 7th International Conference on Debris-Flow Hazards Mitigation  (2019) 

of debris flows along Interstate 80. We thank Ronald Breitmeyer of UNR for conducting laboratory measurements 
of soil water characteristics curves and Scott Feehan and Jacob Greiner for help with infiltration measurements. 
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Abstract 

Pipelines in mountainous terrain in British Columbia, Canada often cross debris-flow fans and channels along valley bottoms and 
can be susceptible to various geohazard impacts, including debris flows.  The design of new pipeline infrastructure and maintenance 
of existing pipelines necessitates debris-flow risk assessments and appropriate mitigation design. A methodology is presented for 
assessing debris-flow risk along pipeline routes that consists of estimating the probability of a debris flow causing a pipeline loss 
of containment or disruption in service.  The methodology consists of estimating debris-flow frequency, scour potential, and the 
vulnerability of the pipeline to break if impacted.  Debris-flow frequency is estimated based on field observations of debris-flow 
deposits, degree of vegetative growth on debris-flow deposits, evidence of debris-flow impacts on trees near the pipeline crossing, 
documented debris-flow events, review of historical air photos and terrain mapping based on LiDAR-generated topography. 
Debris-flow scour potential is estimated based on channel morphology, presence of bedrock and grain size distribution of channel 
bed material. Vulnerability is estimated based on flow width and velocity and can be modified for different pipe diameters and wall 
thicknesses. Mitigation options for buried pipelines include those intended to decrease the likelihood of bed and bank scour (e.g. 
rip rap bed and bank protection), decrease the likelihood of the pipeline being exposed (increasing the burial depth of the pipeline) 
and to increase the resiliency of the pipeline to debris-flow impacts if exposed, (e.g. increasing pipeline wall thickness, adding 
concrete coating to the pipeline). The final option is to prevent debris flows from reaching the pipeline by designing and installing 
debris-flow deflection berms or sedimentation basins. The methodology presented is embedded in risk-informed thinking where 
pipeline owners and regulators can define probability thresholds to pipeline exposure or rupture and the pipeline designer needs to 
show that the proposed mitigation measures achieve these threshold criteria in ways that honor the ‘as low as reasonably practicable’ 
(ALARP) principle. 

Keywords: Risk assessment; pipeline; vulnerability 

1. Introduction

Pipelines in British Columbia, Canada (BC) as in many other nations travel throughout variable physiographic
terrains that can include prairies, mountain ranges, upland plateaus, and lowlands occupied by floodplains. Since most 
fossil fuel reserves in western Canada lie either in Alberta or eastern BC, those needing to reach the ocean will have 
to cross mountainous terrain against its regional north-south grain; a legacy of BC’s tectonic history. The terrain 
between the BC coast and the western Canadian prairies is characterized by highly variable topography, climate and 
geology. As a result, a single pipeline may be exposed to numerous geohazards including landslides, rock avalanches, 
debris slides, rock falls, debris flows, debris floods, and scour and bank erosion from clear water floods.  

Extreme environmental, economic and safety consequences can result from debris flows or other geohazards 
impacting and breaking a pipeline. An analysis of pipeline incident data in BC found geohazards to account for 
approximately 22% of failures (Porter et al., 2016). For example, a Pacific Northern Gas pipeline in BC was ruptured 
by a rock avalanche that transitioned to a debris flow and resulted in environmental damage to a pristine coastal 
ecosystem (Boultbee et al. 2006; Jakob et al., 2004). Another recent example is a debris flow, initiated from the area 
burned by the Thomas Fire near Montecito, CA that impacted a high-pressure gas line in a residential area and caused 
a large explosion which impacted numerous houses (Kean et al., in print). Numerous other cases could be quoted 
worldwide. The potentially catastrophic safety or economic consequences emphasize the importance of accurately 
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characterizing the risks posed to a pipeline traversing rugged terrain, so that appropriate mitigation can be designed to 
minimize pipeline damages, loss of containment, and attendant consequences.  

This paper describes methods for estimating debris-flow risks and selecting appropriate mitigation designs that have 
been applied to various pipelines throughout British Columbia, Canada.  

2. Background

Due to the presence of existing right of ways and the logistical and geotechnically motivated desire to construct on 
shallow slopes, pipelines and other utilities are typically buried along valley bottoms. Where pipelines follow valleys, 
they will invariably intersect fans subjected by debris flows. Such fans are primarily depositional; however, channel 
scour is possible on parts of a fan during a debris flow. For example, a debris flow near the town of Hope, BC entrained 
most of its total volume in the colluvial channel extending through the debris-flow fan (Jakob et al., 1997) and Neff 
Creek near Pemberton, BC eroded approximately 80,000 m3 of material from its fan (Lau, 2017). At locations where 
the pipeline crosses a mountain pass or traverses steep terrain, the pipeline may cross debris-flow channels where 
massive channel scour is possible. In BC, yield rates in colluvial channels have been reported to range from 6 to 28 
m3/m (Hungr et al., 2005). More recent cases have shown yield rates up to 350 m3/m measured at Neff Creek (Lau, 
2017).  As highlighted by Jakob (2019, this conference), incorrect estimates of potential scour on fans prone to debris 
flow could lead to pipeline ruptures with highly disruptive outcomes to the environment, the pipeline owners and the 
design team. The question of when and by how much a debris flow can entrain versus deposit is highly complex and 
it appears that the mobilization of channel materials depends on pore water pressures of the channel base and banks 
(Iverson, 2011). Practically speaking, however, piezometers are not installed that could measure pore water pressures 
and antecedent moisture conditions to estimate if and how much debris flows could incise. Entrainment models have 
been proposed (Kang and Chan, 2018), but their practicality and application along pipeline corridors still needs to be 
tested. 

Pipeline crossings of debris-flow channels are characterized as hydrotechnical hazards because the channel may 
have at least ephemeral clear water flows. However, debris flows in ephemeral channels pose a different hazard to a 
pipeline due to their potential to deeply incise channels during a single debris-flow event, transport large boulders 
many meters in diameter at high velocities and avulse and travel down paleochannels.  

Pipeline design for watercourse crossings in BC is guided by the Government of British Columbia’s Guidelines for 
Managements of Flood Protection Works in British Columbia (BC MoE, 1999), which state that the standard design 
flood is the flood having a 200-year recurrence period interval. Furthermore, a minimum depth of cover (DoC) of 1.2 
m across watercourse crossings is typically adopted based on the Canadian Standards Association (CSA Z662-15). No 
such guidelines exist for debris flows which produce impact forces substantially higher than those exerted by 
hydrodynamic processes or by bedload mobilized through drag forces at the channel bed in rivers with alluvial beds. 
This realization necessitates a vastly different design approach for debris flows. 

Some guidelines for assessing debris-flow hazards to pipelines are described in Jakob et al. (2004) and Porter et al. 
(2004).  More recently, as part of the Trans Mountain Expansion Project, a pipeline proposed to connect Edmonton, 
Alberta to Vancouver, BC a plan has been developed to manage and mitigate geohazard sites that exceed specific risk 
tolerance criteria (Trans Mountain Pipeline ULC, 2017).  

The design basis for protecting pipelines from debris-flow hazards can be hazard or risk-informed. In the former 
case, it consists of a design event scenario (e.g. to protect against a debris flow with a 200-year return period or 
probability of occurrence of 0.5% in any given year). In the latter case, a level of tolerable risk is identified by the 
owner or regulator. The pipeline designer is then to work towards achieving or exceeding such tolerable risk levels 
which is the focus of this contribution.  

3. Risk Assessment Framework

Geohazard risk for pipelines can be calculated as the product of the annual probability of a geohazard, the spatial 
probability that the geohazard reaches the pipeline, the vulnerability of the pipeline to be damaged or broken by a 
geohazard and the consequence (CSA, 1997; AGS, 2000; Porter et al., 2004; 2017).  

Total risk would include a systematic evaluation of the consequences of loss of containment such as health and 
environmental outcomes and may go as far as reputational loss to the pipeline operator, the entire industry and loss in 
share value. Evaluations of such consequences are outside the geotechnical realm and thus we focus on a narrower 
definition of pipeline risk which treats all pipeline failures as having equal consequence. Pipeline risk is defined here 
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as the frequency of a loss of containment (FLoC) at a debris-flow crossing (Baumgard et al., 2016). The FLoC can be 
expressed as: 

𝐹𝐿𝑂𝐶(𝑖) = 𝐼(𝑖) × 𝐹(𝑖) × 𝑆𝐻(𝑖) × 𝑆𝑉(𝑖) × 𝑉(𝑖) × 𝑀(𝐼,𝐹,𝑆𝐻,𝑆𝑉,𝑉(𝑖)) 

where: 
• 𝐹𝐿𝑂𝐶(𝑖) is the frequency of loss of containment due to a debris flow or debris flood at location 𝑖, expressed

as an annual frequency.
• 𝐼(𝑖)  is the occurrence factor of 0 or 1 expressing whether a potential debris-flow or debris-flood hazard

has credible opportunity to occur at location 𝑖.
• 𝐹(𝑖)  is the frequency of occurrence of the debris flow or debris flood at location 𝑖 expressed as an annual

frequency.
• 𝑆𝐻(𝑖)  is the spatial probability of horizontal impact; expressed as a conditional probability that a debris

flow or debris flood would horizontally reach the pipeline at location 𝑖, given its occurrence.
• 𝑆𝑉(𝑖)  is the spatial probability of vertical impact; expressed as a conditional probability that a debris flow

or debris flood would erode vertically to the pipeline at location 𝑖, given its occurrence.
• 𝑉(𝑖)  is the vulnerability of the pipeline expressed as a conditional probability that a debris flow or debris

flood would result in loss of containment, given that it occurs and reaches the pipeline at location 𝑖. The
unmitigated case assumes standard pipeline construction and operation conditions.

• 𝑀(𝑆𝐻,𝑆𝑉,𝑉(𝑖)) is the mitigation reduction factor, ranging from 0 to 1, that is associated with various detailed
design measures. This reduction factor accounts for the decreased spatial probability of a hazard reaching
the centerline and eroding to the pipeline (identified by the SH and SV subscripts) or decreased
vulnerability due to a specific mitigation applied at location 𝑖 (identified by the V(i) subscript).

Probability of Exposure (PoE) can be expressed as: 

 𝑃𝑜𝐸 = 𝐼(𝑖) × 𝐹(𝑖) × 𝑆𝐻(𝑖) × 𝑆𝑉(𝑖) 

To fully characterize the debris-flow risk at a pipeline crossing, estimates of FLoC should be completed for the 
active channel on a debris flow fan, potential avulsion paths and the fan surface (due to the possibility of a flow 
avulsing and reaching any part of the fan). Multiple calculations of FLoC at a single site may be required to evaluate 
risk associated with debris-flow scenarios at various frequencies and magnitudes.  This is particularly important since 
it is the most frequent event leading to pipeline rupture that often provides the basis for total risk evaluations. 

4. Methods for Estimating FLoC

FLoC can be estimated through combining desktop analysis, field investigations and data analysis. Desktop
analyses of a debris-flow site may examine the following data sources, if available: 

• Air photos and/or google earth imagery
• Digital Elevation Models (DEMs) derived from LiDAR data
• Geologic maps
• Documentation of previous debris flows at the site.

Field observations of debris flow channels may include: 
• Grain size distributions in the debris-flow channel including maximum boulder size transported by

previous debris flows 
• Channel geometry, including channel width, channel depth, channel slope
• Observations of previous debris-flow deposits on the fan and along the channel
• Locations of previous avulsion channels
• The frequency of debris flows in the channel which may include:

o presence and abundance of boulder impact tree scars
o estimated ages of debris-flow deposits
o estimated ages of vegetation in the channel and surrounding area

While detailed dendrogeomorphic methods or radiocarbon dating of organic sediments in natural outcrops or test 
trenches can be used to decipher accurate debris-flow frequencies, those are often not feasible to be conducted over 
hundreds of kilometers of pipelines within typical project development timelines. However, new methods have 
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emerged to approximate debris-flow frequencies and corresponding magnitudes from fan areas alone (Jakob et al. 
2016). The following sections describe how this data can be incorporated into estimating the variables in the FLoC 
equation. 

4.1. Occurrence, 𝐼(𝑖) 

Occurrence (𝐼(𝑖)) indicates whether a debris-flow hazard exists at a given site. A debris flow is considered a hazard 
if it has the potential to scour down to at least the crown of the pipeline at a given location. As most of the pipeline 
length is not subject to debris-flow or debris-flood hazards; in these locations, 𝐼(𝑖) = 0. Where past debris flows led to 
the formation of a debris-flow fan and/or evidence of debris flows persist, 𝐼(𝑖) = 1.  

Geologic maps may identify alluvial fans which may have been formed primarily by debris-flow processes. Air 
photo analyses may reveal evidence of past debris flows. Literature searches of debris flows in the region may provide 
site specific information for the crossing. Field observations of debris-flow deposits, levees and tree impact scars can 
also be used to identify if there is a credible debris-flow hazard at the crossing. Watershed morphology can also help 
to identify watersheds dominated by debris-flow processes.  Typically, small, steep watersheds are most susceptible 
to debris flows and can be differentiated from watersheds dominated by debris floods and clearwater floods by plotting 
Melton ratio (defined as the watershed relief divided by the square root of the watershed area) against watershed length 
(Wilford et al., 2004). 

4.2. Frequency of Occurrence, 𝐹(𝑖) 

Frequency of occurrence (𝐹(𝑖)) is defined as the annual probability of occurrence of a debris flow (hazard 
probability) at location 𝑖. This frequency has a temporal and spatial component, i.e. how often does the debris flow 
both occur and reach the pipeline. Although most debris may deposit on the proximal or medial regions of a fan, the 
fluid afterflow should be assumed to reach the fan margins, and fine-grained channelized debris flows may transport 
most of their debris load to the fan’s margins. Channel incision that lowers the fan’s base level or artificial over-
steepening of the fan (for example by a highway or railroad cut) may further influence fine-grained flows and fluid 
afterflow to travel to the fan margins. Many pipelines cross fans in their distal portion for logistical and constructability 
reasons.  

Frequency can be expressed either as a return period or as an annual probability of occurrence. For example, if five 
debris flows have occurred within a 100-year period, the average return period is 20 years and the annual probability 
is 0.05 (or a 5% chance that a debris flow may occur in any given year assuming data stationarity). Given the 
uncertainty associated with estimating debris-flow frequency at a site, frequency classes with minimum and maximum 
bounds may be used (e.g. 0.03 to 0.1 for a 10 to 30-year return period). 

Frequency classification can be based on existing site conditions and site conditions for the historic period for which 
air photos are available. Debris-flow activity on a fan and the availability of erodible sediment in the upstream 
catchment is related to the frequency of a debris flow that may reach and impact the pipeline. An important 
consideration is that estimated frequencies based on historical data may differ from frequencies in the future due to 
changes in sediment supply by forestry-related instabilities or forest fires, or by changing hydroclimatic environments 
associated with climate change. The past is no longer a key to the future as it pertains to debris flows and debris floods 
(Jakob and Lambert, 2009, Jakob et al. 2018). In cases where the science has advanced sufficiently to allow for future 
changes in debris flow frequency, it should be adjusted accordingly. Likewise, observations of existing site conditions 
may be influenced by a recent, rare debris-flow event that may create bias towards interpreting the site as being subject 
to frequent debris-flow occurrence.  

4.3. Spatial Probability of Impact, 𝑆𝐻(𝑖) and 𝑆𝑉(𝑖) 

The spatial probability of horizontal impact (𝑆𝐻(𝑖)) is defined in the case of debris flows as the probability that a 
given event at location 𝑖 will reach the pipeline alignment. For input into the FLoC equation, only debris flows that 
cross the pipeline may be evaluated which would make 𝑆𝐻(𝑖) equal to one. As an alternative, empirical modeling such 
as Flow-R (e.g. Horton et al., 2013) or numerical modeling such as DAN3D (McDougall and Hungr 2004), FLO-2D 
(FLO-2D, 2007), RAMMS (RAMMS, 2017) or D-Claw (George and Iverson, 2014) may be used to evaluate the 
spatial probability of impact along a pipeline crossing of a debris-flow fan. 
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The spatial probability of vertical impact (𝑆𝑉(𝑖)), is defined as the probability that a given event at location 𝑖 will 
vertically expose at least the top of the pipeline (termed, the “crown”). Predicting debris-flow entrainment of channel 
material is challenging as previously noted, and there are no time-tested methodologies for reliably predicting scour 
depth of a debris flow. Therefore, estimates for 𝑆𝑉(𝑖) should be based on field observations, analyses of channel and 
fan morphology and professional judgement.   

Debris flows tend to scour channels upstream of the debris-flow fan apex, oftentimes removing all colluvium in the 
channel and possibly exposing bedrock.  As such, pipelines that cross a debris-flow channel upstream of the fan apex 
(which is rare, but possible) are particularly prone to be exposed by debris flows and would be assigned a high (between 
about 0.7 and 0.9) value for 𝑆𝑉(𝑖).  

Although debris-flow fans are dominated by debris-flow depositional processes, pipeline crossings of debris-flow 
fans may be subject to channel scour. In some scenarios, extreme scour (greater than about 10 m depth) on a fan is 
possible. For example, a watershed that has produced several small debris flows may deposit material near the apex 
of the fan, which steepens the fan gradient and makes it susceptible to extreme scour during a subsequent debris flow 
or debris flood.  Research on debris-flow and debris-flood fan scour has shown that the average fan gradient and 
watershed area can give a first indication of fans that could be prone to extreme scour (Lau, 2017). Flume studies in 
low gradient creeks (2-4%) have postulated that buried infrastructure on alluvial fans are not likely to exposed if their 
depth is greater than 3.6 times the formative depth of a flood (Eaton et al., 2017). Although these studies are not 
directly applicable to estimating 𝑆𝑉(𝑖), they provide guidance for making appropriate estimates for the likelihood of 
channel scour on a fan to reach a pipeline at a given burial depth.  

Figure 1 shows a pipeline crossing on a fan where material has been deposited on parts of the right of way, and 
channels have been eroded at other parts of the right of way. The erosion in this example, however, occurred likely 
due to fluvial material reworking, rather than due to the debris flow itself. 

Fig. 1. A pipeline crossing of a debris-flow fan near Chilliwack, BC was both inundated with deposited debris-flow material and eroded by the 
debris flow or it’s hyperconcentrated flow phase. Vehicles and road near the bottom of the photo are visible for scale. Photo taken November 
2017 by BGC Engineering Inc. 

The observed depths of active and abandoned channels on a fan can provide an indication of the flow depth of past 
flows. However, it could be overly conservative to conclude that this incision is attributable to a single event, and it 
may indeed be the legacy of fluvial reworking rather than attributable to debris-flow scour. Irrespective, field 
measurements of channel scour depths and/or lidar measurements of channel depths on a fan, can be used to evaluate 
total scour potential at the active or avulsion channels and arrive at an estimate for 𝑆𝑉(𝑖). This method assumes that the 
presence of at least one deeply incised channel on a fan and the inference that other deeply incised channels could 

Pipeline Alignment 

Eroded Channel 
Deposited Material 
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form in previously unchannelized areas of the fan. These assumptions are conservative, which is justifiable due to the 
potentially high consequences associated with a loss of pipeline containment.  

Some considerations for estimating scour potential on a fan include the position where the pipeline crosses the fan 
and the local channel geometry near the pipeline crossing. Scour depth can vary with respect to position on a fan with 
typically higher scour potential near the fan apex, where channel gradients are steeper, than at the distal part of the 
fan, where flows may be less confined by channel banks and travel over shallower gradients. Moreover, near the fan 
apex, there is less opportunity of streamflow to infiltrate into the coarse fan deposits. This implies higher degrees of 
channel bed saturation which enhances the likelihood of continued sediment entrainment and thus scour (Iverson, 
2011). Therefore, higher estimates for 𝑆𝑉(𝑖) are likely for pipeline crossings at the fan apex than at the distal part of 
the fan.  

Local channel geometry can lead to channel scour on fan when there is an abrupt increase in channel slope just 
downstream of the pipeline. At such locations, there is a possibility that a knickpoint (a sudden change in channel 
slope) may be exacerbated and migrate upstream and expose the pipeline.  During construction of a pipeline, it is 
common for the right of way to be constructed with a cut and fill slope.  The fill slope may create an over-steepened 
channel just downslope of the pipeline.  As a result, future debris flows are likely to deposit material in the right of 
way cut and to erode the right of way fill material downslope. Figure 2 illustrates this scenario. Equally, when pipelines 
are constructed upstream of logging roads or highways, those have also been cut into the distal fan deposits, potentially 
leading to a knickpoint that is out of equilibrium with the natural channel slope. 

Fig. 2. Illustration of how knickpoint erosion during the passage of a debris flow may erode fill material of a pipeline right of way to expose the 
pipeline. 

4.4. Pipeline Vulnerability, 𝑉(𝑖) 

Pipeline vulnerability (𝑉(𝑖)) is the vulnerability of the pipeline to loss of containment, given that the pipeline is 
exposed at location 𝑖. A loss of containment from a debris flow include may be caused by dynamic pressure on the 
pipeline or impact loading on the pipeline.  For dynamic loading to break a pipeline, the passage of a debris flow 
exposes the pipeline and subsequent dynamic pressure of debris-flow material on the pipeline exceeds the resisting 
strength of the pipeline. For a pipeline to break due to impact loading, only the crown of the pipeline needs to be 
exposed for a boulder to impact the pipeline with a point load that exceeds the resisting strength of the pipeline. 

Assessment of the vulnerability of a pipeline depends on the material strength of the pipeline which varies 
depending on pipeline wall thickness and pipeline diameter.  Vulnerability can be assessed probabilistically using 
probability distributions of pipeline yield strength, debris-flow velocity, debris-flow density and grain size. 

Debris-flow velocities can be estimated using superelevation of flow around a channel bend (Johnson, 1984) or 
runup against vertical barriers or adverse slopes (Iverson et al., 2016). However, sufficient field evidence for applying 
these methods may not be available and methods presented in Prochaska et al. (2008) may be applied with field 
estimates of debris-flow depth and measurements of channel slope. Grain size distributions can be estimated from field 
investigations of debris-flow deposits. Bulk density of debris flows in flume studies have ranged from 1400 – 2400 
kg/m3 and bulk densities of natural debris flows typically range from 1800 to 2300 kg/m3 (Iverson, 1997). 
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4.5. Mitigation Reduction Factor, 𝑀(𝑆𝐻,𝑆𝑉,𝑉(𝑖)) 

The mitigation reduction factor is a value from 0 to 1 that represents the reduction in the FLoC at a specific site due 
to a mitigation measure. Different mitigation measures could provide varying degrees of protection from impacts by 
changing either 𝑆𝐻(𝑖), 𝑆𝑉(𝑖), or 𝑉(𝑖) at location 𝑖. Mitigations that decrease 𝑆𝐻(𝑖) include debris retention basins and 
deflection berms.  Mitigations that can decrease 𝑆𝑉(𝑖) include increasing the depth of cover, adding rip rap or grouted 
rip rap channel protection, grade control structures.  Mitigations that decrease 𝑉(𝑖) include using pipeline with a thicker 
wall thickness or pipeline with a concrete coating. 

Values for decreasing 𝑀𝑆𝐻,𝑆𝑉,𝑉(𝑖) range from zero to one and depend on the risk reduction the mitigation offers. For 
example, rerouting a pipeline or construction of a debris retention basin or deflection berm may have a significant 
reduction in the 𝑆𝐻(𝑖) variable and the associated mitigation reduction factor, 𝑀𝑆𝐻(𝑖) may be low (e.g. approaching 
0.01). Increasing depth of cover may have varying effects on risk reduction depending on how deep the pipeline is 
buried and the associated mitigation reduction factor, 𝑀𝑆𝑉(𝑖) may have a broad range (e.g. from 0.1 to 0.9).  Increasing 
pipeline wall thickness may have a marginal benefit to reducing risk at the pipeline and the associated mitigation 
reduction factor, 𝑀𝑉(𝑖) may be higher (e.g. approaching 0.9). 

Accurate characterization of the mitigation reduction factors associated with different mitigation techniques allows 
for risk-informed design.  A pipeline operator or regulatory body may choose a risk tolerance threshold for individual 
crossings, or a total FLoC for the entire pipeline. In the latter case, the sum of all geohazard FLoCs would need to be 
less than the total tolerable FLoC. At sites where the risk, as characterized by the estimated FLoC, exceeds such 
threshold the amount of risk reduction afforded by various mitigations can be quantified to demonstrate that risk has 
been reduced below that threshold. Alternatively, a PoE (probability of exposure) criteria may be chosen where the 
pipeline can have a given maximum annual probability of being exposed.  Appropriate mitigations to reduce 𝑆𝐻(𝑖) 
and/or 𝑆𝑉(𝑖) could be applied until the PoE does not exceed this probability threshold.  

If needed, a variety of mitigation techniques may be required to achieve the tolerable FLoC or PoE value. Figure 3 
shows a site where channel erosion protection, grade control structures and increased depth of cover are present to 
protect the pipeline against an active debris flow channel. Where several mitigation methods are applied, multiple 
mitigation reduction factors can be integrated into the FLoC equation. Although complimentary mitigation measures 
provide greater risk reduction, engineering judgement needs to be applied to ensure that the combined mitigation 
reduction factors do not create an inflated level of risk reduction.  Furthermore, detailed design of mitigation should 
incorporate detailed site-specific analysis of potential debris-flow magnitudes. 

Fig. 3. Example of a combination of channel grade control and riprap erosion protection and increased depth of cover at a pipeline crossing of an 
active debris flow channel. Photo taken by BGC Engineering in May, 2016. 
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5. Summary

In this paper, a risk assessment methodology is presented suitable for quantifying debris-flow risk posed to 
pipelines. Risk is defined as the frequency of a loss of containment (FLoC).  The method can also be applied to identify 
appropriate design measures to reduce FLoC or PoE to below a tolerable threshold set by either the pipeline owner or 
regulatory authority. Research is continuing to define best practices for quantifying debris-flow frequency-magnitude 
relationships, runout, scour and rheology as applicable to long linear infrastructure corridors.  This methodology 
provides a framework that can be implemented with existing methods for debris-flow assessment and integrate 
scientific advancements in debris-flow research. 
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Abstract 

Dynamic debris-flow runout models are applied by practitioners (1) to generate hazard maps, (2) to help design mitigation 
measures such as dams and warning systems, (3) to explore potential impacts of rare events such as pro-glacial lake failure, and 
(4) to illustrate the hazard process to local decision makers and stakeholders. Automated observations of debris flows in several 
torrents have shown a large degree of variability in the flow process, ranging from fast muddy debris floods to relatively slow 
debris flows with granular fronts, at any given torrent. It is not yet possible to predict with certainty which type of debris flow can 
be expected in any given catchment. The prediction problem is amplified by the fact that topographic data are generally coarse 
(2m horizontal resolution in Switzerland) compared with typical channel widths (1–10 m) and because channel topography 
changes with time. These challenges and their impact on hazard assessment is illustrated using recent examples of typical applied 
projects. Herein we use the RAMMS debris-flow runout model. However, the general procedures presented here are applicable to 
other similar runout models. Common points in these examples include the accurate assessment of potential erosion, deposition, 
and avulsion along the channel, as well as the systematic modification of the friction coefficients in the model to account for 
variations in water content, sediment size, channel-bed roughness, and other properties of the flow. We mention the main 
challenges in these steps, as the exact procedure is still not clearly regulated in Switzerland. In general, it is desirable to work 
with several scenarios to account for multiple flow surges and the erosion and deposition produced by each surge, and 
uncertainties in the expected debris-flow type (granular vs. muddy). Thus, for the generation of appropriate scenarios, experience 
in the field and with the use of runout models is essential.  

Keywords: hazard assessment; debris-flow runout model; RAMMS; hazard maps  

1. Introduction

Debris flows are a major natural hazard in alpine regions. They can cause significant damage along steep
mountain torrents and especially on their fans due to their erosion potential, high impact forces and sudden 
occurrence. Because of their variable composition of coarse and fine rocks, mixed with water and other material, 
such as woody debris, their motion (speed, flow height, inundation area) are difficult to predict. When they develop, 
large solid masses can be transported within a short time inducing strong impact forces on structures. In addition, 
strong channel erosion and massive deposit of debris may occur outside the channel. They occur rarely and only in 
appropriate conditions, mostly triggered by meteorological factors.  

In order to counteract this danger, great efforts have been made to define the affected area and to improve the 
protection of persons and infrastructure by means of measures (structural and organizational ones). The reduction of 
the area at risk remains a challenge for natural hazard experts. In addition to field assessments, comparative 
considerations based on analogous examples, the numerical calculation with runout-models is increasingly being 
applied in practice. This requires a comprehensive and accurate knowledge of the main characteristics of the 
expected debris-flow events. In many mountainous countries, automated observation stations (Hürlimann et al., 
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2003) and event databases (Lateltin et al., 2005) provide such information over longer time periods for a certain 
location. The data can be used with restrictions for comparable sites, if there is no other information available.  

Computational dynamic debris-flow runout models are used to assess flow path, runout distance, velocity and 
flow depth (Crosta et al., 2003; Hürlimann et al., 2008; Hungr and McDougall, 2009; Christen et al., 2012) and they 
are a valuable tool for hazard assessment where predictions of flow intensity are required (e.g., Lateltin et al., 2005). 
The methods available for runout analysis can be divided into different classes, such as empirical, analytical, simple 
flow routing and numerical ones (Dai et al., 2002; Rickenmann, 2005). Besides defining the magnitude of an 
upcoming debris flow and the probability of occurrence, the determination of the debris-flow dynamics are the most 
important tasks for an in-depth hazard assessment (Jakob, 2005). It is important to emphasize that practitioners are 
increasingly basing (1) the generation of hazard maps, (2) the design of mitigation measures, (3) the exploration of 
potential impacts of rare events, and (4) the presentation of the hazardous process to local decision makers and 
stakeholders on results provided by numerical simulations. Therefore, the quality and accuracy of the input 
parameters is of utmost importance.  

In the last decades, a series of different debris-flow runout models became available for scientific and practical 
use. Many of these models remained at an academic level and where not designed for practical use in the debris-flow 
engineering community. Often the models relied on a small development team (sometimes even a single person) and 
therefore lack extensive documentation for application by practitioners.  
In recent years, practitioners have made frequent use of dynamic debris-flow runout models to generate hazard maps, 
to help design mitigation measures such as dams and warning systems, to explore potential impacts of rare events 
such as pro-glacial lake failure, and to illustrate the hazard process to local decision makers and stakeholders. 
Guidelines and standards for the minimal requirements are not yet regulated in Switzerland. Nevertheless, 
practitioners evaluate their field assessments, assess their design-event scenarios and visualize their study results to 
the authorities using numerical simulations. They have also extensively tested the existing tools, identified gaps and 
weaknesses, especially regarding existing flow theories, and formulated requirements for future models. The last 
point is quite important and useful for model development. Exchange of information e.g. by user workshops and 
knowledge exchange is very important. Because many of the numerical simulation tools need calibration and lack a 
strict calculation procedure e.g. by decision trees, only trained and experienced users will profit from the simulation 
results. Others might risk to produce questionable outcomes that show misleading or even wrong effects. The present 
situation is Switzerland can be summarized as a healthy skepticism of existing models, with a desire to improve both 
application guidelines as well as some of the underlying physics of numerical models, especially with regard to the 
constitutive modeling of granular/muddy mixtures. 

The interpretation of numerical output by practitioners is considered an important problem. Output of simulation 
tools depends on two main factors: a) the capabilities of the mathematical representation of the very complex process 
and b) the quality of the input parameters. The first problem can be solved by the choice of the appropriate tool, or 
better, by the choice of a small number of tools that provide results that can be compared. Often, in practical 
application, the use and comparison of the results from two or more numerical simulation tools is not feasible 
because of lack of time, money and human power. Model result comparison implies that practitioners would have to 
invest much more time and effort to learn the use of different tools. Presently, they rely on the results of one tool 
only and the choice depends on the knowledge of the available personal.  

In Switzerland, hazard assessment is part of the integral approach to natural hazards in Switzerland (PLANAT, 
2005). The main product is a hazard map that provides information about the natural hazard process (Lateltin et al., 
2005). The hazard is defined as the probability of a potentially damaging natural phenomenon within a specific 
period of time in a given area. For simplification, three levels of intensity are considered, high, medium and low. 
Regarding probability, the same three levels, high, medium and low, are used with the corresponding return periods 
1–30, 30–100 and 100–300 years. The work to be done for a potential hazard is therefore to determine its intensity 
for the chosen levels of probability at selected points in a specified area. The federal law requires the cantons to 
establish hazard maps which have to be incorporated in regional master plans and local development plans. Each 
canton has drawn up a specification for its preparation, which is based on the legal foundations and the general 
recommendations and guidelines of the federal government. The use of debris-flow runout models is mentioned in 
these guidelines. However, detailed instructions are not specified on how to use them. Therefore, every engineering 
office has established its own approach. In most cases, the choice of a specific numerical model is left to the 
contractor. The degree that government agencies prescribe how to assess debris-flow hazard, therefore plays a role in 
how numerical models are applied in practice.  
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In this paper, we consider more than a decade of experience gained in the use, application and expert monitoring 
of hazard assessment projects in the Swiss Alps, where the use of the numerical simulation tools was the main or an 
important part of the project. Our goal is to communicate to the modeling and debris-flow engineering community 
how to improve, perhaps even simplify, existing tools. The discussions were in most cases about choosing the ideal 
friction parameters during the calibration process. Subordinate questions were repeatedly discussed about the starting 
conditions (Deubelbeiss and Graf, 2013) or the inclusion of constructional measures (Graf and McArdell, 2008, 
Hohermuth et al., 2016). These challenges and their impact on hazard assessment is illustrated using recent examples 
of typical applied projects. Common points in the examples include the accurate assessment of potential erosion, 
deposition, and possible avulsion along the channel, as well as the systematic modification of the friction coefficients 
in the model to account for variations in water content, sediment size, channel-bed roughness, and other properties of 
the flow. Another issue is the generalization process necessary to produce reliable hazard maps. This paper focuses 
on the application of exiting user-friendly debris-flow simulations tools. The runout model used herein is the well-
known RAMMS 2D debris-flow runout model (Christen et al., 2010). However, the general procedures presented 
here are applicable to other similar runout models.  

2. Materials and Method

We analyzed many different case studies of debris-flow hazard analysis in Switzerland that were performed
ourselves using RAMMS (Christen et al., 2010) in the last decade or that we have advised during this period. Here 
we sum up the experiences made and point out the main topics. The evaluation is subject to a certain subjectivity. 
This is because the projects are not systematically evaluated in terms of the issues covered in this study.  

2.1. Case studies, main questions and guidelines 

We compare three different typical situations of hazard assessment using numerical simulation in debris-flow 
prone torrents in the Swiss Alps: Situation (1) shows only one important and well-documented event in the last 
century and several small, but not well documented events in the same period. The small events didn’t cause 
significant damage and were therefore not analyzed in detail. The date of occurrence is sometimes known, but no 
data is available on initial starting point, volume, flow depth and discharge of the corresponding event. Situation (2) 
shows regular small events that do not cause any damage and a few larger events that caused minor damage and 
therefor are not well documented. Field survey and geomorphic field evidence suggests that there were much larger 
events in the past. In situation (3) a catchment with a high potential for large debris-flow events but with only a small 
number of well-known events of small size has to be assessed. To protect against future major events, protection 
structures have to be dimensioned. We compare the three typical situations asking the following questions:  
 How important are well-documented events to determine the key parameters of different return periods?
 How does one single well-known event influence the determination of these key parameters?
 How does a potential situation of debris-flow susceptibility influence the determination of the key parameters?
 How many events are needed to determine trustful key parameters, and linked to this question:
 What series (mainly in terms of number, but also in terms of data quality) of documentation of debris-flow

activity is necessary to achieve a well-based data set?
 Which kind of events in regard to volume, mixture, speed variability is necessary to achieve such a well-based

data set?
Finally, we study the recommendations, guidelines and regulations in view of the use for numerical simulation

programs. We then identify the best procedures to use and steps to follow to make a timely and accurate assessment 
of the debris-flow hazard.  

2.2. RAMMS 

The debris-flow module of RAMMS (Christen et al., 2010) requires a terrain model and a geo-referenced map or 
orthoimage. The user defines a region as study area. This calculation domain covers the area from the initiation to 
the potential deposition area. In addition, the start volume and the start location are defined, as well as the initiation 
mechanism. For a simple calculation, two friction parameters are defined for the design composition to be 
calculated. In RAMMS, a Voellmy-Salm approach is used, which splits the total basal friction into a velocity 
independent dry-Coulomb term which is proportional to the normal stress at the flow bottom (friction coefficient μ) 
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and a velocity dependent “viscous” or “turbulent” friction (friction coefficient ξ) (Salm, 1993). Both parameters need 
to be calibrated carefully based on a back-calculation of known events (Christen et al., 2012). No binding 
classification of typical parameter sets for debris flows is available until now. The user manual provides some 
examples and parameter suggestions for the two friction parameters. Additional model features like entrainment of 
sediment or erosion (Frank et al., 2017) are not discussed in this study.  

2.3. Hazard assessment 

The general procedure for hazard assessment in Switzerland (FOEN, 1997, FOEN, 2016) is well-defined, 
including input parameters and products. It is up to the contractor how to determine and specify the input parameters 
in detail. The same applies to the use of numerical simulation programs. Model use is not mandatory or 
recommended.  

Figure 1 shows the general procedure to perform a hazard assessment using numerical simulation tools. In order 
to perform a hazard assessment and eventually to design protective measures against debris flows, it is necessary to 
determine basic parameters such as potential debris volume, mean flow velocity, peak discharge, and runout 
distance. In several studies, empirical relationships have been proposed to estimate these parameters (Rickenmann, 
1999). Other approaches are now available to define the corresponding values for the input parameters, combining 
field and computer work (e.g. Jakob, 2005, Frick, 2008). Basic information is gained from field work, cadastral data 
and characterization of the catchment area. The data must be evaluated in terms of quality. The model shall be 
calibrated based on well-documented events in the catchment area to be investigated.  

From basic information, scenarios for different recurrence times can be defined. These are evaluated either by 
expert opinion or by numerical modeling, or a combination of both. Further bases for the modeling are a digital 
elevation model, maps or orthoimage as well as possibly a mapping of envelopes of past events including deposition 
height information. Results need to be carefully interpreted. A validation and a plausibility check of the results is 
important and necessary. This is done first at the desk and then out in the field. In the field the potentially affected 
area, the expected intensity and possible weak spots are evaluated. The documentation of the work is done with 
intensity and hazard maps and a technical report, which comprehensibly describes their derivation and delineation.  

Fig. 1. Important steps in debris-flow hazard assessment using numerical runout simulation tools 

2.4. Evaluation 

The parameters for the input parameter in Fig. 2 are subjectively assessed on a scale (here from 1-10). The value 
1 means a very poor data quality, and a corresponding high uncertainty. A value of 10 indicates a very high certainty 
and good data quality. The brackets, dashes and crosses indicate that scoring can be done within a bandwidth, e.g. by 
the assessment by several experts. The evaluation method presented here is not standardized. It merely suggests how 
the quality of the data could be assessed. Depending on the procedure, the category and elements may not be listed 
exhaustively. In this example (Fig. 2), the counter reaches 116 points or 68 % of possible score. This would mean a 
relatively good database and the result of the simulation would be promising. In case of less than 50% of the possible 
score, the result of the simulation must be considered with caution, and if less than 25 %, the result would have to be 
seriously doubted, since the input parameters show too much uncertainty. For such a case, the parameters would 
have to be varied within a bandwidth to display the uncertainty area.  
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Fig. 2. Suggestion of a rating table for valuation of main input parameters of runout simulation tools 

3. Results

In the following, statements about the three typical situations are presented in generalized form. Only the most 
important aspects are considered and only situation (3) is described in more detail.  

Situation (1) with only one documented large event in the last century and many small events points out very well 
the difficulties in defining the parameters for a hazard assessment. We have no indication, if the large events was an 
extreme one, without any chance to be repeated in the future or if it’s an event size that has a return period of about 
100 years. The numerous small events could be used to calculate statistics regarding volume and return period but 
we are not sure if we miss large events. The conclusion of situation (1) is, that the time series is perhaps too short for 
the determination of the expected volumes for different return periods, especially the shorter ones. Therefore, the 
determination of the input parameters for volume, speed and discharge may be too high and too pessimistic. This 
result is reflected in the numerical simulations. The results indicate too large areas and too high intensities (as a 
product of flow height and flow velocity). Conversely, the description of the large event is an advantage for the 
calibration of the model. It allows the engineer to back-calculate a relevant debris-flow event and to better estimate 
important indications of the expected consequences, even for unknown, possibly larger events. The score using the 
proposed evaluation method for the different input parameters in such an example would be in the order of >50%. 
This is mainly due to good data on volume, runout and mixture, velocity and discharge of the large event. However, 
there are to make compromises in the spatial resolution of the terrain data. This is especially true if the event took 
place a long time ago.  

Situation (2) with many small to mid-size debris-flow events is a slightly different problem. For small to mid-size 
debris flows, we have at least evidence, that events with a short return period happen regularly and we can 
approximate the return time. We miss data for larger events and have to estimate the parameters by the use of 
empirical relationships, estimates, and expert knowledge. The score using the proposed evaluation method for the 
different input parameters in such an example would be on the order of 75%. This is mainly due to statistically well-
based data available for smaller events. Information on runout distances and weaknesses for out-break for large 
events is much more difficult to determine. The lack of information about damages also does not help the 
assessment.  

For situation (3) we were able to calibrate the friction parameters based on one event that caused some damage 
and left the channel (Fig. 3a). The total volume of 30,000 m3 is at the top of the reasonably well-documented events. 
The values given in the event documentation were reduced by experts as it was considered too high. The volume was 
estimated from the available documents and set at a slightly lower value. The friction values were varied in such a 
way that resampling of the specific image simulated the main features of the deposit image as closely as possible 
(Fig. 3b). These were the runout distance, the break-out points and the area of the channel inundated by the event. 
The resulting parameter set is in the range found for other locations and was therefore assessed as plausible. 
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Subsequently, various structural measures could be checked by means of a numerical model for different scenarios. 
It was very challenging to estimate the possible volumes and the probable composition of significantly larger events. 
The estimation yielded very high values because of a generally high sediment availability in the catchment area. In 
addition, unstable rocky areas threatened to fall in the near future and the site is located in an area with high and 
sometimes heavy precipitation. 

Since the drainage capacity of the channel on the fan is clearly too small for the assumed volumes, the out-break 
that happened in reality (Fig. 3a) became a model for an artificial deflection with a spillway (Fig. 3c). In the valley 
floor at the confluence with the receiving river there is insufficient room for deposition (Fig. 3b). For this reason, as 
much material as possible should be diverted in the case of a large event. The deposition is held back further down 
on the fan in a retention basin. If the volume deposited in it exceeds the retention capacity, the overflow returns to 
the main channel and flows to the receiving river. After action planning and implementation, numerical simulations 
proved the effects of the spillway for different event magnitudes, and have served to set the thresholds for a 
supplementary warning system.  

Fig. 3. (a) Aerial image of event traces with out-break (red circle) and flow direction highlighted by arrows; (b) back-calculation of documented 
event; approximate outline view figure a and figure c (white dashed lines); (c) oblique view of a scenario simulation evaluating new structural 
measure (spillway) 

The score using the proposed evaluation method for the different input parameters in this example is on the order 
of >75%. This is mainly due to good data on volume, runout and intermediate-quality data on mixture, velocity and 
discharge of the well-documented events. Calibration of the model becomes easier. Thanks to detailed investigations 
and the planning of structural measures, good and up-to-date terrain data is available. Only when determining the 
parameters for large events limitations are to be expected. Generally, calibrated friction parameters are used for all 
event magnitudes.  

4. Discussion and Conclusions

In general we found that debris-flow experts have little information on past debris-flow activity. There are
exceptions; however, they are rare. Only large events, and events that caused major damage are analyzed in detail. 
They provide the most important parameters for the numerical modeling, such as deposited volume, run-out distance 
and eventually a description of the event series based on eye-witness. Additional parameters such as velocity, flow 
height, water content, particle size and distribution are more or less non-existent. Sometimes they are available in 
catchments where automated monitoring is present or in catchments of special interest after a major event. The first 
challenge in modeling debris flows starts with the definition of the adequate starting volume. Typically, no exact 
details of initiation volume of past events are known. While the initial debris-flow volumes are typically small, they 
can evolve to be a multiple thereof by entraining material along their flow paths (Berger et al., 2011), which means, 
the starting and ending volumes sometimes differ considerably. This challenge is due to the fact that debris flows 
tend to bulk, accumulating material from the torrential bed and the embankment, but sometimes also depositing 
sediment through levée formation and lateral out-breaks.  

a b c 
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The prediction problem is amplified by the fact that topographic data are generally coarse (2m horizontal 
resolution in Switzerland) compared with typical channel widths (1–10 m) and because channel topography changes 
with time. Therefore, the data available for the representation of the terrain plays an important role, and the spatial 
resolution is critical. If relevant elements, such as side walls or blocks, are not given with sufficient accuracy, the 
simulation results are distorted. Terrain models therefore must be up-to-date. They have to reflect the condition of 
the channel and its surroundings for the investigation period. In addition, the geometry of protective structures, 
channel structures, surrounding buildings, and bridges are essential information that must be included in the terrain 
model. For buildings, the flow can usually be assumed during an event. This significantly influences the flow path. 
If, as discussed above, the grid mesh cannot provide a satisfactory and geometrically correct rendering, we 
recommend defining the buildings as impervious areas or no flux cells (Hohermuth et al., 2016). For structural safety 
measures and barriers, the question arises as to whether and when these factors are taken into account in the 
simulation. Investigations have shown that abrupt changes in inclination of artificial structures, such as dams or 
retention basins, represent major challenges for a numerical simulation model (e.g. Laigle and Labbé, 2016). If either 
the spatial resolution is too low or the grid size of the mesh does not optimally fit the object, incorrect effects will 
result, which are difficult to interpret by practitioners.  

The flow properties of a debris flow (i.e. whether it is granular or low-viscosity) and the scenarios to define, must 
be clarified outside the application of a simulation program as part of the hazard assessment. It is not yet possible to 
predict with certainty which type of debris flow can be expected in any given catchment. For scenario building this is 
quite challenging (Jakob, 2005). If several scenarios are considered to be decisive, these can be investigated by 
means of numerical simulation tools. The flow properties of the debris flow to be simulated must be defined outside 
the application of a simulation program. If several scenarios are considered to be significant, this can be investigated 
by means of numerical simulation. Rare and unique events are the most difficult to classify and consider. It can be 
assumed that due to climate change several situations can arise that make events possible that have never occurred in 
the past. However, a serious hazard assessment must ask exactly this question about the conceivable extreme event 
and answer it meaningfully. Numerical models can assist with the answer and provide helpful results to preview 
infrequent and extreme situations. Cascading processes, such as rock slope failures, and more frequent debris flows 
involving soil masses released by permafrost play an important role in hazardous events in alpine regions as a 
potential impact by climate change. More than one process has to be judged, including the interaction between them.  

Expert knowledge and experience continue to play an important role in the definition of input variables as well as 
in the interpretation of the simulation results. Very often, the basic data must be checked for plausibility and, if 
necessary, adapted. As a result, a lot of subjectivity comes into the choice of input data. It is therefore essential that 
the decisions are documented in technical reports in a comprehensible and detailed manner.  

The computational power and performance of the models is still a challenge, especially if very high resolution 
results (sub meter) are expected. Parallelization and the exploitation of computer graphics processing units are 
accelerating the computations. Logical sequences and parameter variations can be automated, leaving the user time 
for other activities. Increasingly, automated evaluation methods are available to produce extensive results files. The 
effort for an accurate and transparent determination of the input parameters is not to be underestimated. The effort is 
worthwhile, however, because it gives one more defensible simulation results. It is often observed that under time 
pressure often little time is spent in the preparation of the input variables for the numerical simulation. 
Unfortunately, this approach is in most cases counterproductive because an inadequate exploration of input 
parameters will not yield trustworthy results. In addition, poor parameter selection can cause incorrect assessments 
of the situation. A second step, which is often overlooked, is the step of calibration. The calibration difficulty often 
lies in the fact that there is simply insufficient data for the location being examined. The calibration problem must 
therefore be remedied by analogy, assumptions, or rough estimates. Regrettably, practitioners frequently take 
incorrect approaches for calibrating friction parameters. Instead of an objective calibration process, the standard 
parameters are used, assuming that they yield an approximately correct result.  

It must be noted that in the field of numerical modeling great progress has been made in recent years such that 
processes can be mathematically modeled with high precision. The model automates various tasks. On one hand, it 
delivers an independent expert opinion to the specialist. However, this requires the knowledge of the possibilities 
and limitations of the model and that the expert takes them into account when interpreting the results. On the other 
hand, in hazard assessment, the major challenge is not the model and its ability, but the adequate use of the model 
within the framework of the project.  

We have found that the use of numerical simulation programs is desired by stakeholders and authorities. 
However, there are no clear guidelines for how to perform runout modeling. There are also no minimum 
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requirements for the choice of the input parameters. This concerns both the naming of the input parameters 
themselves, as well as the specification of the data quality. Because numerical modeling is becoming increasingly 
important, new guidelines must include the role of numerical simulations in hazard assessment in general.  

We also need much more data on ongoing debris-flow activity. Therefore, we have to establish a well-structured 
data-base of debris-flow events including information of triggering conditions and parameters, the initial starting 
points, transit parameters such as super-elevation, bulking and levee deposits, deposition parameters such as break-
out zones, levee formation, in-channel deposits, number and characteristic of surges and their run-out distance, 
information on composition, including water content, grain size distribution, etc.  
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Abstract 

For hazard analysis, scenario design and mitigation there is a need to accurately and objectively predict the volume of debris 
flows. One approach is to base the calculation on rainfall properties. Herein we present an analysis of rainfall and debris-flow 
volume using data from the Illgraben catchment in Switzerland. The Illgraben debris-flow observation station, operated starting 
in the year 2000, has successfully recorded 75 debris flows and debris floods, with volume and bulk density estimates available 
for most of these events since 2000 and 2004, respectively. Here we describe results for 52 debris flows with sufficient data. 
Runoff coefficients determine the proportion of precipitation discharged from a catchment and support estimates on flow 
magnitudes. For each debris flow, runoff coefficients were determined by considering the event rainfall and the water contained 
in the debris flow. The events can further be characterized by the 14-day antecedent wetness. Runoff coefficients comprise a 
wide range from near 0 to close to 1. Clear trends are apparent, such as larger runoff coefficients during the snowmelt season. 
Furthermore, the debris-flow volumes are more sensitive to the antecedent rainfall than to the rainfall amount that triggered the 
event, likely because a wet channel bed enhances entraining. This study gives insights on which climate variables control the 
debris-flow volume. This will be further investigated and incorporated into the SedCas (Sediment Cascade) model (Bennett et al., 
2014) to improve prediction of debris-flow activity. 

Keywords: Runoff coefficient; Volume; Frequency 

1. Introduction

Objectively quantifying debris-flow volumes and frequencies is unavoidable for the hazard analysis. The debris-
flow volume indicates the severity of an event and can be a supportive parameter when planning mitigation 
measurements such as retention basins (Marchi and D’Agostino, 2004). Other magnitude parameters naturally also 
play a key role, such as the peak flow discharge for the planning of bridges crossing a torrent. Peak flow discharge is 
the most common parameter to assess flood magnitudes. For debris flows, however, volumes have shown to be a 
more robust measure. This is because there is more uncertainty in the friction parameter, which depends on the 
water-sediment proportions and grain sizes, and consequently affects the rheology of the flow (Pierson, 2005). 

Several methods have been developed in the past to estimate debris-flow volumes. For example, Marchi and 
D’Agostino (2004) applied regression techniques and proposed a volume dependency on catchment area, mean 
gradient of the stream and a dimensionless geological index derived from the lithological classes present in the 
catchment. Their data set was not very sensitive to the latter parameter, which can be excluded (when the 
coefficients are adjusted). Stoffel (2010) reconstructed a debris-flow time series of the past ~140 years by 
performing tree-ring analysis and volume estimation on fan deposits. The added value of this technique is that time-
series can be approximated for hazard assessment. In theory, once the volume has been estimated, it can be used to 
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infer parameters like peak discharge, velocity and cross-sectional area by applying empirical relations e.g. as 
presented by Rickenmann (1999). 

Although empirical formulations overcome common limitations such as the lack of magnitude-frequency 
distributions, a range of factors affecting the geology, land use, geomorphology and hydrology play a role for debris-
flow volumes and cannot easily be taken into account (Marchi and D’Agostino, 2004). Thus, debris flows can alter 
their composition, depending on the material they entrain from the bed (Takahashi, 2014). How much sediments are 
entrained, at which point in the channel entrainment starts and where it ends (i.e. stagnation or start of deposition) 
has not been uniquely defined and likely depends on parameters such as slope, sediment characteristics and 
discharge (Hungr et al., 2005). 

In the Illgraben catchment in the Swiss Alps, each year three to four debris flows have been observed on average 
in the most recent two decades. A world-wide unique debris-flow record including information on the time of 
occurrence and the volume, gives the opportunity to compute runoff coefficients and investigate how rainfall 
influences the debris-flow volume. Thereby, we intend to enhance the understanding of how climatic measures –
primarily rainfall – control the debris-flow volume. 

2. Study site

The Illgraben is located in the Rhône Valley in southwest Switzerland. The catchment spans from the Illhorn at 
2716 m a.s.l in the south to the meeting point with the Rhône river at 610 m a.s.l in the north and covers an area of 
9.6 km2. The catchment can be divided into two sub-catchments, the Illgraben and the Illbach. whereas only the 
Illgraben (4.8 km2) is susceptible to debris flows and is the focus of this study. Little direct runoff from the Illbach 
has been observed, and the tributary channel is comparatively small. The Illsee is an artificial reservoir and 
hydrologically disconnected from the study site (Fig. 1). 

The climate is comparatively dry and mild (Hürlimann et al., 2003). Yearly precipitation ranges from 600 mm in 
the valley to 1000 mm in the summit region (Hydrological Atlas of Switzerland). Precipitation can be twice as much 
in summer as in winter and often of a convective type, causing high-intensity rainfalls (Swiss Meteorological 
Service). In the catchment, rainfall is measured at three locations with tipping-bucket rain gauges at 10-minute and 
0.2 mm resolution. Although, only one of them (RG1) is representative for the initiation zone (Badoux, 2009). 

In the initiation zone, an area southeast above the channel mainly characterized by quartzites, mean hillslope 
erosion rates amount to 0.39 m/y mainly caused by landslides and rockfalls (Bennett et al. 2012). This material is 
transferred to the outlet primarily by debris flows. The sediment discharge when debris flows are excluded makes up 
less than 1% compared to the sediment discharge by debris flows (Schlunegger et al., 2009). 

The debris-flow frequency increased in the years after a large rock avalanche in 1961. As a consequence, a large 
retention dam was built in the torrent followed by multiple smaller check dams. The large dam and the check dams 
are now backfilled and do not serve as retention basins anymore but stabilize the channel. The Illgraben differs from 
other catchments in terms of its sediment discharge which exceeds Alpine standards by two orders of magnitudes 
(Schlunegger et al., 2009). Therefore, the catchment has been subject to a variety of studies on sediment transfer 
patterns (e.g. Schlunegger et al. 2009; Berger et al., 2011b; Bennett et al., 2013; Bennett et al., 2014). Between 2 and 
8 debris flows, 3 to 4 on average, have been observed per year (including debris floods) since the installation of a 
force plate in 2003 (McArdell et al., 2007). The force plate is located close to the catchment outlet. 

The Illgrabenbach has no base flow and after rain storms, runoff is not necessarily observed in the lower part of 
the stream, indicating that large parts of the rainfall are stored. Only in spring substantial amounts of water from 
snowmelt contribute to continuous runoff. 
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3. Methods

We determine runoff coefficients by defining the cumulated rainfall amount that triggered a debris flow (or debris
flood) and comparing it to the amount of water present in the debris flow. The rainfall record for RG1 is consistent 
for the years 2002 to 2017 and for the months of May to October. We assume that RG1 is representative for the 
entire catchment. Considering the steep gradients in elevation and the convective nature of storms in the summer, 
this assumption rarely reflects reality. Nevertheless, RG1 is the most representative for debris-flow triggering since it 
is located only 1-2 km away from the initiation zone and at similar elevation (2210 m a.s.l.). 

Fig. 1. Overview of the Illgraben catchment located in the Rôhne valley in Switzerland. The hillshade image and the digital elevation model have 
a spatial resolution of 2 m (Federal Office of Topography Swisstopo). Only the western Illgraben sub-catchment is susceptible to debris flows and 
is covered by 44% exposed bedrock, 42% forest and 14% grassland (Schlunegger et al., 2009). 
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A rainfall event is defined by a minimum inter-event time of 3 hours (Fig. 2). In other words, if the gap between 
two rainfall pulses is less than three hours, they belong to the same rainfall event. If a debris flow occurred not 
immediately after but during a rainfall event, the instant of debris-flow occurrence was set as the last rainfall to be 
attributed to the particular debris flow. 

The procedure for determining the debris-flow volumes was described in Schlunegger et al. (2009). The record in 
this study initially comprised 75 debris flows between 2000 and 2017. For some events, however, no volume could 
be determined and data on rainfall from RG1 is missing for large periods in 2000 and 2001. After excluding these 
cases the record consists of 52 debris flows. 

To determine the amount of water per event, we assume that 50% of the total debris-flow volume consists of 
water, which corresponds to a bulk density of 1800 kg/m3. Schlunegger et al. (2009) quantified bulk densities in the 
Illgraben to be in the order of 1400-1800 kg/m3 for debris floods and 1800-2200 kg/m3 for debris flows. We do, 
however, not differentiate between flow types and assume 1800 kg/m3 to be the average bulk density. Hereafter, we 
will use the term debris flow for both types throughout the text. Finally, runoff coefficients (Ψ) are determined as 
follows: 

Ψ = 
f ∙ VDF

∫  𝑝(𝑡)𝑑𝑡
 𝑡𝑒

 𝑡0

(1) 

where VDF is the total debris-flow volume, f is the fraction of water (50%), 𝑝(𝑡) is the 10-minute rainfall at a given
point in time 𝑡 and 𝑡0 and 𝑡𝑒 mark the start and the end of the rainfall event which can be attributed to the triggering 
of the debris-flow event. In Fig. 2, 𝑡0 and 𝑡𝑒 would be defined by the first and the last rain pulse of the triggering 
rainfall. 

4. Results and Discussion

Fifty-two debris flows which occurred in the Illgraben catchment were analyzed considering their volumes,
triggering rainfalls, runoff coefficients and antecedent wetness conditions (Fig. 3). The debris flows occurred 
between May and October, with highest frequency in July (25) and fewer in the shoulder seasons in May (7) and 
September and October (6). Debris-flow volumes range between 4 000 and 90 000 m3 (median 25 000 m3). Runoff 
coefficients have a median value of 0.3 but vary between 0.003 and 4.6. Although, 50% of the values lie between 
0.01 and 0.09. Four of the nine largest runoff coefficients were observed in May during the snowmelt period. Events 
with larger volumes have larger runoff coefficients and occur until the beginning of August. Triggering rainfall 

Fig. 2. Example of how an event is defined. Minimum-inter-event-time was set to 3 hours. 

> 3 hours 
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amounts varied between 0.2 and 34.6 mm and have a median of 9.6 mm. For all events, the catchment experienced 
rainfall in the 14 days prior to the triggering event. Smaller events can have both high or low antecedent wetness 
during all seasons. While large events in May do not necessarily show increased antecedent wet conditions, large 
events occurring later into the year do. 

The higher event frequencies during the summer months coincide with an increase in mean monthly temperatures 
and peak rainfall intensities (Fig. 4). In September and October, the decrease in debris-flow occurrence is 
accompanied by decreases in temperature, rainfall amounts and peak rainfall intensities. 

In May, debris flows can be triggered by very small rainfall amounts, and runoff coefficients can even exceed 1. 
This strongly indicates that snowmelt plays a key role early in the season. Schneider et al. (2010) also evaluated 
snowmelt to be an important factor for debris flows triggered in a catchment of similar altitude as the Illgraben in the  

Fig. 4. Climate variables. Median, highest and lowest Mean Monthly Temperature (MMT) and cumulated monthly precipitation is shown in the 
upper two boxes. In the bottom, box plots for event cumulated rainfall (left) and rainfall peak intensity between 2002 and 2017 are presented.

Fig. 3. Runoff coefficients (y-axis), debris-flow volumes (marker size), cumulated triggering rainfall (marker fill) and 14-day antecedent wetness 
(marker edge) of 52 debris flows (x-axis) that occurred in the Illgraben catchment between 2002 and 2017 in the period susceptible to debris 
flows between May and October. 
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Italian Dolomite Alps. Prenner et al. (2018) identified 6 of 41 debris flows where snowmelt fostered the triggering in 
an Austrian catchment also of similar altitude. Hence, our observation is consistent with others in similar catchments 
in terms of location and altitude. 

In general, the Illgraben runoff coefficients increase with event volume. This is in line with the expectations, 
since we determine the water volume as 50% of the debris-flow volume. We also expect runoff coefficients of events 
with high cumulated rainfall amounts to be lower because of its definition (Eq. 1). A surprising result is that the 
largest debris flows were not initiated by the heaviest rainfalls (in terms of rainfall amounts). Rickenmann and 
Koschni (2010) highlighted that debris-flow volumes can have a large variability for a given runoff volume, in an 
analysis of a large storm event in Switzerland in 2005. Excluding catchments which were affected by landslides, this 
variability could be decreased. Consequently, it implies that there are other factors adding substantial uncertainty to 
the debris-flow magnitude, while rainfall and the resulting runoff only enhances the probability of triggering. 

While the initial debris-flow volumes can be small, they can evolve to be a multiple thereof by entraining material 
along their flow paths (Berger et al., 2011a). Thereby, entrainment experiences positive feedback from the soil 
moisture in the flow path, because the pore water pressure increases as the debris-flow front approaches which can 
reduce the friction (Iverson et al., 2011; McCoy et al., 2012). Furthermore, the 14-day antecedent wetness can be 
considered as a proxy for the average soil moisture condition in the catchment. Debris flows in the Illgraben occur at 
all states of antecedent wetness, which therefore is not a good predictor for the actual event volume (Fig. 5). 
Nevertheless, out of the six largest debris flows, three occurred in May with modest antecedent wetness (~30 mm) 
while the other three took place later in the season under the highest observed antecedent wetness conditions 
(~80 mm). This exemplifies that there is a need to quantify the effects of snowmelt on the catchment, in order to 
make the climatic and hydrological conditions comparable. Furthermore, the results indicate that while events with 
smaller volumes can occur for the entire range of antecedent wetness, larger events with higher return periods are 
conditioned by antecedent wetness (except in May and June). Therefore, it is conceivable that there is an upper 
debris-flow volume limit for a given wetness condition (Fig. 5). These results are in line with McCoy et al. (2012) 
who observed substantially larger debris flows when the channel bed was wetter. It has also been noted that 
antecedent wetness is not necessarily required for debris-flow triggering (e.g. Coe et al., 2008; Abancó et al., 2016). 

In the case of sediment entrainment from the bed during an event, interstitial water stored in the soil is also 
entrained. This theory would explain the increased runoff coefficients for larger debris-flow volumes. In this study, 

Fig. 5. Scatter plot of antecedent wetness, which corresponds to the cumulated rainfall in the 14 days before the event (excluding the triggering 
rainfall) and the debris-flow volumes for the 52 studied events. In color, the months during debris-flow season is indicated. There are indications 
that larger events are conditioned by antecedent wetness, which is exemplified by the dashed threshold line. The points above the line are likely 
due to snowmelt effects and uncertainties in the actual wetness conditions, among others.
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we are not able to determine runoff coefficients as usually defined in hydrology, because an unknown amount is 
added into the fluid component of debris flows. Therefore, the runoff coefficients illustrate that the amount of water 
exiting the catchment as discharge can be altered by debris flows. 

Naturally, there are other factors enhancing the debris-flow volumes, which were not considered here. Even 
though the Illgraben catchment has indications of being transport-limited (Schlunegger et al., 2009), 
Bennett et al. (2014) modelled the long-term sediment output and only characterized 55% of the debris flows to be 
transport-limited. Therefore, it is likely that for a significant number of cases, the debris flows were supply-limited 
and sediment availability should also be considered as a variable controlling the debris-flow volume. 

Finally, residual uncertainties remain in the rainfall measurements. Measuring precipitation with a rain gauge is a 
point measurement and upscaling to areal rainfall comes along with uncertainties. Nevertheless, the gauge RG1 is 
situated comparatively close to the initiation zone and at a representative altitude. Some uncertainty also exists in the 
synchronization in the timing of the force plate and the rain gauge, since the latter is operated by the cantonal 
authorities. An uncertainty assessment, however, revealed that even a time shift of two hours would not change the 
runoff coefficients significantly (p-value = 0.1). There is also uncertainty in the assumption of the bulk density. If 
variations in this parameter would be considered, the range of runoff coefficients would be squeezed, but not alter 
the general pattern. 

5. Conclusions and Outlook

We determined volume, triggering rainfall, runoff coefficients and 14-day antecedent wetness for 52 debris flows 
in the Illgraben catchment. Runoff coefficients varied greatly and increase with increasing debris-flow volume. We 
conclude that the cumulated rainfall amount is not a proxy for the debris-flow volume. In fact, debris flows with the 
largest volumes were triggered by comparatively small rainfall amounts. Antecedent wetness, however, seems to be 
a key factor for the volume. Antecedent wetness has at least two effects. First, it enhances entrainment along the 
channel by increased pore-water pressure and second, in the process of entrainment, the interstitial water is also 
entrained, contributing to substantially larger runoff coefficients. 

Furthermore, seasonal variations in the debris-flow volumes and frequencies are apparent. In spring, snowmelt 
likely enhances the triggering and entrainment of sediments, leading to some of the largest debris-flow volumes. In 
the summer months, the increased frequency of debris-flow occurrence is accompanied with an increase in high 
rainfall intensities. In autumn, only few and small debris flows happen because of lower rainfall amounts and 
intensities. Another reason is possibly the occurrence of supply-limited conditions in autumn because sediments 
have been washed out earlier in the season. 

This study gives insights on which climate variables are likely to control debris-flow volume. Nevertheless, the 
variables discussed here are only indicators and do not replace the actual conditions which led to the formation of a 
debris-flow of a given volume. Therefore, it motivates future investigations on hydrological (snow, runoff, soil water 
content, etc.) and geomorphological variables (available sediments for mobilization) in more detail. Especially in a 
changing climate and for possible hazard mitigation adaptation, it would be interesting to explore debris-flow 
generation in a more quantitative approach. SedCas, a probabilistic sediment cascade model which has been 
developed for the Illgraben (Bennett et al., 2014), offers an ideal framework for the suggested investigations. 
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3.3. Rainfall Event 

3.4. Geological Properties 

705



Hsu / 7th International Conference on Debris-Flow Hazards Mitigation  (2019)

Ks  D0

Ks

Iz Ks

Ks  D0 = Iz

706



Hsu / 7th International Conference on Debris-Flow Hazards Mitigation (2019)
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Abstract 

Substantial advances have been made in various aspects of debris-flow hazard and risk assessments over the past 
decade. These include sophisticated ways to date previous events, runout models including multi-phase flows and 
debris entrainment options, and applications of extreme value statistics to assemble frequency-magnitude analyses. 
Finally, quantitative risk management (QRM) has emerged as the most rational and defensible method to assess debris-
flow risk and optimize mitigation efforts. Pertinent questions, of course, have remained the same: How often, how 
big, how fast, how deep, how intense, how far and how bad? Similarly, while major life loss attributable to debris 
flows can often, but not always, be avoided in developed nations, debris flows remain one of the principal geophysical 
killers in mountainous terrains.  Substantial differences persist between nations in hazard or risk management. Some 
rely on a design magnitude associated with a specific return period, others use relationships between intensity and 
frequency, and some allow for, but do not mandate, in-depth quantitative risk assessments. The range in return periods 
considered in hazard and risk assessments varies over two orders of magnitude from 1:100 to 1:10,000.  In many 
nations, access to funding and lack of at least regional prioritization provides the biggest obstacles to widespread 
safeguarding against debris flows. Two factors conspire to challenge future generations of debris flow researchers, 
practitioners and decision makers: Population growth and climate change. The former will invariably invite continued 
development in debris-flow prone areas, especially fans, floodplains and terraces subject to lahars or landslide/moraine 
dam/glacial outburst floods which, at times, assume debris-flow characteristics. As far as debris flows are concerned, 
climate change is manifesting itself increasingly by augmenting hydroclimatic extremes, especially a several-fold 
increase in the frequency of short-duration high-intensity rainfall that may soon exceed historical precedents.  While 
researchers will undoubtedly finesse future remote sensing, dating and runout techniques and models and bring some 
of those to a degree of maturity, the practitioners will need to focus on translating those advances into practical cost-
efficient tools and closely collaborate with clients to integrate those tools into meaningful long-term debris-flow risk 
management. Future debris flow disasters will not occur due to a lack of quantitative methods, but likely due to the 
lack of recognition, wilful ignorance of debris-flow hazards, lack of enforcement of risk management policies, or 
simply a lack of means to mitigate against known debris flow risks. 

Keywords: debris flow; debris flood; hazard assessment; risk assessment; 

1. Introduction

Adding some 70 million humans to Earth every year leaves a mark not only on ever-expanding urban centers and
their suburban fringes as well as development of wildland interface, but a proportion of that growth will spill directly 
into mountainous terrain. Mountains consist of peaks and valleys, plateaus and ridges, ice-clad or bone-dry, covered 
with dense vegetation and entirely arid. Irrespective of their individual geomorphological or hydrological setting, 
water, however much or little there may be, drains from zero order barely noticeable depressions to higher order 
streams until those debouche onto floodplains or peneplains at the piedmont. If sufficiently steep and if loose, erodible 
sediment is available for transport, debris flows will form whenever sufficient rainfall exceeds some hydroclimatic 
threshold. With these defining criteria there are likely millions of debris-flow prone streams worldwide.  Traditionally, 
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people have built homes and infrastructures on fans because in mountainous terrain these can be the areas with the 
shallowest gradients. The threat of debris flow may be recognized, but there can be a perception that riverine floods 
are the more damaging event because observable bank full flows may occur frequently and major overtopping of the 
flow channel at higher return periods may have been witnessed. Debris flows, in contrast, may occur at return periods 
of century scale, and thus outside the typical memory of residents or infrastructure owners. The longer the periods 
between events, the less obvious the signs of past destruction and geomorphic change. On top of that, the human trait 
of delusional thinking that such events are anomalous has led to continued urbanization of fans and cones in areas with 
high relief.  None of this is new, and nations such as Japan, European countries adjoining the Alps, countries straddling 
the North and South American cordilleras, and other nations have developed systems to map, analyze and assess hazard 
and risk, and mitigate to the standard of the day. Hundreds of thousands of mitigation works have been constructed 
worldwide, ranging from make-shift log-crib structures, or masonry dams built entirely by hand to impressive mega-
structures constructed with concrete capable of holding millions of cubic meters of sediment.  

This contribution is not meant as an exhaustive review of debris-flow hazard assessments of which hundreds have 
been reported in the literature.  Summaries of hazard assessments have been provided elsewhere (Jakob, 2005; 
Rickenmann, 2016; Chae et al., 2017). Rather, a few cases are highlighted to demonstrate the debris-flow risk 
assessments that have had a demonstrable effect of reducing risk to populations living amongst debris-flow hazards. 

There is a bewildering plethora of papers that are being generated by the scientific community every year. An 
attempt was made in 2005 by Jakob and Hungr to summarize the state of knowledge through an edit volume of debris 
flows and related phenomena. Now, 13 years later, this volume hardly does justice to the key advances. This paper 
cannot address all significant new findings due to lack of space and the admission by this author of not being able to 
keep up with all relevant advances in debris flow science. Hence, personal bias is unavoidable. 

2. Hazard Assessments

Debris-flow hazard assessments form the backbone of any plans to mitigate, if accompanied by a risk assessment 
or not. In simple speak, if the hazard assessment is faulty, so will be the risk assessment and, ultimately, the mitigation 
design to reduce hazard or risk. Of course, this can go both ways: An overestimated hazard will lead to an 
overestimated risk, which by extension results in overdesign of the mitigation works and the associated burden on 
funding agencies and/or the tax payer.  

What does a thorough hazard assessment entail? The list is long but is separated, by and large, by two principal 
aspects: 1) assessment of the frequency and magnitude of events, and 2) assessment of the intensity of the respective 
debris-flow scenario. Breakthroughs have been made in the assessment of frequency analyses with the refinement of, 
for example, dendrochronological methods (Ballesteros-Canovas et al., 2015) and radiocarbon dating methods 
(Chiverrell and Jakob, 2013; Sewell et al., 2015). Magnitude analyses have been greatly enhanced and refined through 
empirical methods (e.g. Gartner et al., 2014) and numerical modeling that may allow event magnitudes to be 
reasonably estimated from known source area volumes and user-specified and/or theoretical entrainment rates (e.g. 
McDougall and Hungr, 2005; Iverson, 2012). Both methods can and ought to be used complimentarily to decipher the 
“true” frequency-magnitude relationships. Unfortunately, it is literally impossible to characterize every known event, 
however, the statistical science has produced methods that are suited for a magnitude-limited truncation of datasets. 
Peak over threshold (POT) analyses can be applied to this problem set and statistical distributions such as the 
Generalized Pareto Distribution (GPD) are fit for application where fragmentary data exist but where one can be 
reasonably confident to have captured the biggest events (Jakob et al., 2017).   

The degree of sophistication that is being applied to such hazard assessments differs widely from nation to nation, 
but also within nations with poorly developed or missing guidelines, and is strongly dependent on the practitioner’s 
background knowledge and that of his or her team. Many such assessments are conducted by consulting firms who 
may have to write competitive proposals. If all or most methods available to the practitioners are proposed, the costs 
of such studies may become non-competitive and a lower bid may win the job. This competitive process may put 
pressure on firms to win jobs with the lowest reasonable effort possible. But what does that mean and is it truly a 
problem? 

Spectacular failures of debris-flow mitigation works are rarely reported in the scientific literature, presumably for 
reasons of embarrassment or potential ensuing legal action. Particularly in more litigative societies, legal action seems 
almost predictable and a thorough forensic analysis of a debris-flow mitigation system failure can be obscured through 
confidentiality clauses. This is lamentable, as the greatest advances in debris-flow mitigation may derive from an 
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analysis of past failures. In this sense, it is worthwhile to examine a few notable failure modes which have recently 
been summarized by Moase (2018). 

2.1. Regional debris-flow studies 

Most districts, states, provinces or even nations have limited funds for geohazard mitigation. This necessitates the 
allocation of existing funds to those sites with the highest risk potential. In reality, funds for studies and mitigation 
often get allocated because of particularly damaging events that result in focused public, media and political attention. 
Those sites, however, may not necessarily be the ones with highest risk. High risk sites are those that occur frequently 
and with a high economic or life loss potential. Only in the most affluent societies with long histories of debris-flow 
hazard recognition, quantification and management is it possible to systematically evaluate hazards and risks and 
prioritize mitigation accordingly (Sturzenegger et al., 2019, this volume, Kang and Lee, 2018). Even if possible, 
detailed fan and watershed studies for entire nations such as Switzerland, Austria or Japan take a very long time and 
hazard potential changes with land use, extreme events such as major landslides or volcanic eruptions and direct or 
indirect consequences of climate change. Therefore, it is advisable to devise methods in which debris-flow 
susceptibility can be adequately approximated and be readily compared to each other. Hazard frequencies can be 
assessed in classes with class boundaries being systematically defined and air photograph analysis allowing class 
designation. Debris-flow magnitude can be gleaned from regional debris-flow susceptibility models such as the 
empirically based Flow-R software. Flow-R model ("Flow-R" refers to "Flow path assessment of gravitational hazards 
at a Regional scale") was developed by Horton et al. (2008, 2013). It allows identification, at a preliminary level of 
detail, of potential debris flow or debris flood hazard and modeling of their runout susceptibility over large study areas. 
Unlike other numerical models suitable to simulate debris flows such as RAMMS, FLO-2D, DAN-3D and D-Claw, 
which may require substantial computer runtimes, depending on the model grid size and modelling domain, Flow-R 
runs very quickly and can be run on numerous debris-flow susceptible creeks at the same time.  Sturzenegger et al. 
(2019, this volume), demonstrate the use of the model for a debris-flow risk-based prioritization study in British 
Columbia. Once magnitude and frequency have been approximated many creeks, the consequences can be evaluated 
either for fixed assets (homes, industries, linear infrastructure), or people in transit (on roads, by rail). An example of 
such regional prioritization has been provided by Holm et al. (2016, 2017).  In this sense, debris-flow hazards and 
risks may not be estimated with any precision and susceptibility maps should not be interpreted as hazard maps. The 
importance lies in a systematic, replicable and transparent comparison of risks by using the same methodology for all 
sites investigated. Such prioritization studies cannot replace detailed fan hazard and risk assessments that would form 
the basis for mitigation design.  

Future advances in this science could include a linkage between regional frequency-magnitude analysis and 
susceptibility models. This would allow a higher granularity in regional studies that have design frequency caps. Such 
added granularity would glean more confidence in risk quantifications as, often, the highest risk locations are those 
where debris-flow impact leads to life loss at the lowest return period (highest frequency). 

2.2. Dating past debris-flow events 

In terms of dating past debris-flow events, practitioners have a substantial variety of methods at their fingertips, 
and environmental conditions and budget are the key constraints. One of the most deeply researched methods that is 
also one of the most useful is dendrochronology (Stoffel and Bollschweiler, 2008; Stoffel, 2010; Stoffel et al., 2010; 
Schneuwy-Bollschweiler et al., 2012; Ballesteros-Canovas et al., 2015). Some key refinements are still outstanding, 
such as estimating the individual deposit volumes and intra-seasonal dating precision (Stoffel, pers. comm., 2018). 
Dendrochronological investigations are also used increasingly to identify possible climate change signals (van den 
Heuvel et al., 2016). Obviously, one does need trees on the fan or along the channel, and preferably old ones to obtain 
a reasonable record. Relative dating methods such as lichenometry (Innes, 1983; Andre, 1990, Rapp and Nyberg, 1981; 
Bull, 2018) provide a decent approximation, but without calibration of the lichen growth curve, translation into areas 
affected by debris flows and their respective date hampers establishment of detailed frequency-magnitude 
relationships. Radiocarbon dating (i.e. Chiverell and Jakob, 2013) remains a profoundly successful method and can be 
used not only to date debris flows, but by measuring the thickness of dated deposits allows approximations of debris-
flow volumes.  
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2.3. Debris-flow magnitude analysis 

Empirical relationships between flow volumes and inundated areas are highly useful (e.g. Griswold and Iverson, 
2008), though local coefficients need to be established rather than blindly adopting reported ones, as was found in 
several of the author’s and his colleagues unpublished studies. More work is needed here to differentiate hybrid events 
between coarse granular and fine-grained highly mobile events.  

One aspect that is still rather challenging is to establish frequency-magnitude methods on a regional scale. For 
example, pipelines or other above-ground or buried linear infrastructure are still being built worldwide, some of which 
cross mountainous terrain. Oil and gas pipeline owners have a particularly low tolerance to pipeline rupture. Moreover, 
they wish to know the chance of pipeline impact for a range of return periods; in other words, a frequency-magnitude 
analysis is needed for tens if not hundreds of fans that their pipeline may cross. Detailed dendrogeomorphic studies, 
radiocarbon dating or even detailed mapping of previous deposits is very time and cost intensive and typically is not 
funded. Jakob et al. (2016) provided a simple, yet effective method to estimate frequency-magnitude relationships 
(Figure 1). However, this method is not particularly applicable if a high degree of precision is warranted. Using a 
series of well-researched debris-flow frequency-magnitude relationships, Jakob et al. (2016) were able to show that 
fan area or fan volume can well predict these relationships with quantifiable error. The underlying rationale is that the 
fan, unless truncated by a higher order stream, or obfuscated by a rapidly aggrading floodplain, reflects the sum of all 
fan-forming events. This method is particularly helpful in areas with late Pleistocene glaciation which means that the 
fan area or volume integrates all debris-flow events that occurred since deglaciation.  

Fan areas, are very simple to measure in Google Earth or from orthorectified air photographs. However, caveats 
must be identified, such as abnormally large fans for their respective watersheds that may be attributable to previous 
large landslides that have now been overprinted by debris flows. In such cases, the method above may result in overly 
conservative results. Alternatively, river erosion at the toe of a fan may result in a fan area that is small in relation to 
the frequency-magnitude of debris flows in the upstream catchment. 

The special case of debris-flow magnitude analysis in a post-fire setting has received much attention in the past 10 
years and this paper can hardly do justice of the plethora of literature that has emerged. For the practitioner, general 
guidelines and simple applications are particularly useful, such as the recovery time for decreasing debris flow volumes 
to pre-fire situations (Santi and Morandi, 2013), or estimates of peak discharge in burned and unburned areas from 
bulked rational formulae and their limitations (Brunkal and Santi, 2017). Other highlights include probabilistic post-
wildfire debris-flow modeling (Donovan and Santi, 2017) and studies on the timing of debris flows after fires (DeGraff, 
2014; De Graff et al., 2015), which is key in triggering risk assessments, as debris flows may occur very quickly after 
fires are out (Kean et al., 2019).  

Various statistical methods exist that help the practitioner with incomplete datasets that, in our science, are the rule 
rather than the exception. The application of simple magnitude-cumulative-frequency (MCF) methods or the GPD can 
lend credibility to the analysis and its extrapolation to annual probabilities outside the observed record. However, they 
come with a caveat, namely pronounced confidence bands. As has been shown by Jakob (2012), an honest reporting 
of such confidence bands may lead to a confidence loss with one’s client or those potentially affected. The only remedy 
does remain expert judgement, which in itself is based on a thorough understanding of the entire debris flow system. 
Only a comprehension of potential point sources, entrainment rates, multiple debris-flow triggering mechanisms and 
runout behaviour will allow the practitioner or scholar to properly identify and quantify hazard zones.  

2.4. Debris-flow scour and entrainment 

On September 20, 2015 an anomalously erosive debris flow occurred on the fan of Neff Creek, north of Pemberton, 
British Columbia, Canada (Lau, 2017). The debris flow mobilized before reaching the fan apex. However, the total 
volume of the debris flow that was eventually deposited was 275,000 m3 with 83,000 m3 having been eroded from the 
fan. The discrepancy between these two volumes is due to the erosion of a small canyon-sized channel into the upper 
to mid alluvial fan, which at its maximum was 14 m lower than the original fan surface. Similar highly erosive debris 
flows have been observed in Switzerland (Scheuner et al., 2009; Frank et al., 2015) and elsewhere in British Columbia 
(Jakob et al., 1997; BGC Engineering Inc., 2018), but the causes for debris flow fans to “switch” between deposition 
and erosion are poorly understood and have only been recently researched (e.g. de Haas et al., 2017).  Understanding 
when such highly erosive events occur on fans is crucial for practitioners tasked with specifying burial depth of 
pipelines or fiberoptic cables.  In the case of Neff Creek, it is virtually certain, that even a professional with vast 
knowledge of debris-flow processes may have under-designed a buried crossing due to a severely underestimated 
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scour depth on the fan. In addition, clients may exert some pressure on the practitioners not to be overly conservative 
with the recommended burial depth because costs of construction and maintenance increase substantially with 
increasing burial depth. Had a pipeline been built, it would have very likely resulted in a fracture and spill of whatever 
substance the pipeline had carried. It is such events that give us reason to pause and stimulate further research. 

Buried linear infrastructure that passes through mountainous terrain will invariably cross alluvial fans and colluvial 
cones.  While fans and cones are generally regarded as depositional landforms, observations of progressive and 
catastrophic scour on such landforms indicate that this view is too simplistic.  Fan and cone scour has exposed, and in 
the worst case, severed buried linear infrastructure. Continued expansion of buried linear infrastructure motivates a 
more detailed examination of fan scour to predict scour depth and manage the risk of buried infrastructure failure. 
Recent papers are split between physical-mathematical treatments of the problem, in large part supported by full-scale 
flume experiments, and papers reliant on case study and empiricism. 

Iverson et al. (2011) conducted large-scale experiments at the USGS’s debris-flow flume in Oregon to examine 
debris entrainment in steep channels. They addressed the pertinent question: How can flows that entrain bed material 
travel faster and further than those that do not, given that momentum conservation implies flow retardation? Iverson 
et al. 2011) found that debris-flow mass and momentum grows simultaneously when rapid debris loading over a wet 
alluvial channel surface produces large positive pore pressures. These elevated pore pressure fields encourage bed 
sediment scour, lead to friction reduction and unleash a positive feedback through further momentum increase. The 
key question is when the feedback becomes negative either due to deposition, avulsions or an increasingly dry bed, 
perhaps due to fan surface infiltration.  

Four years after these initial findings, Iverson and Ouyang (2015) reviewed various models and suggested that 
many existing models are not suitable to predict debris entrainment as they are incorrectly applying depth-integrated 
conservation principles. They show that erosion or deposition rates at the interface between layers must, in general, 
satisfy three “jump” conditions, which is rarely the case.  

A novel approach to debris-flow scour was suggested by Kang and Chan (2017), who proposed a model that 
accounts for surface erosional effects through progressive scouring and shear failure on the channel surface. By 
considering simple geometry and particle configurations, the authors developed equations for progressive scouring 
and considered rolling and sliding motion. In Kang and Chan’s model, a probability-density function (PDF) is used to 
calculate the entrainment rate. The authors compared the model to flume experiments and found that the entrainment 
rate can be calculated using a normal-distribution PDF. It will be interesting to observe if real debris flows and 
associated scour can be accurately simulated by the model. 

The importance of debris entrainment has also been highlighted in a recent paper by Frank et al. (2015), who provide 
instructive examples from the Swiss Alps. Theule et al. (2015) developed a functional relationship from a stepwise 
regression model as an empirical fit for the prediction of channel erosion by debris flows with a critical slope threshold 
at 0.19. The authors interpreted this slope threshold as the transition between the transport-limited and supply limited 
regimes, associated with the upstream decreasing erodible bed thickness. Finally, Haas and Woerkom (2016) 
experimentally investigated the effects of debris-flow composition on the amount and spatial patterns of bed scour and 
erosion downstream of a transition from bedrock to channel colluvium. The debris flows entrained bed particles grain 
by grain and en masse, and the majority of entrainment was observed to occur during passage of the flow front. 
Interestingly, the authors found that scour depth is largest slightly downstream of the bedrock to colluvium transition, 
except for clay-rich debris flows. The authors also found that basal scour depth increases with channel slope, flow 
velocity, flow depth, discharge and shear stress. From a practitioner’s point of view, this highlights that debris-flow 
fans with comparatively large watersheds, such as hanging valleys that result in high peak discharges, are particularly 
susceptible near their apices, where the transition from bedrock to colluvium occurs. This is very much in line with 
observed scour depths near fan apices and indicates that those locations should be avoided in the design of linear 
infrastructure. 

Using experiments from a 1:30 scale model, Eaton et al. (2017) were able to demonstrate that channel degradation 
due to floods on alluvial fans is dominated by lateral channel migration rather than vertical incision. However, 
experiments were conducted on a modeled fan of 4.5% gradient, and many debris flow fans are substantially steeper. 
Hence, it remains to be determined if the findings from Eaton et al. (2017) can be applied to steeper fans. 

3. Concluding Remarks

Debris-flow hazard and risk assessments have considerably improved from when the design of debris-flow 
mitigation works were largely based on a practitioner’s gut feel or some experience-based guidelines. The wealth of 
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methods, be they in dating past events, deciphering their magnitude, numerical models and measures of debris-flow 
intensities and vulnerabilities, has been bewildering and illuminating alike. Papers on one or another aspect of debris 
flows almost appear weekly, and only the most motivated may be staying abreast of absorbing this information 
tsunami. Rarely, however, can all or even several complimentary methods be applied to a specific problem. This is 
partially due to geographic constraints (i.e. dendrochronology is useless in treeless terrain, or radiocarbon dating is 
impossible in desert environments), and partially due to funding limitations in competitive bids for 
engineering/geoscientific studies.  

Even in economically and socially advanced nations in Europe and North America, steep creek science has not 
advanced as rapidly as would have been desirable. A recent contribution (in German) by Rickenmann and Badoux 
(2018) identified deficits that are equally applicable to other nations: They include underfunding of process-based 
studies of mountain torrents, insufficient documentation of methods used for process characterization, missing 
transparency in debris-flow hazard assessments, and gaps in the systematic training of debris-flow specialists. 

Only 10s of people (anecdotal data) die annually directly from debris flows in the US. However, indirect loss of 
life due to cutoff from health care, for example due to Hurricane Maria that affected Puerto Rico, can be much higher 
(Kishore et al., 2018). Globally, the total number of debris-flow-related deaths are more significant. Dowling and Santi 
(2014) estimated 77,779 fatalities have been recorded in academic publications, newspapers, and personal 
correspondence between 1950 and 2011, an average of approximately 1,250 fatalities per year. 

While insignificant in terms of fatalities, the national economic costs are still substantial due to direct impact or 
infrastructure interruptions (Dowling and Santi, 2014; McCoy et al., 2016). Hence, complacency is certainly not 
warranted, nor morally justifiable. As with any science, it is valuable to occasionally take stock of the key 
accomplishments and ask the question: What else needs to be achieved until a science has matured to a degree where 
progress has slowed to a crawl or even stagnates, or where progress is largely academic with no direct or obvious 
connectivity to practical application?  

One may argue that the quantitative methods available for debris-flow hazard quantification are approaching a level 
of maturity, as are the myriad of methods to mitigate hazard and associated risks. Clearly, refinements in numerical 
model capabilities, such as credible entrainment functions on channels and fans, are still necessary and welcome. There 
are potential pitfalls to widespread application of sophisticated debris-flow models by people with little modeling 
experience or a cursory understanding of the model being applied. Similarly, hazard intensity definition and mapping 
can still be homogenized and improved though existing tools that are well suited to deal with most, if not all, conditions 
adequately. National or regional databases are needed, as they allow a better statistical treatment of all components of 
hazard analysis. Setting tolerable risk thresholds will help to fine-tune and custom tailor mitigation measures while 
avoiding over-expenditure or underfunding. Finally, regional, or national-level debris flow risk prioritization is hugely 
helpful to allocate limited funding to the highest risk situations and to remove the arbitrariness of decisions on 
mitigation prioritization. None of the above will be useful unless a new generation of debris-flow experts is being 
trained in the science and art of debris-flow hazard and risk assessments. This needs to be complemented by the, 
formulation of detailed technical guidelines to homogenize approaches and enhancing research efforts including a 
systematic process documentation and its testing against existing methods. 

Climate change is posing, and will continue to pose, a key challenge to institutions and practitioners alike, as the 
expected changes in climate and the associated higher order effects (glacial and permafrost changes, changes in 
wildfire activities, beetle infestations and associated tree mortality, all of which are known to influence debris-flow 
activity) in the ecosystems are becoming unprecedented in recent human history. While a fascinating global 
experiment, debris-flow researchers and practitioners will need to respond swiftly with amending their analytical 
arsenal in the attempt to predict and manage the effects of climate change as they pertain to debris-flow systems.  

Despite all uncertainties clouding this science, future changes will require a new generation of experts who are 
knowledgeable in the ever-increasing subfields that feed into successful hazard and risk assessments. I hope that this 
contribution will inspire this debris-flow avant-garde and lead to ever more robust tools. It is also a call for funding 
agencies to provide academia with sufficient means to address pertinent outstanding questions so that science can be 
translated into practice with little delay. In conjunction with wise resource management and an acceptance of research-
based decision making, there is reason for hope that debris flows may not become ubiquitous killer landslides. Future 
debris flow disasters will not occur due to imprecise science, rather due to the failure to fully recognize, nor quantify 
the debris-flow hazards and associated risks. 
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Abstract 

Transient Rainfall Infiltration and Grid-based Regional Slope-stability analysis (TRIGRS) is a regional, physically 
based stability model which could be applied to predict shallow landslides. It is important to evaluate the accuracy of 
TRIGRS for the prediction of landslide locations using actual events before use the TRIGRS model for further 
applications. This study presents the application of TRIGRS for Bulathsinhala area, Kaluthara in south western part 
of Sri Lanka where the number of shallow landslides occurred on 26th May 2017 and many of those events transitioned 
into damaging and killing debris flows. A back analysis of that landslide event was executed to authenticate the model 
by using different methods and techniques for the definition of the input parameters.  Reliability of the model was 
evaluated through comparison with the 2017 landslide inventory in the particular area and it was revealed that most 
of the actual landslides were occurred in the predicted area (FS<1) of the model. In order to quantify the effectiveness 
of the model, an index was proposed in the study called LRclass (landslide ratio for each predicted FS class). The 
obtained values of the LRclass index realize the trustworthiness of the model which indicates the considerably higher 
value (60%) for the lowest stability class. With this particular manner, the output of the study could be used to 
implement more reliable land use management and development plans and resettlement procedures. Further the 
TRIGRS model is advantageous for susceptibility mapping and landslide flow path analysis, particularly when linked 
with various advanced applications using GIS spatial functions.  

Keywords:shallow landslide;factor of safety;transient pore presure 

1. Introduction

Landslides and debris flows are sources of severe natural disasters and societal hazards in mountainous regions in
Sri Lanka. Hence, people meet a challenge to find a balance risk of natural hazards and the need for spatial 
development. Densely populated hillside regions in humid, subtropical or tropical climatic zones are often prone to 
various types of landslides. The socioeconomic impact, moreover, has become much higher than before because of 
the high population in hazardous zones.  Accordingly, it is important to identify the areas prone to landslides and to 
categorize them in accordance with the risk level (i.e. high risk, moderate risk and low risk). Identification of lands, 
which have to be protected from human activities as well as to implement the stabilization measures in order to avoid 
possible mass movements, is also essential. 

Landslides could be categorized mainly as “deep-seated” and “shallow” in terms of the mechanism of failure of 
the slope. Shallow landslides (especially debris flows) can pose a serious threat to life or property, in particular due to 
their high velocity, impact forces and long run-out, combined with poor temporal predictability (Jacob and Hungr, 
2005). These phenomena consist of sudden mass movements of a mixture of water and granular material that rapidly 
develop downslope, eroding the soil cover and increasing their original volume (Iovine et al., 2003). Due to their high 
destructiveness, the study of these processes is an important research topic that can support decision makers in 
developing more detailed land-use maps and landslide hazard mitigation plans. 

In Sri Lanka, shallow landslides are most common in the Middle Peneplane from 30-200m elevation, in areas with 
either colluvium or thin residual soil overburden. These shallow landslides often mobilize into destructive and even 
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deadly debris flows. Failure of rupture of shallow landslides are typically 1–3m deep and often occur at boundaries 
between the colluvium and the underlying more solid parent rock (Salciarini et al., 2008) and also occur at boundaries 
between two residual soil layers with different permeability values or boundaries between residual soil and the 
underlying parent rock.  

The climate of Sri Lanka typical with South West (SW) monsoon (May-September), North East (NE) monsoon 
(December-February) and inter Monsoons (March-April and October-November) with pronounced seasonal 
precipitation. Therefore, rainfall-triggered landslides are a recurring problem in Sri Lanka. However, majorly the 
intense rainfalls occur with the SW monsoon especially to the south western part of the country where having generally 
less than 6m soil overburden because of the relatively shallow depth of the bedrock, and hence shallow landslides are 
frequent. Within the period of 25–26 May 2017, in particular, localized torrential heavy rainfall (419.25mm; 14 30 
hrs on 25th – 07 00 hrs on 26th) occurred in Bulathsinhala area, amount approximately equal to 18% of the total annual 
rainfall for that region. Under these conditions, precipitation induced landslides caused translational mass movements 
that occurred suddenly. During the storm, shallow landslides were mostly triggered by heavy rainfall that increased 
the pore pressure of soil in the near-subsurface, with an attendant decrease in its shear strength. With that particular 
precipitation event, during the period of 02 30 – 03 30 hrs on 26th May in Bulathsinhala area, number of landslides 
occurred with causing significant damage and 8 of them were catastrophic. Most of the landslides were accompanied 
by debris flows, and these mixtures of debris flowed down in to the roads and surrounding human settlements. Seventy 
four people were killed and ten buildings were damaged by those debris flows (NBRO, 2017). Four of the major 
failures occurred with above mentioned event is given in figure 1. 

It is not simple to predict the probability of the occurrence and magnitude of shallow landslides, considering the 
complexity of the phenomenon, mostly related to the variability of controlling factors (e.g., geology, topography, 
climate and hydraulic conditions). In this respect, a relationship between triggering events (i.e., rainfall) and landslide 
occurrences needs to be established. 

In order to understand when and where rainfall-induced landslides have occurred in mountainous regions, and how 
topographic, geotechnical and hydraulic parameters affect the initiation of landslides and might be used to predict 
them, models adopting both empirical and deterministic approaches have been used. 

In this study, it was taken an approach based on Transient Rainfall Infiltration and Grid-based Regional Slope-
stability analysis (TRIGRS) (Baum et al., 2002), a physically based model that predicts the timing and distribution of 
shallow, rainfall-induced landslides combining an infinite slope stability calculation with a transient, one-dimensional 
analytic solution for pore pressure response to rainfall infiltration. This model has been used in order to define different 

Fig. 1 Few major failures occurred on 26th May 2017; A - Kobowella, B - Niggaha, Pahiyangala, C - Paragoda, D – Thibbottawa. Locations of these 
landslides are marked in Figure 2. 
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shallow landslide-triggering scenarios in the study area (Bulathsinhala) by varying the rainfall input on the basis of 
the results deriving from the analysis of the historical rainfall data. 

The main objective of this study was to predict shallow, rainfall-triggered landslides using TRIGRS, in the region 
of Bulathsinhala. To evaluate accuracy of the predicted mode of initiation of shallow landslide comparative with the 
real situation (pre –failure mode) was also an objective. Results of the current study could be used for landslide early 
warning strategies, development of the mapping and development planning procedures as well as most importantly 
for further studies on landslide flow path analysis with the aid of models such as DAN 3D (Hungr, 1995) and Flow-R 
(Horton et al., 2013) 

2. Study Area

The study area is located in hilly terrain, which belongs to the Bulathsinhala DS Division of the Kalutara district
in Western province of Sri Lanka (Figure 2). It is bounded by Colombo, Ratnapura and Galle Districts and by Indian 
Ocean from north, east, south, and west respectively. Geographically the study area belongs to the lower country 
Peneplane (Cooray, 1984). It is located between 06° 36ʹ 40ʺ- 06° 41ʹ 15ʺ N latitudes and 80° 08ʹ 20ʺ - 80° 14ʹ 10ʺ E 
longitudes (Kandawala Datum) and demarcated in Figure 2. The elevation of study area is generally 80m above mean 
sea level. Population is distributed hilly and flat terrains and this area measures 160 km2. 

Fig. 2 Location Map of the Bulathsinhala area, Kaluthara District in Sri Lanka (Source: Survey Department of Sri Lanka) 

3. Methodology

The approach proposed in this study consists of two stages. The first one is back analysis of the 26th May 2017
event occurred in Bulathsinhala area and the second one is evaluation of different triggering scenarios. With this regard 
the factor of safety (FS) map obtained by using TRIGRS, a well-known regional, physically based stability model was 
compared with the inventory map of the landslides triggered during the event. This model couples an infinite-slope 
stability analysis with a one-dimensional analytical solution to predict the transient pore pressure response to the 
infiltration of rainfall. The results predicted by the TRIGRS model are presented as factor of safety (FS) maps 
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corresponding to transient rainfall events. It also adopts the geographic information system (GIS) framework for 
determining the whole behaviour of a slope.  

Reconnaissance field visit was done to obtain actual situation of the landslide locations and to identify landforms, 
physical factors such as soil type, overburden thickness, vegetation etc. and potentiality to further failures. Daily 
rainfall data and monthly rainfall in 2017 year were collected from Meteorological Department rain gauge stations 
and hourly rainfall data on 25th and 26th of May in 2017 was congregated from National Building Research 
Organization (NBRO) automated rain gauge located in the particular area. 

The 2017 landslide incidents in Kaluthara district have been investigated by the Kaluthara district NBRO office. 
Information about occurred landslides in particular period such as landside incident time and date, width of the 
landside, length of the landslide, aspect, slope angel, overburden thickness etc. were collected from investigation data 
reports done by the Kaluthara NBRO office as well as by the field observations. After the occurrence of landslides on 
26th May, subsurface geology as well as the properties of existing soils at the incident areas have been investigated by 
the Geotechnical Engineering and Testing Division (GETD) of the NBRO. All available data were obtained from the 
GETD and used in this analysis. 

Input parameters of the TRIGRS such as the terrain DEM file, the raster files of flow direction and slope as well 
as the relevant maps were constructed using the Arc GIS 10.2. Then the further analysis part was done and the model 
was created using the TRIGRS to simulate areas of potential landslide initiation. 

Many important parameters should be included to develop the model as topographic factors, soil thickness, as well 
as strength properties and hydraulic parameters of the soil. Accuracy and reliability of the results depend mainly on 
detailed knowledge of the study site, and on the quality of the input parameters. 

Topographic analyses for elevation, slope angle and aspect were calculated from 1:10 000 maps developed by the 
Survey Department of Sri Lanka. Maps of No 7412, 7413, 7417 and 7418 were used for analyses. To create grids with 
10m cells and to quantify the aforementioned information above for each cell of the DEM, ArcGIS was used. 

Hydraulic parameters including saturated hydraulic conductivity (KS), diffusivity (D0) and steady infiltration rate 
(IZ) were obtained from laboratory tests and derived according to soil classes and empirical references. The values of 
D0 and IZ were not well defined, since they had wide ranges according to the complex properties of soil (e.g. void, fine 
content, and soil density). These parameters are quite different for various samples, even though they were collected 
from the same site. Therefore, θs (saturated water content), θr (residual water content), diffusivity (D0) and Ks are 
directly predicted using the ROSETTA pedotransfer functions (Schaap et al., 2001).  

Information about the IZ rate, however, is rare in the literature. The IZ value is affected by soil characteristics 
including porosity, storage capacity, and transmission rate through the soil. The soil texture and structure, vegetation 
types and cover, water content of the soil and soil temperature also play a role in controlling the infiltration rate. If the 
soil is saturated, IZ can be the same as hydraulic conductivity, while it can be zero for dry soil. In this research, the 
reasonable value 0.01 of the KS (Salciarini et al., 2008; Liu and Wu, 2008; Kim et al., 2010) was selected for IZ because 
of the hot, dry conditions during the dry season which was existed just before the heavy storm event. 

In the simulations carried out in this study, a uniform soil depth of 4m was considered based on site investigation 
reports and overburden map created by the NBRO, and it conforms the several studies which show that most of shallow 
landslides in the mountainous regions of Bulathsinhala area are observed between 1 and 6m. The initial groundwater 
table was obtained from the piezometric data installed in bore holes and available water sources observed during the 
field visits. It was set at the same depth of soil thickness due to no heavy antecedent rainfall after the event.   

Then using the created model, Zones of minimum FS (FS <1) values were extracted and the variation of FS with 
the rainfall intensity was examined. After that the initiation area of real situation of landslide and values of the model 
were compared to evaluate the output of TRIGRS and to predict the landslide initiation area. Finally, the landslide 
ratio of each predicted FS class (LRclass) was employed to evaluate the performance of the landslide model. LRclass was 
based on the ratio of the percentage of landslide sites contained in each FS class in relation to the total number of 
actual landslide sites (total 40 locations) and the percentage of predicted landslide sites in each class of FS. 

LRclass = % of contained landslide sites in each class of FS  
% of predicted landslide sites in each class of FS 

(1) 
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4. Results and Discussion

4.1 Rainfall characteristics 

During May 2017 alone, Bulathsinhala area received about 18% of its total annual precipitation. Highest daily rain 
fall (419.25mm/day) was recorded in 26th May 2017(Figure 3). Hourly maximum rainfall was 68mmh−1 (02 30 – 03 
30 hrs on 26th May). Figure 4 shows the rainfall distribution in the critical period of time on 25th and 26th May 2017. 
Shallow landslides were triggered by the localized torrential rainfall during this period, characterized by a cumulative 
rainfall of 419.25mm, of which 85% poured down during the last 8h (22 00 hrs on 25 th – 06 00 hrs on 26th). The 
landslides started after the heavy rain occurred in first half of that 8 hours. 

Fig. 3 Daily rainfall distribution in month of May with the rainfall accumulation 

Fig. 4 Rainfall distribution in the critical period of time on 25th and 26th May 2017 with the rainfall accumulation 

4.2 Prediction of the initiation area of landslides 

One main objective of this research is to evaluate the spatiotemporal predictability of landslide events in 
Bulathsinhala area using the TRIGRS model for regional landslide hazard assessment. The factor of safety (hereafter 
FS) over the entire study area was calculated for each cell and plotted over time during this severe storm. Figure 4.3 
shows the spatial distributions of FS in different periods of time. In other words, these depict the temporal and spatial 
dynamics of FS values induced by heavy rainfall during the duration of 12 hours (from 19 00, 25 th May to 07 00, 26th 
May). The three FS maps are for 0, 3 and 12 hours, and 3h corresponded to the start of extraordinarily heavy rainfall 
for 8h. The areas characterized as having a factor of safety close to FS=1.0 progressively expanded when the rainfall 
became more intense. This implies that large numbers of the landslides were triggered by the intense rainfall. The 
study area has a lot of hillock and steep nature of mountainous terrain. This is why FS maps are very complex and 
tortuous. Nevertheless, the performance of the TRIGRS model for prediction, which has been evaluated by field 
investigation, can be considered reasonably applicable as indicated in Figure 5. 
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Fig. 5 Classes of topographic parameters (elevation, slope angle, aspect and curvature) for (A) 0 h (19 00 hrs., 25th May 2017), (B) 3 h (22 00 hrs., 
25th May 2017), and (C) 12 h (07 00 hrs., 26th May 2017). 
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In the Bulathsinhala event, it is difficult to know the size of the landslides that occurred, therefore the number of 
the debris flows occurred after the landslides have been considered. Most landslides are connected with debris flow 
paths. This is the purpose why counting landslide sites, instead of calculating landslide area, was used in the equation 
(1) to calculate the LRclass. 

In this study, in the numerator, the number of landslide sites, instead of the number of landslide cells, is used 
because of the difficulty in outlining boundaries between landslides and debris flows. The performance value derived 
by LRclass enables consideration of predicted stable areas as well as predicted unstable areas, and thus substantially 
reduces the overprediction of landslide potential. Disparate the numerator, the number of predicted and total cells is 
used in the denominator.  

Table 1 Summary of TRIGRS results in landslide simulations 
Factor of Safety 
Classes 

Landslide site (a) %of landslide 
sites (c)=a/b 

% of predicted area 
(d) 

LRclass(e) =c/d % of LRcalss 
=e/f 

FS≤1.0 22 55.00 6.08 9.05 60.0 
1.0<FS≤1.2 6 15.00 9.92 1.51 10.0 
1.2<FS≤1.4 3 7.50 5.34 1.40 9.3 
1.4<FS≤1.6 3 7.50 5.38 1.39 9.2 
1.6<FS≤1.8 2 5.00 6.04 0.83 5.5 
1.8<FS≤2.0 2 5.00 6.12 0.82 5.4 
2.0<FS 2 5.00 61.13 0.08 0.5 
Sum 40 (b) 100.00 100.00 13.61 (f) 100.00 

 
 

Table 1, Figure 6 and 7 show that 6.08% of the area was classified as unstable (FS≤1.0), and that 55% of the actual 
landslides were correctly localized within this predicted unstable area. LRFS<1 was about 9.05 with 55% over 6.08%. 
By calculating the % of LRclass, a quantitative result could be obtained. The percentage of LRFS<1 is 60%; in other 
words, if a landslide happens, then the predicted unstable area (FS<1) has 60% (Figure 6) chance of including the 
landslide. Also, lower factor of safety classes showed higher values of LRclass percentages. The results show significant 
agreement between the simulated and known landslide occurrences from a quantitative point of view, despite missing 
information on landslide area (Figure 5). 

5. Conclusions

In this study, an approach was introduced for the analysis of shallow landslide-triggering scenarios that uses the
TRIGRS code, a physically based model which describes the stability conditions of natural slopes in response to 
specific rainfall events. As a first step, the model has been validated through the back analysis of a reference landslide 
event, i.e., the disaster that occurred in the Bulathsinhala area in May 2017.  

Main purpose of this study was to suggest and verify an index LRclass (landslide ratio of each predicted FS class) 
for a pilot study. The biggest strength of this index is that it can estimate model performance quantitatively by 

0.00

10.00

20.00

30.00

40.00

50.00

60.00

70.00

0

10

20

30

40

50

60

Pr
ed

ic
te

d 
FS

 P
er

ce
nt

ag
e 

(%
)

La
nd

sli
de

 P
er

ce
nt

ag
e 

(%
)

Factor of Safety Class

Predicted FS Percentage (%)
Landslide Percentage (%)

60.0 %

10.0 %

9.3 %

9.2 %

5.5 %
5.4 % 0.5 %

FS≤1.0

1.0<FS≤1.2

1.2<FS≤1.4

1.4<FS≤1.6

1.6<FS≤1.8

1.8<FS≤2.0

2.0<FS

Fig. 6 Results obtained by TRIGRS in each class; the graph of the 
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LRclass with respect to the factor of safety class. 
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minimizing the overestimated area, even in landslide-debris flow regions where the area of landslide scars is unknown 
or ambiguous. According to the results, the percentage of LRclass of unstable area is 60%, and well reflects the effect 
of transient rainfall. 

Comparing the results of the numerical simulation with the 2017 landslide inventory, it turns out that the model is 
able to reproduce the reference event quite well, both in terms of temporal evolution and spatial distribution of slope 
instability, identifying the areas most affected by shallow landslides. It is worth stressing that the model has been 
accurately parameterized through different methods and techniques, with specific focus on the evaluation of the spatial 
pattern of the triggering storm. 

With regards to the proposed approach, the use of different techniques allows its application to different case 
studies, on the basis of the data availability. Furthermore, if we consider the possibility of depicting constantly updated 
triggering scenarios, this approach could be used to develop specific landslide early warning systems in order to 
support decision makers in both risk prevention and emergency response. 
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Abstract 

Different factors influence the disposition of a watershed for initiation of debris flows, including meteorological trigger conditions 
as well as the hydrologic and geomorphic disposition. The latter includes slowly changing factors like relief energy or sediment 
availability, whereas the hydrologic state of a watershed may vary over short time scales.  This contribution summarizes the 
outcomes of a long term project to quantify meteorological and hydrological trigger conditions leading to debris flows at different 
temporal and spatial scales in the Austrian Alps. The analysis employs a database of more than 4,500 debris flows over the last 
100+ years, which is the period for which systematic rainfall data is available. A Bayesian analysis was carried out for determining 
occurrence probabilities for all Austria. For selected regions, hydrological trigger conditions were assessed using a semi-distributed, 
conceptual rainfall-runoff model, which was calibrated to measured runoff data. As expected we find increasing trigger probabilities 
with increasing rainfall amounts and intensities. However, the additional information of regional hydrological parameters as well 
as their temporal evolution over days prior to a debris-flow event, enables to capture different trigger conditions, including short 
duration rainstorms, long lasting rainfall events, and snow melt.  We also find that a trigger-type resolved prediction of debris-flow 
susceptibility based on the hydro-meteorological catchment information is superior to simple rainfall-only approaches. The results 
of this analysis shall improve our understanding of long-term trigger conditions and trends of extreme mass wasting processes in 
the Alps and aim to become a valuable tool in engineering hazard assessment. 

Keywords: initiation conditions, probabilitic thresholds, hydrologic modeling, susceptibility 

1. Introduction

Debris flows occurring in the European Alps are often triggered by rainfall events. Over the last decades a lot of
work has been done to identify triggering rainfall amounts, intensity, or intensity-duration thresholds, mostly in 
conjunction with shallow landslides (see review by Guzzetti et al., 2007; 2008). To overcome the uncertainties that 
come with deterministic thresholds, Berti et al. (2012) outlined a probabilistic approach and derived conditional 
probabilities for shallow landslide initiation in the northern Apennine mountains. In the recent years also remote 
sensing techniques like radar or satellite data have been employed to derive rainfall thresholds at high spatial and 
temporal resolution (e.g. Marra et al., 2014; Salio et al., 2015). For the Austrian Alps the only published work is the 
case study of Moser and Hohensinn (1983).  

Besides the triggering rainfall event also other factors, like sediment availability and hydrologic conditions within 
the watershed are expected to influence debris-flow initiation (Kienholz, 1995). As a proxy for the wetness state of a 
catchment the antecedent water was analyzed which consists of the rainfall inputs reduced by evapotranspiration and 
drainage losses within the last 10 days (e.g. Crozier, 1999; Wieczorek and Glade, 2005). The sum of the antecedent 
water and the rainfall input at the actual day were considered to conclude whether to expect a landslide or not. A more 
complex model was provided by Ciavolella et al. (2016), who simulate the water cycle of a catchment by using a 
conceptual hydrological model that was calibrated to the catchments observed runoff. Result of the work was a 
threshold curve based on catchment water storage and precipitation as a tool to evaluate landslide susceptibility of the 
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catchment. For events that were triggered in connection to snow melt, Meyer et al (2012) developed an intensity-
duration threshold that considers two sources of critical water – melt water and rainfall water.  

In this study we determined triggering rainfall events for more than 4,500 documented debris-flow events between 
1901 and 2014 on a daily basis. Following the method of Berti et al. (2012) we also determined non-triggering rainfall 
events to calculate conditional probabilities for debris-flow triggering in Austria. At a regional scale we quantified the 
hydrological state of six contrasting regions when debris flows occur in the headwater catchments (Mostbauer et al., 
2018; Prenner et al., 2018a,b). For that a semi-distributed rainfall-runoff model was setup covering periods of 40-60 
years. Based on the temporal evolution of storage components and fluxes, we differentiated between three typical 
hydro-meteorological trigger conditions for debris-flow initiation in Austria.  

2. Methods

2.1. Triggering rainfall 

For 4,620 debris flows of the database of the Federal Ministry for Tourism and Sustainability (www.bmnt.gv.at/), 
the information of the data and the location (of damage) was available. In this database the definition of torrential 
processes follows the Austrian standard rules ONR 24800 (ONR, 2009) that separates between fluvial flows (floods 
and intensive bedload transport) and debris flow-like flows (debris floods and debris flows). Due to a sometimes 
unclear distinction between different processes (Bel et al., 2017), we only considered debris flows. The meteorological 
data was derived from the Hydrological Service (“HD”, ehyd.gv.at/) and the “Zentralanstalt für Meteorologie und 
Geodynamik” (“ZAMG”, www.zamg.ac.at). In total 790 time series of daily precipitation, daily temperature (mean, 
minimum and maximum), snow fall, and pressure were available. Here we used only the rainfall information.  

For each observed debris-flow event the nearest active meteorological station was identified and the triggering 
event rainfall (TER) determined manually on a daily basis between 1901 and 2014 and on a sub-daily basis between 
1993 and 2014. In the following we concentrate only on daily data. Events, for which meteo-station data exceeded a 
distance of 10 km and for which the determination of the rainfall event was unclear, were excluded from further 
analysis, reducing the number of TERs to 1,417. The database of TERs are (1) a direct result available for the 
community, but were (2) subsequently used to calibrate a detection algorithm for automatically identifying triggering 
and non-triggering rainfall events in all available time series from meteo-stations. For that we used an adapted 
algorithm provided by Matteo Berti (personal communication) and explained in Berti et al. (2012).  

The probability 𝑃𝑃𝑃𝑃 of a debris-flow event 𝐸𝐸 conditional of a rainfall variable 𝑅𝑅 in class 𝑘𝑘 = 1,2, … ,𝑛𝑛 was calculated 
with  

𝑃𝑃𝑃𝑃 (𝐸𝐸|𝑅𝑅𝑘𝑘) = 𝑃𝑃𝑃𝑃 (𝑅𝑅𝑘𝑘|𝐸𝐸)×𝑃𝑃𝑃𝑃 (𝐸𝐸)
𝑃𝑃𝑃𝑃 (𝑅𝑅𝑘𝑘)

(1) 

2.2. Hydro-meteorological trigger conditions 

We setup a semi-distributed, process-based rainfall-runoff model for six contrasting regions in Austria (Fig 1) and 
analyzed the hydrological system state of the watershed on days were debris flows were observed in the steep 
headwater catchments and compared it to the days were no event was observed. The hydrologic model include several 
storage components that represent snow and glaciers, unsaturated soil, interception, as well as fast and slow responding 
system components. Within a catchment different precipitation and elevation zones were modelled separately on a 
daily basis. For model calibration a likelihood-based differential evolution adaptive metropolis sampler (Vrugt, 2016) 
was used to derive posterior distributions of 43 calibration parameters. A detailed description of the model and the 
rigorous uncertainty assessment can be found in Prenner et al. (2018; 2019). A simplified analysis is described in 
Mostbauer et al. (2018). The modeling period for the six watersheds ranged from 46 to 71 years, including 3 to 43 
days were debris flows were observed.  
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Fig. 1. Overview of the six study regions for the hydro-meteorological analysis 

Table 1. Hydrological signals for identifying different trigger types for debris flows 

Observation Signal for LLR Signal for SDS Signal for SM 

Increasing soil moisture in the prior days of 
event 

X 

Decreasing potential evapotranspiration in the 
prior days of events 

X 

Narrow air temperature span at the event day X 

Decreasing soil moisture in the prior days of 
the event 

X 

Constant high or increasing potential 
evapotranspiration in the prior days of events 

X 

Large air temperature span at the event day X 

Intense snow melt at the event day X 
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Hydro-meteorological trigger conditions were analyzed for each watershed separately by comparing the 
distributions of modeled and measured variables like precipitation, soil moisture, (potential and actual) 
evapotranspiration, or runoff. Based on the notion that trigger conditions leave distinct signals in the hydrological time 
series, we ex-post differentiate between the trigger type long-lasting rainfall events (LLR), short-duration storms 
(SDS), and snow melt (SM). The hydrological signals for these simplified trigger types are given in Tab 1. Importantly, 
direct rainfall recordings were not used as criteria to avoid epistemic uncertainties from single point precipitation 
measurements.  Here we try only to capture a general weather pattern, neglecting all different types of meteorological 
events. To also avoid a-priori definition of thresholds for these criteria, we sampled a 1000 times from a uniform 
distribution of plausible parameter values. Finally, the most frequent trigger type for each debris-flow event was 
selected (Prenner et al., 2018; 2019).  

3. Results

3.1. Triggering rainfall 

The median triggering rainfall amount for the analyzed debris-flow events was 40.0 mm, with a median intensity 
of 22.4 mm/d. Fig 2 compares derived triggering rainfalls and all automatically detected non-triggering rainfalls with 
the intensity-duration (I-D) thresholds for an Austrian case study of Moser and Hohensinn (1983), estimated by 
Guzzetti et al. (2007), and a global threshold for landslides and debris flows derived by Guzzetti et al. (2008, I-D 
threshold #6). Additionally we plot a quantile regression for the 5th percentile for the triggering rainfall. We see a wide 
range of measured trigger intensities. The 5% quantile regression plots below both thresholds. Especially for short 
triggering durations we expect that this daily analysis has limitations.  

Fig. 2. Triggering and automatically detected non-triggering rainfalls for debris-flow events between 1901 and 2014 in Austria; the solid line 
represents the thresholds of Moser and Hohensinn (1983) as estimated by Guzzetti et al. (2007), the dashed line is a global threshold derived by 
Guzzetti et al. (2008).  

As expected debris-flow occurrence probability increases with increasing precipitation. We find that the highest 
probabilities are associated with rainfall intensity, the total amount of rainfall, and the 3-day antecedent rainfall. The 
latter are shown in Fig 3. The two dimensional analysis of debris-flow probabilities in Austria conditional to the 
combination of rainfall intensity and duration shows that the highest probability emerges from high intensities > 24 
mm/d.  
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Fig. 3. (a) Probability of debris-flow occurrence conditional of total amount of rainfall (grey bars and red lines); (b) probability of debris-flow 
occurrence conditional of 3-day antecedent rainfall. In both plots dashed red lines refer to the 5th and 95th percentile of an assumed Poisson 
distributed counting error of debris-flow events; additionally the prior debris-flow probability 𝑃𝑃𝑃𝑃 (𝐸𝐸) and prior rainfall probability 𝑃𝑃𝑃𝑃 (𝑅𝑅) as well 
as conditional rainfall probability 𝑃𝑃𝑃𝑃 (𝑅𝑅|𝐸𝐸) are plotted. 

It is important to note that our analysis is biased towards long rainfall event durations. Especially one-day intensities 
maybe strongly underestimated, as rainfall events may only last for few hours or minutes. Additionally, these mostly 
very local convective processes might not have been captured by the nation-wide rain-gauge network. In other words, 
we expect that our analysis does not capture debris-flow events that were triggered by short duration storms (SDS). 
As shown in the next section, our analysis might therefore be representative only for roughly 1/3 of the debris flows 
occurred in Austria.  

3.2. Hydro-meteorological trigger conditions 

Modeling performance after calibration of the six study regions were measured with different metrics and reached 
satisfying results (e.g. Nash-Sutcliffe efficiency indexes varying between 0.7 and 0.89). Fig 4 exemplarily shows 
modeling results for the study region Defreggental, a high alpine valley in the southern part of the alpine chain, for 
the year 2012. We see highest runoff during summer and a high fraction of melt water input into the soil and channel 
system during spring and late fall. Soil moisture gradually builds up during spring.  

In the lower part of Fig 4 we show examples of the hydrologic state for three debris-flow event days. In the first 
example there is significant rainfall prior to the event day, leading to a continuous buildup of soil moisture. At the 
same time temperature and especially the difference between daily minimum and maximum temperature decreases, 
which is typically associated with a frontal rainfall of long duration (LLR). The second example shows a contrasting 
picture. Though some rainfall was measured on the days prior to the event, the temperature differences are high, 
indicating strong solar energy input during the day. Soil moisture slightly decreases. On the event day no significant 
rainfall was recorded. We classified this event trigger as a convective storm event of short duration (SDS). Finally, in 
the third example rainfall in conjunction with intensive snowmelt (SM) triggered the debris-flow event. We note that 
we also found debris-flow event days without any recorded rainfall but very intense snowmelt.   

a b 
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Fig. 4. (a) Example of selected modeling results for the study region Defreggental for the year 2012; (b) example of a debris-flow trigger that was 
classified as LLR, (c) as SDS, and (d) as an event were SM was important.  

Fig. 5. Distribution of event day precipitation (which was not used for trigger classification), potential evapotranspiration, snow melt, and soil 
moisture at event days in the Montafon region (modified after Prenner et al., 2018). 
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Selected hydro-meteorological variables associated with the roughly separated trigger types are shown in Fig 5. 
We find that the registered event rainfall on the daily basis (which was not used for classification) supports our 
classification. LLR events have higher total rainfall sums than SDS events. (SDS events might have higher intensities, 
but this is probably not captured by the station network). For SM events sometimes no rainfall was measured. 
Similarly, also other variables are statistically different between the three groups (tested with the method of Kruskal 
and Wallis, 1952), which strongly supports the notion that different hydro-meteorological trigger types can be found 
in our study region.  

Fig. 6. Trigger of debris-flow events in the study regions. 

In summary, we find the 50-70 % of the documented debris flows in the six study regions were triggered by SDS 
events, 20-44% due to LLR, and for up to 15 % snowmelt played are significant role (Fig 6). We think that for a better 
forecasting of debris-flow events, the combined information of rainfall forecasting and a real-time modeling of the 
hydro-meteorological history of a region, will be useful to capture these different trigger types.  

4. Conclusions

A new database of triggering event rainfall for debris flows in Austria on a daily and sub-daily basis was created.
The probabilistic analysis of triggering rainfall on a daily basis showed that probabilities for debris-flow occurrence 
increase with increasing rainfall amount, intensity and antecedent rainfall. The investigation of the hydro-
meteorological trigger conditions in six contrasting study regions indicated a strong variability of hydro-
meteorological trigger conditions of documented debris flows. The initial soil moisture as well as the rainfall on the 
event day, was higher for events associated with long-lasting rainfall events (LLR) than with short duration storms 
(SDS) across all study regions. Initial soil moisture and event day precipitation sums strongly vary across the regions 
for the same trigger type. Importantly, the temporal change of hydrological watershed state before events show similar 
signals across the regions and allows to draw more general conclusions about the susceptibility of regions to debris-
flow release and might allow the development of a forecasting tool similar to the model suggested by Prenner et al. 
(2018).  A major limitation of such a hydro-meteorological assessment, however, is the missing geomorphological 
component, e.g. temporal variation of sediment availability.  
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Abstract 

Slopes above Montecito burned by the Thomas Fire in December 2017 produced disastrous debris flows in response to a short 
period of intense precipitation on January 9, 2018, killing 23 people, injuring many others, destroying and damaging residential 
buildings, and community infrastructure. The intense precipitation was in a narrow cold frontal rainband which obviously exceeded 
the intensity and duration threshold for post-wildfire debris flows. Rain gauges with self-activating radio transmitters reported by 
County of Santa Barbara Department of Public Works documented the precipitation in the Montecito area as it occurred, which 
allowed short-duration intensities to be calculated. Data from the rain gauge on Montecito Creek was used in this paper and showed 
that the rainband that produced the precipitation that generated the debris flows passed over Montecito in about one-half hour. Two 
weather radar stations operated by the National Weather Service are located within about 100 km of Montecito. Both stations were 
operational and recorded radar reflectivity on a frequency of about five minutes during the entire storm; data from the KVTX 
station located east of Montecito was used for this paper. Montecito is located on a coastal plain south of the Santa Ynez Mountains, 
which shield the lower elevations in the Montecito area from direct view of the radar stations. Composite radar reflectivity 
represents the amount of water droplets in the atmosphere in line-of-sight above the ground. The weather radar shows patterns 
similar to the precipitation documented by the rain gauges. Radar reflectivity at the coordinates of the rain gauge on Montecito 
Creek and at the coordinates of a point in the Santa Ynez Mountains on the west side of the Santa Ynez Creek watershed was 
extracted and converted to an approximate rainfall depth using a general National Weather Service relationship. The results are 
used to demonstrate the value of weather radar reflectivity for visualization and for developing approximate rainfall intensity and 
duration estimates at positions of interest remote from rain gauges for comparison with post-wildfire debris-flow thresholds.. The 
analysis in this paper was developed as part of the Geotechnical Extreme Event Reconnaissance (GEER) Association response to 
the Montecito disaster. 
Keywords: Precipitation intensity and duration; Burned slopes; Weather radar; Debris flow 

1. Introduction

The Thomas Fire began in southwestern Ventura County on December 4, 2017, and was finally contained on
January 12, 2018, after burning over 114,000 hectares in Ventura and Santa Barbara Counties (CalFire, 2018). The 
fire advanced into the watersheds above Montecito beginning on December 10, 2017, and stopped its westward 
progression on December 18, 2017 (EcoWest, 2017), but continued to burn northward into wildland areas until it was 
contained nearly four weeks later. The burned slopes above Montecito had soil burn severity of predominantly 
moderate, with some small areas of high burn severity (CalFire, 2018). Burned drainage basins north of Montecito 
were rated as high hazard of producing debris flows in response to a design rain storm producing a 15-minute rainfall 
intensity of 24 mm h-1 (USGS, 2018, interactive preliminary hazard assessment map). 

A flash flood watch was issued by the National Weather Service (NWS) in Los Angeles/Oxnard, California, on 
January 6, 2018, for regions of southwestern California that included Montecito (IEM, 2018a). The NWS flash flood 
watch indicated “A strong cold front will interact with a deep plume of subtropical moisture bringing a period of 
moderate to heavy rainfall to the region beginning Monday afternoon through Tuesday morning. Behind the front, 
scattered showers and isolated thunderstorms will continue through Tuesday evening. Rainfall rates in excess of one 
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half to an inch per hour [12.7 to 25.4 mm h-1] are possible during the peak of the storm. This storm has the potential 
to create mud and debris flows in and around the recent burn areas. …” (IEM, 2018a). Another NWS flash flood watch 
on Monday, January 8, 2018, forecast peak rainfall rates between 0.5 and 1.0 inch per hour (12.7 to 25.4 mm h-1) with 
local rates up to 1.5 inch per hour (38.1 mm h-1) (IEM, 2018b). The precipitation event that triggered devastating debris 
flows was associated with a weak atmospheric river that generated an intense convective precipitation band along a 
narrow zone that formed along a cold front, known as a narrow cold frontal raniband (Oakley et al., 2018). The short 
duration precipitation was not unprecedented for the region, but records for some stations were set by it. 

The remaining sections of this paper describe the setting of Montecito in terms of weather radar and rain gauge 
locations, use selected NWS weather radar data and County of Santa Barbara rainfall records to estimate precipitation 
intensity and duration in the Montecito area on January 8 and 9, 2018, and compare the precipitation estimates to 
general thresholds for debris flows to be generated on burned slopes. 

2. Setting of Montecito relative to weather radar and rainfall sensors

Montecito is located in southeast Santa Barbara County approximately 5 kilometers east of Santa Barbara. Two
NEXRAD WSR-88D Doppler weather radar stations are located within 100 km of Montecito (Fig. 1), within the 230-
km distance for short-range weather radar products (https://www.ncdc.noaa.gov/data-access/radar-data/radar-map-
tool). Both weather radar stations were operating in precipitation mode, consisting of 16 360°-sweeps of 14 elevation 
angles in 5 or 6 minutes. Local mountains east and north of Montecito block the lowest elevation angles of both 
weather radar stations. Composite reflectivity data for the closer weather radar station, KVTX (-120.39583° Lon., 
34.83806° Lat., 375.8 m elev.), were downloaded and used in this analysis. Composite reflectivity represents the 
maximum reflectivity for the volume coverage pattern of the radar at each azimuth and range position of the scan. 
Radar reflectance is reported in a scale specific to meteorology (decibels in the Z scale, dBZ). NEXRAD products are 
archived and available for no-cost online retrieval at https://www.ncdc. noaa.gov/nexradinv/. Reflectivity is a measure 
of size and number of water droplets in a volume of the atmosphere and is correlated to precipitation intensity, or rain 
rate, RR in mm h-1. The correlation used in this study was calculated as equation (1) from a table of dBZ and RR 
values displayed on the NWS website (https://www.weather.gov/jetstream/refl), which corresponds exactly to the 
default Z=300 RR1.4 but is easier to use in spreadsheet calculations. Reflectance higher than 51 dBZ may be an 
indicator of ice in the atmosphere contributing to overestimation of rain rates (Fulton, 1999). 

RR = exp(-4.073 + 0.1644 × dBZ); 15 ≤ dBZ ≤ 55 (1) 

Fig. 1. Location map showing NWS weather radar station locations (NCEI, 2018). Thomas fire perimeter was obtained from GeoMAC (2018); 
shaded relief base map from U.S. Geological Survey bip file; county boundaries from ESRI basic data shape files. Projection: NAD 1927 
California Teale Albers. Area of Fig. 2 (blue rectangle) encompasses western tip of Thomas Fire perimeter and the Montecito community. 
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The Montecito area has six automated rain gauges operated by the County of Santa Barbara Public Works 
Hydrology Section (Fig. 2). The Montecito gauge (#325; sensor 2547) is located on Montecito Creek and was selected 
for analysis in this paper. Data from the Montecito gauge for the storm of January 8-9, 2018, were obtained online 
(https://rain.cosbpw.net/site.php?site_id=47&site=d1f0d1f6-a251-4e7d-a036-927432472f28). The automated gauges 
record rainfall as it occurs and self-activating radio transmitters send data at variable intervals, ranging from as little 
as 2 seconds to as much as 12 hours; the median frequency of readings during the storm was about 3 minutes (0.05 
hour). The frequency of readings was regularized to an interval of approximately 5 minutes for use in calculations. 

Fig. 2. Montecito area showing locations of Santa Barbara County rain gauges (COSBPW, 2018) and the Thomas Fire perimeter (GeoMAC, 
2018). Location #G is the position where radar composite reflectivity was converted to rainfall. Base map hillshade calculated from 10-m DEM 
from National Elevation Dataset obtained from U.S. Department of Agriculture Natural Resources Conservation Service Geospatial Data 
Gateway. Stream channels from National Hydrography Dataset also obtained from Geospatial Data Gateway. 

Location #G was selected as a point of interest because it is in the upper watersheds of San Ysidro Creek to the 
east and Montecito Creek to the west (Fig. 2). Sta #325 is on Montecito Creek; Location #G is approximately 4.5 km 
due north of Sta. #325. No rain gauges were located at positions other than those shown in Fig. 2 at the time of the 
January 8-9, 2018, storm; therefore, weather radar provides an opportunity for precipitation to be visualized, and 
estimated in a way that may be superior to interpolating or extrapolating from available rain gauges. 

3. Weather radar reflectivity and automated rainfall

The downloaded reflectivity data for NEXRAD WSR-88D Doppler weather radar station KVTX for January 8 and
9, 2018, were processed using the Weather and Climate Toolkit (https://www.ncdc.noaa.gov/wct/) and exported for 
display and analysis using ESRI ArcGIS 10.4. The Weather and Climate Toolkit viewer allowed the relevant times of 
the storm in Montecito to be identified. The radar product selected for this analysis was the Level III, short-range, 
composite radar reflectivity (NCR), which had a complete dataset every 5 or 6 minutes. The composite reflectivity 
represents the maximum reflectance value in the scanned volume of atmosphere at each pixel. The pixel dimensions 
of the reflectivity data in the Montecito area were about 1 km square. Fast-moving storms can be represented by high 
reflectivity values, but the precipitation in the atmosphere at that pixel may fall to the ground in an adjacent pixel.  

Four radar reflectivity scenes (Fig. 3), each 11 minutes apart, demonstrate that the strong narrow cold frontal 
rainband moved across Montecito in less than 30 minutes, with any one point receiving heavy precipitation for about 
10 minutes (Fig. 3 and Fig. 4). A radar dataset was available between each pair of scenes selected for Fig. 3, and all 
scenes were used in the analysis, even though only selected scenes are displayed in this paper.  

The radar data indicates that Montecito (Sta. #325) was experiencing light rain (15 dBZ) at 03:18 (Fig. 3A), as the 
main storm cell was making landfall on the west side of Santa Barbara. At 03:29 (Fig. 3B), 11 min later, Montecito  
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Fig. 3. Composite radar reflectivity of a narrow cold frontal rainband documented by KVTX on January 9, 2018. A. Radar scene at 03:18 PST 
with labels for the radar station, Thomas fire perimeter, Montecito, and area of Fig. 3B, 3C, and 3D; B. Radar scene at 03:29 PST with labels for 
rain gauges, point #G, Thomas fire perimeter, and Montecito; C. Radar scene at 03:40 PST; D. Radar scene at 03:51 PST. 

Fig. 4. Cumulative precipitation measured at Sta. #325 and calculated from radar reflectivity at Sta. #325 and Location #G. A. 31 hours of data 
from 00:00 Jan 8, 2018, to 07:00 Jan 9, 2018; B. 30 min of data from 03:25 to 03:55 Jan 9, 2018. Regularized line for precipitation has a 4- to 5-
minute time interval (light blue dashed line) interpolated from variable frequency readings (dark blue line); the two lines are nearly 
superimposed. 

Sta. #325 was receiving moderate to heavy rain (40 dBZ), while Location #G was receiving that same rate. At 03:40 
(Fig. 3C), 11 min later, Montecito Sta. #325 was receiving very heavy rain (50 dBZ), while Location #G was receiving 
even heavier rain (55 dBZ). By 3:51 (Fig. 3D), 11 minutes later, Montecito Sta. #325 was receiving light rain (30 
dBZ), while Location #G was receiving that same rate; the main storm cell had moved approximately 5 or 6 km east 
of the Montecito area by 03:51. Comparison of the main storm cell location in Fig. 3A with Fig. 3D indicates that it 
was moving east-northeast at a speed greater than 40 km h-1. 
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A graph of cumulative precipitation (Fig. 4) displays both measured rainfall at Sta. #325 and estimated precipitation 
at location #G based on successive rain gauge and weather radar datasets covering the same period of time. The 
reflectivity values in each radar scene were converted to rain rate using equation (1) and then multiplied by the duration 
in hours since the previous radar scene to produce an equivalent precipitation depth for the time increment. Cumulative 
precipitation is the sum of the incremental precipitation depths. The measured rain at the Montecito gauge (Sta. #325) 
was reported in inches with a YYYY-MM-DD HH:MM:SS timestamp; the rain was converted to millimeters and the 
timestamp to converted to a serial number by copying Date-Time function data in Microsoft Excel and pasting it as 
unformatted numbers. The serial time and cumulative rain depth were converted to a regular time and corresponding 
rain depth, with the time step of 0.0035 days using a cubic spline interpolation in Mathcad. The resulting time step 
alternated between 0.003 and 0.004 days, which is equivalent to 4.32 and 5.76 minutes. Equivalent hourly precipitation 
intensity values for a range of duration intervals were calculated for both measured rainfall and estimated radar rain 
depths by successively summing estimated rain depths for different durations in spreadsheets and normalizing the 
results to a one-hour time duration. 

Comparison of the rain gauge data for Sta. #325 (dark blue line in Fig. 4) with the calculated equivalent radar rain 
depth (red dotted line in Fig. 4) reveals that the radar-based rain at low intensity levels, before the main storm cell 
arrived at about 03:38 (Fig. 4B), exceeded the measured rain that reached the ground at that location. In contrast, by 
about 03:45 as the main storm cell departed Sta. #325 (Fig. 4B), the rain gauge data exceeded the calculated radar rain 
amount. The rain gauge data collected by Sta. #325 are the reference for its location. Rain depths estimated from radar 
reflectivity values are approximate and affected by at least three factors: 1) topography blocks the lowest elevation 
radar scans of Montecito from both weather radar stations, 2) the composite radar reflectivity values represent the 
maximum from all 14 elevation scans for the atmosphere volume above the Sta. #325 pixel, and 3) the correlation of 
rain rate from reflectivity is based on the default Z-R general relationship. 

Radar-based cumulative precipitation at Location #G (black dot-dashed line in Fig. 4) matches the radar-based 
cumulative precipitation at Sta. #325 until about 18:00 on January 8. At the time the main storm cell moved into 
Montecito at approximately 03:30 on January 9, Location #G had 3 mm more estimated rain depth than the calculated 
radar rain depth at Sta. #325. However, by 03:40, the radar rainfall at Location #G was 7 mm greater than at Sta. #325. 
By 03:45, the measured rain depth at Sta. #325 exceeded the calculated radar rain depth by about 2 mm, and by 07:00, 
measured rain depth at Sta. #325 was 11 mm greater than the calculated rain depth. 

The slope of cumulative precipitation plot is rainfall intensity, as indicated by the labeled thin black lines in Fig. 4. 
It is clear that the majority of the precipitation at the at Sta. #325 and location #G fell in a period less than 2 hours 
(Fig. 4A) and about 15 mm fell in less than 10 minutes (Fig. 4B). A graph of calculated precipitation intensity for the 
same 31-hour period in Fig. 4A is displayed in Fig. 5. The ~5-minute intensity values were calculated from the 
normalized measured rainfall data at Sta. #325 and the rain rate for individual weather radar scenes, which were 
collected at a 5- to 6-minute frequency. Therefore, each point plotted in Fig. 5 represents the rainfall amount over a 
period of about 5 minutes divided by the number of hours in the actual time interval. For example, a 5-minute 
precipitation amount of 11.67 mm divided by 0.0833 h = 140 mm h-1, which is the precipitation intensity at Location 
#G estimated from radar reflectivity at 03:40 on January 9, 2018 (Fig. 3C; green triangle in Fig. 5). A 190 mm h-1 
intensity for Sta. 325 (red dot in Fig. 5) was based on a single regularized 4.32-minute interval (Fig. 6A). 

4. Rainfall intensity and duration threshold for debris flows

Precipitation intensity and duration for Sta. #325 and Location #G (Fig. 6) were calculated from measured and 
regularized rainfall amounts (green diamond and black circle symbols in Fig. 6A) and weather radar reflectivity 
(variable symbols in Fig. 6A and 6B). The self-activating radio transmitter sensor at Sta. #325 sent rainfall data as it 
occurred, in intervals as short at 2 s for high-intensity rainfall. The intensity-duration values in Fig. 6 were calculated 
by summing the measured or calculated rain depth in mm over N successive measurements, where 1 ≤ N ≤ 95 for the 
automated rain gauge and 1 ≤ N ≤ 8 for weather radar reflectivity readings, and dividing by the corresponding duration 
in hours of the N measurements. The intensity-duration calculations were performed with spreadsheet functions in 
columns that allowed rows to be used in multiple, successive calculations. The large variety of duration values from 
measured rainfall (green diamond symbols in Fig. 6A) results from short intervals between data points. Plotting was 
arbitrarily cut off at intensities of about 2 to 7 mm h-1. 

The intensity-duration plots (Fig. 6) include two lines defining thresholds for post-fire debris flows on susceptible 
slopes (equations listed in Fig. 6B). The upper of the two lines (Staley et al., 2014) is an objective assessment of a 
database that includes the basis for the lower line (Cannon et al., 2008). It is clear from both rain gauge and weather  
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Fig. 5. Precipitation intensity at Sta. #325 and location #G based on approximately 5-minute increments. The irregular increments of rainfall 
measurements at Sta. #325 were regularized to 4- to 5-minute increments; weather radar in precipitation mode is in 5- to 6-minute increments. 

Fig. 6. Precipitation intensity and duration calculated at Sta. #325 and Location #G. A. Based on measured rainfall and radar reflectivity at 
Sta. #325; B. Based on radar reflectivity at Location #G. Thresholds from Cannon et al. (2008) and Staley et al. (2014) Calculated values are 
discussed in text. 

radar data that the thresholds were surpassed at Sta. #325. However, the flash flood and debris flow sediments 
originated in the drainage basins north of Montecito that were burned by the Thomas Fire (Fig. 2). Comparison of the 
measured and estimated rainfall at Sta. #325 indicates that measured rainfall exceeded the amount and intensity of 
radar rainfall, but the timing and general trend of estimated rainfall were similar. The radar rainfall calculated for 
Location #G exceeded the amount and rate calculated for Sta. #325. Location #G was close to the crest of the Santa 
Ynez Mountains, indicating some orographic enhancement (Oakley et al., 2018). Calculated precipitation intensities 
exceed the debris-flow thresholds at Location #G (Fig. 6B) at durations ranging from 0.1 to over 1 h; the most intense 
part of the storm began at about 03:35 (Fig. 4) with debris-flow triggering intensities. Precipitation that followed the 
10 minutes of highest short-duration intensity, suggested by estimates from radar rainfall, was sufficient to exceed the 
longer duration debris-flow thresholds for more than an hour. 

5. Conclusions

The storm that caused the devastation in Montecito was a fast-moving (>40 km h-1) narrow cold frontal rainband
event that dropped a modest amount of rain in 24 h (50-75 mm at lower elevations, including Sta. #325, and 100-125 
mm at higher elevations), which were less than one-year return interval totals (Oakley et al., 2018). It was the strong 
rainband that passed over the Montecito area in about 30 minutes with precipitation intensities exceeding the threshold 
for triggering debris flows on susceptible slopes that did the damage. The Thomas Fire burned the upper watershed 
slopes less than one month prior to the storm. The County of Santa Barbara operates automated rain gauges that 
provided an excellent record of the storm across the Montecito area; no rain gauges were located in the upper parts of 
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primary canyons that produced the most damaging flash floods and debris flows (Montecito and San Ysidro Creeks). 
Actual rainfall rates in Montecito exceeded those included in the NWS flash flood watch on January 6, 2018. 

Two National Weather Service NEXRAD WSR-88D Doppler radar stations recorded the storm from locations less 
than 100 km from Montecito; data from KTVX, the closer of the two stations, were used in this paper. Local mountains 
north and east of Montecito blocked the lowest of the precipitation-mode radar sweeps from each of the radar stations. 
Rainfall depths and intensities calculated from weather radar are approximate; however, comparison of calculated 
radar precipitation with measured rainfall at Sta. #325 indicates that radar rainfall was reasonable without over 
predicting. A few pixels in the main rainband had reflectivity values exceeding 51 dBZ, which typically is taken as 
the ice cap above which reflectivity values may not represent liquid water (Fulton, 1999). Precipitation intensity and 
duration values on January 9, 2018, clearly exceeded the threshold for triggering debris flows on susceptible slopes.  

Despite its many limitations, weather radar provides essentially continuous, useful information suitable for 
visualizing and estimating precipitation amounts and intensities at any location of interest, including areas remote 
from rain gauges. Rain gauges that provide hourly precipitation values are not suitable for estimating intensity values 
at durations of interest, but may be supplemented by radar rainfall. Weather radar data are available online for no-cost 
download and include dozens of products, in addition to the composite reflectivity that was used in this analysis. GIS 
and other data analysis and visualization software are indispensable for manipulating weather radar and rainfall data. 
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Abstract 

The term "mudslide" seems to be favored by news media for all localized processes in which damage is caused by moving earth 
materials, regardless of whether the processes involved mud or sliding. The term came into prominence sixty years ago when an 
atmospheric river moved over southern California with disastrous landslides, debris flows, and floods. Very costly floodlike 
damage resulting from "mudslides" was added to the National Flood Insurance Program coverage as a result of the 1969 disaster. 
Landslides were, and still are, excluded from the flood insurance program and other insurance instruments. Because of lack of 
clarity in what range of phenomena was intended to be covered by the flood insurance program, a panel of experts assembled by 
the National Research Council (NRC) categorized the continuum of moving water to moving earth into (1) clear-water floods, (2) 
mud floods, (3) mud flows, and (4) other landslides. These categories recognize the lack of clear distinction between slope-
movement classifications and floodlike damage caused by more fluid "landslides." Earth materials in the most recent landslide 
classification are subdivided into rock and soil; soil is further subdivided into debris and earth. Debris is composed of mineral 
fragments with 20 to 80 percent coarser than sand size, whereas earth is 80 percent sand and finer fragments. Mud was used in 
older geology-based classifications in a way similar to earth (e.g., mudstone). Mud is not a technical term in engineering usage. 
Sediment-water mixtures with sufficient water to behave hydraulically were called mud floods by the NRC. Mud flows differ from 
mud floods by having viscoplastic behavior, which allow mud flows to support fragments with densities greater than water during 
transportation and when the mass comes to rest. Mud flows and debris flows have a velocity-dependent strength (matrix viscosity) 
and a velocity-independent strength (shearing resistance of the mass). As a mud flow or debris flow slows to a stop, the velocity-
dependent strength goes to zero; however, dense fragments do not sink or settle into the mass because of its static shearing 
resistance. The deposits of this spectrum of processes have distinctive sedimentary structures: clear-water flood deposits are 
stratified, graded, and fining upward; debris-flow deposits are unsorted, unstratified, and fully matrix supported; hyperconcentrated-
flow deposits are fully clast supported. Debris-flow deposits may contain megaclasts, if they are available in the source area. 
Geoscientists and engineers need to understand contemporary terms used in the media to communicate with emergency managers 
and a variety of non-specialists, but also should recognize characteristics that are associated with specialized technical terms. 

Keywords: Sediment-water slurry; Streamflow; Debris flow; Mudflow; Landslide 

1. Introduction

This paper is intended to provide a limited review of terminology of sediment-water slurries and characteristics of
resulting deposits. The processes of sediment-water slurry movement are complex, variable, and gradational, making 
descriptions of the processes challenging. This paper does not provide a comprehensive literature review or attempt 
in-depth discussion of process rheology. However, sediment-water slurries range from water-dominated to sediment-
dominated, which results in deposits with distinctive characteristics. 

This paper draws from a few publications, as well as results of searches using internet resources. Anderson et al. 
(1984) includes a concise appendix entitled “Debris flow, mud flow, mud flood, and mudslide terminology” (p. 90) 
that summarizes key aspects. Pierson (2004) wrote a four-page U.S. Geological Survey fact sheet entitled 
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“Distinguishing between debris flows and floods from field evidence in small watersheds.” The remaining sections 
provide comments on the history of some terminology and examples of the process phases and the resulting deposits. 

2. History of ‘mud flow’ and related terminology

This section is an updated version of the appendix in Anderson et al. (1984), which was written by the author of 
this paper. The term "mudflow" has been used in geological literature since 1928 (Blackwelder, 1928). The term "mud" 
in geology refers to a wet material composed of clay and silt-rich sediment (USGS, 2017), and to a very fine-grained 
sedimentary rock formed from mud (e.g., mudstone). The term "mud" is not used in the Unified Soil Classification 
System (ASTM, 2017) and used only casually in engineering. However, it is a descriptive, commonly used word. 

As a result of very costly floodlike damage in southern California in January 1969 (Campbell, 1975), damage 
resulting from "mudslides" was added to the National Flood Insurance Program at that time (Committee on 
Methodologies for Predicting Mudflow Areas, 1982). The legislative amendment that added mudslides to the program 
included the following wording: 

“The Congress [of the United States] also finds that (1) the damage and loss which results from mudslides is 
related in cause and similar in effect to that which results directly from storms, deluges, overflowing waters, 
and other forms of flooding…”, and the following statement was added under “Definitions”: 
“The term "flood" shall also include inundation by mudslides which are caused by accumulations of water on 
or under the ground; and all of the provisions of this title shall apply with respect to such mudslides in the same 
manner and to the same extent as with respect to floods.” (Committee on Methodologies for Predicting 
Mudflow Areas, 1982, p. 5 and 6). 

Thus, although it might not have been clear what range of processes the word "mudslide" was intended to identify, the 
intent seemed to include floodlike damage. The term "landslide" is used widely for a spectrum of slope processes, 
including some that do not involve sliding. News media, particularly in southern California, seem to refer to a variety 
of slope movements collectively as "mudslides," perhaps because most damaging earth-related process occur during 
rainstorms and cause widespread disruption because of the “mud” that is deposited on roads and in communities, along 
with other landslide damage. 

Damage from "landslides" was specifically excluded from the flood insurance program, but the program was 
intended provide the same range of provisions regarding protection from mudslides as from floods, including mapping 
mudslide zones along with floodplains. In its initial approach to implementing the mudslide provision, the Federal 
Insurance Administration defined a mudslide as “a general and temporary movement down a slope of a mass of rock, 
soil, artificial fill, or a combination of these materials, caused or precipitated by the accumulation of water on or under 
the ground” (Committee on Methodologies for Predicting Mudflow Areas, 1982). Aside from the last phrase of the 
mudslide definition, it was equivalent to the Highway Research Board (1958) definition of a landslide. Because 
"mudslides" seemed to be defined as a type of flood, a technical committee was formed by an advisory board of the 
National Research Council (NRC) in the United States to provide guidance to the administrators of the National Flood 
Insurance Program on delineation of ‘mudslide’ hazard areas that would be consistent with the national flood insurance 
policy requirements (Committee on Methodologies for Predicting Mudflow Areas, 1982).  

A revision of the Standard Flood Insurance Policy in 1974 contained the phrase "mudslide (i.e., mudflow)." This 
phrase also appeared in the Code of Federal Regulations in 1976, and led to a general substitution of "mudflow" for 
"mudslide," but did not resolve the range of phenomena intended to be covered (Committee on Methodologies for 
Predicting Mudflow Areas, 1982, p. 8). The Federal Emergency Management Agency (FEMA) took over the Federal 
Insurance Administration in 1978 and in 1979 asked the National Academy of Sciences for guidance on identifying 
mudslide hazard areas. The National Academy of Sciences established the Committee on Methodologies for Predicting 
Mudflow Areas to identify and categorize the various phenomena that might be considered to be mudslides, as well as 
identify mudslide hazard areas, determine mudslide risk, and examine a mudslide hazard methodology that had been 
developed in Los Angeles County (Committee on Methodologies for Predicting Mudflow Areas, 1982). 

The Committee understood that conventionally recognized flood effects included: 
 Hydraulic forces associated with flowing water
 Inundation by flood water
 Impact from debris carried in a flooding stream and
 Deposition of sediment from a flooding stream.
The Committee also recognized that the legislative amendment to the flood insurance program suggested some 
additional set of phenomena were intended to be covered, because the flood effects were already covered. The 
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Committee considered that FEMA was responsible for defining phenomena intended to be included by "mudslide," 
and addressed processes triggered by heavy rains in mountain drainage basins in terms that reflect the nature of the 
physical aspects of the processes, locations where the processes occur, and the resulting kinds of damage. 

Floodlike damage can result from processes classified as floods and landslides (Committee on Methodologies for 
Predicting Mudflow Areas, 1982, p. 17); therefore, processes ranging from water flooding to landsliding were 
subdivided into four categories that recognized the lack of distinction between slope movement classifications and 
floodlike damage caused by some "landslides:"  
 Clear water floods
 Mud floods
 Mud flows
 Other landslides.

Under the heading "clear water floods and mud floods" in the Committee report, clear-water floods refer to
inundation by water that is carrying little or no sediment, typically in response to a river or stream flowing over its 
banks and onto adjacent areas, usually parts of floodplains. Mud floods refer to floods carrying up to half sediment by 
volume, typically occurring in drainage channels and alluvial fans adjacent to mountains, although they may occur on 
floodplains (Committee on Methodologies for Predicting Mudflow Areas, 1982, p. 15 and 16). Both clear-water floods 
and mud floods are described as causing damage by inundation associated with rising water levels and deposition of 
fine-grained sediment, mud floods also can cause damage associated with impact of their heavy sediment load, which 
may include debris. 

Under the heading "mud flows and other landslides" in the Committee report, mud flows refer to flow-type 
landslides that are able to support large boulders because of their viscous matrix. Mud flows may be confined to 
existing channels or be unconfined on hillslopes. Other landslides refer to non-flow type downslope movements of 
earth materials, including falling, toppling, sliding, and spreading. Other landslides may be wet or dry and can occur 
with or without heavy rainfall, although they may be triggered by such events and transition into mud flows as they 
move (Committee on Methodologies for Predicting Mudflow Areas, 1982, p. 16 and 17). 

The currently accepted classification of slope movements considers five types: falls, topples, slides, lateral spreads, 
and flows (Cruden and Varnes, 1996). Most slope movements are complex combinations of two or more types, and 
slides can be either rotational or translational. The materials involved in slope movements can be divided into rock 
and soil (in the engineering sense) (Cruden and Varnes, 1996). The soil can be subdivided into debris and earth, with 
debris being generally coarse-grained and earth being generally fine-grained. Cruden and Varnes (1996) describe the 
rate at which slope movements occur, ranging from extremely slow (less than 16 mm per year) to extremely rapid 
(more than 5 m per second). Cruden and Varnes (1996) define water content of materials in slope movements as:  
 Dry — no visible moisture
 Moist — some water but none free, may behave as a plastic material but not as a liquid
 Wet — contains sufficient water to behave in part as a liquid, has water flowing from it, or has significant

standing water
 Very wet — contains sufficient water to flow as a liquid under low-gradient conditions.

The distinction between mud flow and debris flow in the classification systems of Cruden and Varnes (1996) would
be on the basis of relative percentages of fine and coarse particles. Mud flows consist of material with more than 50 
percent sand, silt, and clay; debris flows have more than 50 percent particles larger than sand. Processes including 
sufficient water to behave hydraulically are called mud floods (Committee on Methodologies for Predicting Mudflow 
Areas, 1982, p.16 footnote); no mention is made in this distinction of mud floods exceeding channel banks and causing 
inundation of adjacent areas. Mud flows or debris flows differ from mud floods by behaving in a viscoplastic manner 
to support fragments with densities greater than water (e.g., boulders) during transportation and when the mass comes 
to rest. As stated by the Committee on Methodologies for Predicting Mudflow Areas (1982, p. 16 footnote), the “ability 
to support [a dense] inclusion during transport stems from a velocity-dependent strength (the matrix viscosity), and a 
velocity-independent strength (the shearing resistance of the mass). When the flow comes to rest, the velocity-
dependent strength goes to zero. However, the high density inclusion does not sink into the mass because it is supported 
by the static shearing resistance.” Mud floods are capable of transporting heavy loads of sediment, including coarse 
debris; however, mud floods do not have static shearing resistance. Consequently, the coarse debris in mud floods 
settles as the velocity-dependent strength of mud floods decline in response to slowing fluid velocity. 

The previous paragraphs demonstrate that slope movements consist of a range of processes involving a range of 
materials at a range of water contents moving at a range of rates. Distinctions between individual elements of each 
range typically are not sharp and clear, but gradational across any particular slope that may be moving. Furthermore, 
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the term flood is not restricted to a context of inundation beyond a normal channel and the term flow is not restricted 
to a context of containment within a normal channel.  

3. Field observations and sedimentology

This section is based largely on Pierson’s (2004) U.S. Geological Survey fact sheet, as well as descriptions and data 
in a 1985 paper by Pierson that related to some of the same debris flows and sediment-flood processes that were the 
subject of the Anderson et al. (1984) report. The relative concentration of sediment in discharges from steep watersheds 
controls the behavior of the flows into three process types that vary across indistinct boundaries based on the amount 
of silt and clay in the matrix:  

 water flow, hyperconcentrated flow, and debris flow if the sediment contains material coarser than sand, or
 water flood, mud flood, and mud flow, if the sediment lacks coarse fragments and is generally fine grained.

Furthermore, different flow types can occur at different times during a single discharge event, and a discharge event 
can exhibit different flow types in different places along the channel at the same time.  

In water flow or water flood, the amount of sediment is insufficient to induce behavior that differs from what is 
known as a Newtonian fluid, meaning that the capacity of the fluid to transport solid particles is dependent on the flow 
velocity. As a Newtonian fluid slows, its shear strength declines, and larger particles settle; a Newtonian fluid at rest 
has no capacity to keep coarse particles in suspension, and they settle as a function of fluid viscosity, particle diameter, 
and the density difference between the particle and the fluid. Normal streamflow (fluvial) deposits (Fig. 1) tend to 
have coarser particles at the bottom of a depositional unit and finer particles at the top that are described as "graded, 
fining upward." Normal streamflow deposits also commonly have cut-and-fill and other sedimentary structures. 

Hyperconcentrated flow can transport substantial amounts of sand-size and coarser sediment by dynamic 
suspension, which distributes sediment through the fluid column in response to the velocity and turbulence of the flow. 
Mud flood could transport coarser sediment by the same hydrodynamic process if such sediment were available; of 
course, if sediment coarser than sand size were available and being transported, the process name would be 
hyperconcentrated flow. As the hyperconcentrated flow velocity slows, turbulence reduces and sediment drops out of 
suspension leaving unsorted deposits within the depositional unit (Fig. 2). A series of depositional units, some of which 
may be normal streamflow, gives the impression of overall stratification even though hyperconcentrated-flow deposits 
are unstratified. 

Debris flow is a slurry condition similar to wet concrete that keeps gravel-sized and larger particles in suspension 
regardless of the flow velocity (Fig. 3). Mud flow, in this context, is a slurry condition similar to wet neat cement 
grout; if coarse rock fragments were available, they would have remained in suspension. Debris flows occurring in 
channels can attain high velocities; where debris flows lose the confinement of channels, they spread laterally, become 
thinner, possibly allowing some interaction of suspended sediment with the surface across which the flow is moving. 
Unchannelized slurries can lose water to the underlying material, which increases the sediment concentration and 
interaction between sediment particles and within the matrix, leading to energy dissipation between particles and 
within the matrix that exceeds the kinetic energy of the flowing slurry and causes the flow to come to a stop in a 
process known as frictional freezing or cohesive freezing (Lowe, 1982), depending on whether the flow type is 
dominated by particles or matrix.  

A graph presented in Appendix A shows the relationships among sediment concentration by volume, sediment 
concentration by weight, gravimetric water content, and void ratio. Descriptions by O’Brien and Julien (1985) were 
based in part on laboratory experiments of mud (water, clay, silt, and fine sand) and focused on the fluid matrix. 
Designations in Appendix A labeled O1, O2, O3, and O4 are taken from O’Brien and Julien (1985); the long-term 
objective of their research was to develop a predictive mathematical model for hyperconcentrated sediment flow. 

Descriptions by Pierson (1985) were based on phases of a channelized flow event in Rudd Canyon that occurred 
over a 22-minute period on June 5, 1983, and samples of the flow captured during the flow event. Images spanning 
about 3-1/2 minutes of the debris-flow surge (Fig. 4) show a boulder front (Fig. 4.A), the laminar flow trailing the 
boulder front (Fig. 4.B), a turbulent front of a surge without concentrated coarse particles (Fig. 4.C), and a laminar to 
turbulent trailing flow (Fig. 4.D). A short, steep riffle is reported to be the source of local turbulence at the right side 
the Fig. 4 photos. Estimated values of sediment concentration, flow velocity, and flow stage for the conditions depicted 
in Fig. 4 are listed in Table 1. 
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Table 1. Selected characteristics of June 5, 1985, sedimentation event in Rudd Canyon depicted in Fig. 4; estimated 
from Pierson (1985, Fig. 3). 

Element in Fig. 4 
Sediment concentration 
(% by weight) 

Flow velocity 
(m/s) 

Flow stage 
(m) 

A. Boulder front 90 1.3 2.0 

B. Trailing boulder front 88 3.0 2.2 

C. Turbulent front 81 4.3 0.4 

D. Trailing turbulent front 80 3.2 0.5 

Fig. 1. Photograph of stratigraphy dominated by normal streamflow processes. Cut-and-fill sedimentary structures and fining upward grain size 
distribution. Furnace Creek Ranch, Death Valley National Park, California; photo taken by the author on December 20, 2013. 

Fig. 2. Photograph of stratigraphy dominated by hyperconcentrated flow processes. Stratified sequence of mostly clast-supported, unsorted silty 
sand with gravel and cobbles with a few small boulders. Some units are matrix-supported debris-flow deposits. Cascade, Colorado; photo taken 
by the author on August 17, 2013. 
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Fig. 3. Photograph of stratigraphy dominated by debris flow processes. Matrix-supported, unsorted angular blocks of limestone in silty sand. 
Unchannelized depositional contact of debris-flow deposit on unsorted, unstratified hyperconcentrated deposits. Mosaic Canyon Trail, Death 
Valley National Park, California; photo taken by the author on December 22, 2013. 

Fig. 4. Photographs of a June 5, 1985, sedimentation event in lower Rudd Canyon, Davis County, Utah. (A) boulder front of debris-flow surge 
approximately 1-1/2 minutes after initial surge; (B) debris-flow surge trailing boulder front by 9 seconds; (C) turbulent front of debris-flow surge 
without concentrated coarse clasts approximately 5 minutes after initial surge; and (D) laminar condition of turbulent front 2 seconds after photo 
in C. Flow is right to left. All photos courtesy of Thomas C. Pierson; annotations by the author. Scale in (A) is based on Pierson (2004). 
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4. Discussion and conclusions

Processes involving sediment-water slurries are complex and gradational. Modern or historic debris-flow deposits 
provide opportunities for understanding the context of the processes. Stream flow, hyperconcentrated flow, and debris 
flow can be phases of a single discharge event from small drainage basins, and the phases tend to have distinctive 
landforms and deposits have sedimentary structures and sediment characteristics (Pierson, 2004; Giraud, 2005). 
However, post-depositional processes, including storm events and damage cleanup, may modify deposits that mask 
original features or create unnatural features, such as matrix material on large boulders being washed away by storms 
or unstratified deposits created from originally stratified material by earthmoving equipment operators. Debris-flow 
deposits in the geologic record (e.g., Fig. 3) may not preserve evidence of the full process, making interpretation of 
stratigraphy in natural or excavated exposures problematic (e.g., Giraud, 2005). 

A collection of terms is displayed in Fig. 5 in the context of the water-sediment-rock continuum and fluvial-
landslide process continuum. Suggested terminology is in the process name row in Fig. 5. The term "sediment" is 
added to hyperconcentrated flow because it seems necessary for communication. The term "mud" is used in mud flow 
because the term "earth flow" is not useful for communicating what is intended. The term "mud" is not used by Cruden 
and Varnes (1996) in their chapter on landslide types, although they mention mudslide in their section 8.3.2 on 
Complex and Composite Slides, but dismiss it as imprecise. The term "mud" is used in other chapters in the same 
book in figure titles and in reference to drilling fluids (Turner and Schuster, 1996). The term "mud" in this context is 
herein defined as "very wet earth" in the Cruden and Varnes (1996) glossary for naming landslides. The term "mud 
flow" is simpler than "very rapid to extremely rapid, very wet earth flow" that would be consistent with the glossary 
for naming landslides. The terms "mass wasting" and "mass movements" are too vague to have value. 

Fig. 5. Collection of relevant terms inspired by Blackwelder (1928), Nardin et al. (1979), Lowe (1982), the Committee on Methodologies for 
Predicting Mudflow Areas (1982), Pierson (1985, 2004), O’Brien and Julien (1985), Wieczorek (1986), and Gani (2004) 

Sediment-water slurry processes are complex and gradational. Earth scientists need to be able to communicate with 
a variety of individuals using understandable terms appropriate for the discussion. Terms imply concepts of processes 
that can have perhaps higher meaning in technical discussions, whereas casual discussions can be effective with less 
precise terms. The process and deposit examples in this paper may help with terminology usage in the future. 
Depending on who is using the terms, "mudslide" and "mudflow" should be interpreted in their context by 
knowledgeable technical professionals, similar to the way the terms "cement" and "risk" are interpreted to refer to 
"concrete" and "hazard" when intended. 
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Appendix A. Sediment concentration of earth-water mixtures 

Flow or movement behavior is a function of the ratio of sediment to water with potential conditions ranging from 
nearly 100 percent sediment to 100 percent water. Sediment concentration can be described in terms of volume (Cv) 
or weight (Cw) and calculated based on a unit volume (V = Vs+Vw+Va) comprised of the sum of the volumes of 
solids, water, and air. The corresponding weight (W = Ws+Ww) is the sum of the weights of solids and water. The 
specific gravity of solids (Gs) must be known or designated, and gravimetric water content (w = Ww/Ws) can be 
calculated. The void ratio (e) can be calculated from Gs w = S e for assumed saturated conditions (S=1), or from the 
ratio of volumes of voids and solids (e = Vv/Vs). 

Cw = Ws/W = Ws/(Ws+Ww) = Ws/(Ws+w Ws) = 1/(1+w) (A.1) 

Cv = Vs/V = Vs/(Vs+Vw+Va) = (Ws/Gs)/((Ws/Gs)+w Ws+Va) (A.2) 

V = 1 = Vs+Vw+Va;  1-Va = (Ws/Gs)+w Ws = Ws((1/Gs)+w) (A.3) 
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Ws = Gs (1-Va)/(1+w Gs) (A.4) 

Cv = Ws/Gs (A.5) 

e = (Vw+Va)/Vs =(w Ws+Va)/(Ws/Gs) = (Gs w)/S (A.6) 

The relationships among Cv, Cw, w, and e for Gs = 2.65 and three Va values are plotted in Fig. A.1. Flow behavior 
fields are denoted with letter-number combinations; O denotes O’Brien and Julien (1985) for a laboratory fluid matrix 
consisting of silt, clay, and fine sand (i.e., mud) with Gs = 2.72, whereas P denotes Pierson (1985 and 2004) for data 
related to a sedimentation event on June 5, 1983, at Rudd Canyon, Davis County, Utah, and other debris-dominated 
events. Symbols plotted in Fig. A.1 are based on values tabulated in Pierson (1985) and assumed air content; square 
symbols represent Va = 0, diamond symbols represent Va = 0.05, and triangle symbols represent Va = 0.1. Letter and 
letter-number designations in Fig. A.1 are described in Table A.1. 

Table A.1. Letter and letter-number designations used in Fig. A.1. 

Symbol Meaning Sediment Concentration by volume 

N Normal stream flow -- 

H Hyperconcentrated sediment flow -- 

T Transitional flow (subsequently included 
with hyperconcentrated sediment flow)  -- 

D Debris flow --

O1 Water flood ≤0.2 

O2 Mud flood 0.2 to 0.45 

O3 Mud flow 0.45 to 0.5 

O4 Other landslide 0.5 to 0.9 

P1 Normal stream flow < 0.05 to 0.1 

P2 Hyperconcentrated sediment flow 0.05 to 0.2 to 0.1 to 0.6 

P3 Debris flow >0.6
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Fig. A.1. Graph of sediment concentration based on a unit volume and specific gravity of solids of 2.65. Notations are explained in Table A.1. 
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Abstract 

More than 64% of Korea's land is occupied by mountain regions, which have terrain characteristics that make it vulnerable to 
mountain disasters. The trails of Taebaeksan Mountain National Park—the region considered in this study—are located in the 
vicinity of steep slopes, and therefore, the region is vulnerable to landslides and debris flow during heavy storms. In this study, a 
slope stability model, which is a deterministic analysis method, was used to examine the potential occurrence of landslides. 
According to the soil classification of the detailed soil map, the specific weight of soil, effective cohesion, internal friction angle 
of soil, effective soil depth, and ground slope were used as the parameters of the model, and slope stability was evaluated based on 
the DEM of a 1 m grid. The results of the slope stability analysis showed that the more hazardous the area was, the closer the ratio 
of groundwater/effective soil depth is to 1.0. Further, many of the private houses and commercial facilities in the lower part of the 
national park were shown to be exposed to danger. 

"Keywords: Slope stability; National park; Detailed soil map;" 

1. Introduction

Currently, several natural disasters are occurring all over the world, which have not been frequently experienced in
the past, owing to climate change. South Korea, where 64% of the land is occupied by mountain areas, is exposed to 
the risk of mountain disasters; this is also because the country experiences over 85% of annual average precipitation 
between April and September. For example, Typhoon Rusa (1,232 deaths and disappearances) in 2002 and Typhoon 
Maemi in 2003 (1,157 deaths and disappearances) occurred in the mountain areas and resulted in a great loss of life 
and property.  

To prevent such landslides in advance and in turn reduce damage, appropriate preventive measures developed using 
landslide risk mapping are required. However, landslide risk maps also contain uncertainties, and landslide risk 
assessments based on topographic and geological characteristics have been made without considering rainfall, which 
is an important external factor determining the occurrence of landslides. In general, the mechanism of landslide 
occurrence includes unstable internal factors (cohesion, internal friction angle, etc.) caused by external factors (rainfall, 
etc.); change of soil saturation along with these factors should be considered for the slope stability analysis. To 
effectively cope with landslides, quantitative analysis techniques that consider rainfall are needed to simulate the 
saturation of soil. 

Since 1990, it has become possible to estimate spatial distribution topography, geology, and clinical factors because 
of the rapid development of geographic information systems (GISs) and remote sensing (RS). Further, studies on an 
infinite slope stability analysis that considers these factors along with rainfall and soil saturation have been 
continuously carried out to better understand the regional landslide risk. Based on the concept of soil saturation 
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proposed by O'loughlin (1986), Mont-Geomery and Dietrich (1994) verified that the simulated results for the 
Tennessee and Oregon regions of the United States using the infinite slope stability analysis technique are similar to 
the landslide initiation site. Van Westen and Terlien (1996) extracted the geological and geomorphic factors in the 
Manizales area in Colombia and analyzed the slope stability for each scenario of rainfall and earthquake; further, they 
introduced the concept of the overlay pressure of slope (distribution load of vegetation, building, etc.) to the infinite 
slope stability analysis. Borga et al. (2002) attempted to analyze the slope stability in Cordon and Vauz areas in Italy 
considering the wetting index, overburden pressure, and root cohesion, and introduced the concept of critical rainfall 
and wetness index to determine the failure probability through geographical characteristics of a watershed. Acharya et 
al. (2006) applied an infinite slope stability analysis to the Rasuwa area in Nepal by dividing the soil into dry (m = 0), 
semi-saturated (m = 0.5), and fully-saturated (m = 1); and the variability of safety factor was analyzed considering the 
dynamic characteristics of rainfall in the region. Ray and De Smedt (2009) distinguish the dry soil (m = 0), semi-
saturated (m = 0.5), and fully saturated (m = 1) soil in the Dhaling area of Nepal similar to Acharya et al. (2006), and 
compared and analyzed the volatility of landslide-prone areas based on the specific yield calculated assuming a 2-year, 
25-year rainfall and an initial saturation of 0.5. 

However, in Korea, Oh et al. (2006) examined the applicability of a GIS-based mountain-terrain prediction model, 
SINMAP, to evaluate the applicability of a GIS-based debris flow prediction model. Through the risk analysis of the 
debris flow watershed using GIS, Jun (2011) developed a risk map of the disasters using various topographic, 
geological, and hydrological methods along with the SINMAP model analysis techniques that can be used in Korea. 
Jun (2012) examined the applicability of debris flow prediction in the regions of Umyeonsan Mountain, Seoul, 
damaged by debris flow using a slope stability model that considers the safety factor, which is a deterministic analysis 
method. 

In this study, we considered Taebaeksan Mountain National Park as the field of study, which was recently 
designated as a national park, and analyzed the slope stability using the slope stability model proposed by Brunsden 
and Prior (1984). The model can perform a simple and quick slope stability analysis in regions prone to mountain 
disasters.   

2. Theory of Slope Stability Model

Landslides can be classified depending on the type of occurrence; however, the stability factor of the slope is 
typically evaluated using the concept of safety factors. The safety factor is expressed as the ratio of the force of collapse 
to that of support, and the factors that constitute each force are well known through various landslide studies. The 
model used in this study is proposed by Brunsden and Prior, which is simple yet commonly used. This model is based 
on the assumption that the slope is an infinite slope as shown in Figure 1, and uses the ratio of rainfall to groundwater 
level, as in Equation (1). Infinite slopes measure the stability of the slope, and the slope that collapses is considered 
to be infinite. 

Fig. 1. Infinite slope stability analysis diagram 
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𝐹 =  
𝑅𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑓𝑜𝑟𝑐𝑒

𝐷𝑟𝑖𝑣𝑖𝑛𝑔 𝑓𝑜𝑟𝑐𝑒
=  

𝐶+(𝛾−𝑚𝛾𝑤) 𝑧 𝑐𝑜𝑠2𝛽 𝑡𝑎𝑛𝜑

𝛾 𝑧 𝑠𝑖𝑛 𝛽 𝑐𝑜𝑠 𝛽
(1) 

Here, F is the safety factor, C is the effective cohesion ton/m2, γ is the soil specific weight ton/m3, m is the ratio of 
the groundwater level to effective soil depth (𝑍𝑤/𝑍), 𝛾𝑤 is the specific weight of water (ton/ m3), 𝑍 is the depth (m)
of the soil from the surface of the earth, 𝑍𝑤 is the groundwater level (m), β is the ground slope (°), and 𝜑 is the internal
friction angle of soil (°). 

In Equation (1), if the safety factor is greater than 1, it is safe, and if the safety factor is less than 1, it is unstable, 
and the slope is taken at the time of collapse. 

3. Application of Slope Stability Model

3.1 Study area 

Since 2017, Taebaeksan Mountain National Park has been designated as a national park, and trail of the Danggol 
basin, which is the study area, is the most visited region in the national park (596,676 visitors to Taebaeksan Mountain 
National Park in 2017). In the downstream area, as there are private houses and many commercial facilities, there is a 
risk of personal injury and property damage. However, there are no such data regarding the disaster history because it 
was not until recently that the park was designated as a national park. Further, the result of the field survey shows that 
only a few risk areas are marked (6) and are being managed.  

Fig. 1. Study area 

3.2 Building database 

 To evaluate the slope stability, Lester data for the parameters given in Equation (1) are needed. In this study, to 
calculate the safety factor, ArcGIS 9.3.1 was used to extract DEM from a 1:5,000 digital topographic map provided 
by the National Geographic Information Institute with a 1 m resolution. A slope map was generated based on these 
data. In addition, to calculate the safety factor, effective cohesion, soil specific weight, and internal friction angle were 
constructed as a 1 m grid of Lester data from soil classification of the 1:25,000 detailed soil map provided by Korea 
Rural Development Administration. 
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3.3 Slope 

 The safety factor is calculated based on the slope map constructed from the DEM of a 1 m grid, and because the 
very low slope induces an excessively large safety factor (extremely safe), a slope of 5° or less was applied to the 
calculation as 5°, as shown in Figure 3.  

Fig. 3. Slope and histogram constructed from 1 m grid (a) slope; (b) slope histogram 

3.4 Detailed soil map 

 The soil texture is divided into clay, silt, and sand according to the grain size of the soil. The soil texture is further 
divided into nine types—sandy loam soil, silt loam soil, sandy soil, etc. Table 1 lists the specific weight, cohesion, 
and internal friction angle of the soils provided by the National Disaster Management Institute of Korea (Korea 
National Disaster Management Institute). 

Figure 3 is a 1:25,000 detailed soil map provided by the Rural Development Administration of Korea and shows 
the distribution of soil in the study area. A total of 16 soils are distributed in the study area—Danggol watershed. 
Among them, OsF, which occupies the southern part of the Danggol basin, and KIF2, which occupies the north, are 
the main components, which are classified as silt loam. 

Table 1. Total soil content by surface soil, specific weight, cohesion, and internal friction angle 

Soil type Sand (%) Silt (%) Clay (%) Specific Weight (t/m3) Cohesion Internal Friction Angle (°) 

Siliceous clay soil 10 55 35 1.73 1.15 22 

Silt loam 15 70 15 1.75 0.96 27 

Sandy loam 70 15 15 1.91 0.41 28 

Fine sandy loam 70 15 15 1.91 0.41 27 

Clay loam 30 30 40 1.79 0.98 20 

Loamy sand 80 10 10 1.94 0.27 30 

Loamy fine sand 100 0 0 2 0 30 

Loamy coarse sand 100 0 0 2 0 30 

Loam 40 4 20 1.82 0.74 25 

(a) (b) 
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Table 2. Area of different soils in the study area

Soil Type Area (km2) 

Sandy loam (DEB, DEC, DbF2, DgF2, DpF2, MtE, SqE, StC, StD) 1.479 

Silt loam (KdD2, KIF2, KzE2, OsF, RC) 6.883 

Loam (OsE) 0.378 

Total 8.740 

Fig. 4. Soil distribution in the study area 

3.5 Soil parameters 

The specific weight, internal friction angle, and effective cohesion of the soil required for stability evaluation were 
determined according to the type of soil in the detailed soil map, each of which was constructed with a 1 m grid of 
Lester data and used to evaluate slope stability. Figure 5 shows the distribution of the specific weight of the soil, 
internal friction angle, and effective cohesion. 

(a) (b) 
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Fig. 5. (a) specific weight of soil; (b) internal friction angle; (c) effective cohesion 

4. Evaluation of slope Stability

Figure 6 shows the evaluation of slope stability results calculated using each parameter constructed in Section 3.
Stability factor of F ≥ 1.0 is a safe condition and if F < 1.0, it is unsafe. Therefore, in this study, areas with a safety 
factor F > 1.0 were not shown in the results. Furthermore, the ratio of the groundwater level to the effective soil depth 
(m) was expressed as either the saturated area (m = 1.0) or wet area (m = 0.5) to show a dangerous area.  

(c) 

(a) 
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Fig. 6. Slope stability result (a) m = 1.0; (b) m = 0.5; 

5. Conclusion

 In this study, a slope stability model was applied to Taebaeksan Mountain National Park to analyze the regions 
prone to landslides. The input parameters of the model were estimated according to the soil characteristics classified 
in the detailed soil map. The results of the slope stability analysis of the target area showed an increase in the risk area 
with soil saturation. In particular, a few sections of the A–C trails and sites where downstream commercial facilities 
were located were analyzed as areas prone to landslides with a low safety factor. Currently, however, only 6 regions 
prone to landslides are managed by Taebaeksan Mountain National Park, the region considered for the study; therefore, 
additional management is needed in the future. Future studies will verify the applicability of the model by analyzing 
the rainfall when the soil is wet and saturated (m = 0–1.0) through a field investigation. 
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Abstract 

The post-fire debris flows of 9 January 2018 killed 23 people, destroyed over 130 homes, and caused severe damage to 
infrastructure in Montecito and Carpinteria, California. Highway 101 was closed for 13 days, significantly impacting transportation 
and commerce in the region.  Collectively, debris flows from this event are comparable in magnitude to the largest documented 
post-fire debris flows in the state, inundating over 4 km2 of land, and costing the Santa Barbara region over half a billion dollars in 
debris removal and damages to homes and infrastructure.  Here, we document the extent and magnitude of inundation areas, debris-
flow volumes, and source areas. Additionally, we describe the atmospheric conditions that generated intense rainfall and use 
precipitation data to compare debris-flow source areas with spatially associated peak 15-minute rainfall depths.  We use a 
compilation of debris-flow damages to summarize economic impacts associated with the event.  

Keywords: post-fire; debris flows; alluvial fan; NCFR;  rainfall intensity; inundation; Montecito; Thomas Fire; loss estimate 

1. Introduction

The Thomas Fire ignited on 4 December 2017 and burned steeply sloping terrain in the western portion of the
Transverse Ranges in Santa Barbara and Ventura counties (CAL FIRE, 2018). The fire burned 114,078 ha (281,893 
acres), with full containment declared on 12 January 2018. A total of 1,063 structures were destroyed across both 
counties and 280 additional structures were damaged. A Presidential Disaster Declaration was made on 8 December 
2017. 

Post-fire debris flows initiated at approximately 3:45 a.m. local time (PST) on 9 January 2018, starting first in the 
Santa Ynez Mountains and then spreading eastward to watersheds in the Topatopa Mountains. Within the Montecito 
and Carpinteria area, the debris flows travelled from the canyon mouths on to urbanized alluvial fan areas extending 
over four kilometers to the Pacific Ocean. The debris flows killed 23 people, destroyed over 130 homes, and caused 
severe damage to infrastructure. The Thomas Fire Presidential Disaster Declaration was amended on 10 January 2018 
to include flooding, mudflows and debris flows. 

As storm rainfall runs off on steep hillslopes burned by wildfire, sediment and debris are eroded from hillslopes 
and subsequently scoured from channels. As sediment and debris are entrained, progressive bulking of runoff may 
lead to the development of debris flows (Cannon et al., 2003). Debris flows commonly occur in steep watershed areas 
burned at moderate to high soil burn severity, with the largest events often triggered by the first significant post-fire 
rainstorm (Cannon et al., 2008; Parise and Cannon, 2012), and in response to short rainfall durations of high intensity 
(Moody et al., 2008; Kean et al., 2011). As debris flows travel down slope, they strip vegetation, entrain boulders, 
block drainages, damage structures, and flow in unpredictable directions (Lancaster et al., 2015). The destructive 
power of boulder-laden surge fronts magnifies the impacts of debris flows to life and property. 

Post-fire debris flows have become a common threat to southern California communities due to urbanization of 
alluvial fans and floodplains downstream of the Transverse Ranges (Lancaster et al., 2015; Oakley et al., 2017). While 
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many moderate- to large-sized destructive debris flows have occurred (Cannon et al., 2010; Gartner et al., 2014), 
documentation of runout distances, areal extent and depth, source areas, triggering rainfall, and damages and costs, 
are rare in published literature. Quantification of debris-flow damages and costs can be used for risk assessments, 
planning for future disasters, and in making decisions about allocating money for pre-disaster-mitigation mapping and 
prevention. However, assignment of post-fire debris-flow costs is challenging as there is no way to quantify the loss 
of human life and damage costs to physical structures can be difficult to compile where multiple entities are affected 
(Fleming and Taylor, 1980; Godt, 1999). 

We document a large-magnitude, post-fire debris-flow event that occurred a month after the ignition of the Thomas 
Fire in the southern California counties of Santa Barbara and Ventura and significantly impacted the region. We focus 
on four aspects of the event: (1) atmospheric conditions and precipitation depth and durations that initiated the event, 
(2) the distribution of source areas that generated debris flows, (3) the extent of runout and inundation of the debris 
flows, including debris-flow depths, and (4) damage and costs associated with debris-flow impacts in Santa Barbara 
County.  

2. Debris flow triggering storm event

2.1 Atmospheric conditions 

The storm event that produced the high-intensity rainfall responsible for the debris flows featured a weak 
atmospheric river facilitating moisture transport into the area as well as a strong cold front (Oakley et al., 2018). A 
narrow band of high-intensity rainfall developed along the cold front (Fig. 1a), a feature referred to as a “narrow cold 
frontal rainband” (NCFR; Markowski and Richardson, 2010). Between 3:30 and 4:00 a.m. (PST) on January 9, the 
cold front and associated NCFR moved over the Thomas Fire burn area. One segment of the NCFR intensified within 
the Santa Barbara Channel as it moved towards Montecito (Fig. 1b). Subsequently, radar and surface-based 
precipitation observations show the NCFR began to weaken and dissipate to the east near the Santa Barbara-Ventura 
County line (Oakley et al., 2018). 

Fig. 1. Panels show radar imagery preceding (a) and at the time of (b) post-fire debris flows in the Thomas Fire burn area. Yellow to red colors 
indicate progressively higher storm intensity. Figure adapted from Oakley et al. (2018) Radar image source: CNRFC. 

2.2 Precipitation observations 

Observed rainfall data from Santa Barbara County Public Works Department show the 9 January 2018 storm broke 
station records but did not exceed the 15-min duration county record of 35.31 mm at San Marcos Pass in 2015, west 
of the burn area (not shown). Historical 15-min duration records are available for 36 rainfall stations in Santa Barbara 
County and four of these records were broken during the January 9 event (see Table 1 for summary of data). Two of 
these stations are within the burn area while two are just south in Montecito and Carpinteria (see Fig. 2 for locations). 
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Table 1. Summary of 15-min rainfall station records broken during 9 January 2018 storm 

Although 15-min rainfall intensities were not remarkable over Matilija Canyon, this area received the highest total  
storm precipitation, 164.85 mm, from 04:00 LST 8 January to 0:400 LST 10 January (Oakley et al., 2018; CNRFC, 
2018). Peak 15-min rainfall depths from the storm were collected from 46 stations maintained by the Santa Barbara 
County Public Works Department and Ventura County Watershed Protection District, and depths were interpolated 
with the Inverse-Weighted Distance method in ArcGIS (Chen et al., 2017) and are shown as contours in Fig. 2. 

Fig. 2. Maximum 15-min rainfall depths (mm) over a 1 km2 grid representing the cumulative lineal kilometers of debris-flow source gullies 
greater than 1.5 m in width; debris flows in gullies less than 1.5 m wide or those interpreted with questionable confidence, are not represented in 
this figure. The rain gages mentioned above are labeled as follows: DT- Doulton Tunnel, JD- Jameson Dam, M-Montecito, and CFS- Carpinteria. 

3. Source areas

Large, destructive debris flows received widespread media coverage in the Montecito area and the extent of these
flows and nearby rainfall data have been extensively documented (Kean et al., in review, and Oakley et al., 2018). 
However, identification of the distribution of flows across the rugged Thomas Fire burn area is a challenge owing to 
the large area impacted and limitations on access and personnel to map the entire area. Therefore, we conducted remote 
mapping with GIS and standardized identification protocols to assess the entire Thomas Fire area. The results of this 
mapping were spot checked in the field to validate interpretations and a simplified summary of this work is presented 

Station 
(abbreviations mark 
locations in Fig. 2) 

15-min 
rainfall 
depth (mm) 

Precipitation 
return event 
in years 

Average return 
interval in years 
(90% confidence) 

Record  
(start year – end) 

Doulton Tunnel - DT 26.11 100 25 - 1,000 1965 - present 
Jameson Dam - JD 25.15 25 10 - 500 1965 - present 
Montecito - M 18.54 50 25 - 1,000 2009 - present 
Carpinteria FS - CFS 21.84 50 25 – 1,000 1964 - present 
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on a 1 km grid in Fig. 2. Corresponding peak 15-min rainfall depths at the source-area grid cells can be interpolated 
from the contour lines.  

3.1. Defining source areas 

Debris-flow source areas were identified by interpreting erosional features expressed in post-event 1 m resolution 
Digital Globe imagery, lidar collected by Towill Inc. processed to a 0.5 m hillshade, and 5 cm resolution aerial 
photography. Geomorphic interpretation of hillslope and channel source areas was conducted by reviewing hillslope 
features at a screen scale of between 1:500 and 1:1,250. Geomorphic evidence for identification of source gullies that 
did or did not issue a debris flow included marginal levees, rills, gullies, extensive scour, mud drapes, boulder fields, 
and impacts, such as boulders deposited on roads. Marginal levees are considered to be a process unique to debris-
flow surge fronts. Levees form along the paths of debris flows as shear stresses increase as slow moving, coarser-
grained material is pushed aside at the lateral margins of the flow front by the advancing finer-grained slurry (Sharp 
and Noble, 1953; Johnson et al., 2012; Iverson, 2014). In contrast, the other geomorphic evidence may be associated 
with different processes. Progressive erosion and the development of debris flows within eroded gully networks with 
a minimum width of 1.5 m were determined as the minimum mappable feature, although we recognize debris flows 
having smaller widths occurred.  

A confidence matrix following Wills et al. (2017), was used to classify source areas resulting from debris-flow 
generation, where, definite sources had marginal levees and/or were field verified, probable sources had more than 
one line of evidence, but did not have marginal levees, and questionable sources had one line of evidence, but where 
a process other than debris flow could not be precluded. Debris-flow sources were then intersected with a 1 km2 grid 
and weighted by their confidence and summarized for each grid cell. Each confidence type was assigned a weight 
based on field validation of 184 source gullies across the study area, including 98% for definite, 69% for probable, 
and 22% for questionable sources (CGS, in preparation).     

The accuracy of the debris-flow source area map is limited by the different sources and quality of data across the 
burn area. Lidar data was unavailable for approximately 10% of the burn area, primarily north of the Santa Ynez 
Mountains (see Fig. 3 for locations of geographic regions). Image quality also varies significantly across the entire 
burn area, with warping, shadows, and vegetation obscuring the identification and interpretation of erosional features. 
Confidence assignments are higher in the west where extensive field observations after 9 January validated the 
occurrence of debris-flow processes. 

3.2. Source areas and rainfall 

The source-area density map (Fig. 2) shows that the distribution of debris-flow sources varies greatly across the 
burn area. The highest concentration of source gullies is observed in the Santa Ynez Mountains north of Montecito 
and Summerland. There is a low-to-moderate concentration of source gullies in the Matilija Creek watershed and the 
area north and northeast of the Ojai Valley. There is little evidence to support initiation of sizeable debris flows in the 
southeast portion of the burn area, in Sulphur Mountain and Rincon Point (Fig. 3). Observed burn severity was 
commonly low in this area and bedrock sources are dominantly fine-grained and generate relatively few boulders for 
entrainment. 

Contoured results of the 15-min duration data indicate the 10.2 mm rainfall contour generally encompasses debris-
flow source areas with greater than 4 km/km2 of source density, while the 5.1 and 7.6 mm contours define what appears 
to be a triggering precipitation boundary in the north and south of the burn area. The source areas originating at the 
base of the Topatopa Mountains did not receive rainfall rates as high as the rest of the burn area. The area south of 
Ojai has rainfall depths of >7.6 mm, but no geomorphic features suggestive of debris-flow generation were identified. 
The Rincon Point region, along the coast, had rainfall depths exceeding 15.2 mm, but did not have identifiable debris-
flow source features. A relatively dense band of debris-flow source gullies in the Santa Ynez Mountains has an east-
west trend and appears to correlate with high rainfall depths of up to 17.8 mm. 

4. Mapping and evaluating inundated areas

Inundation mapping was conducted in two phases. The first phase was completed as a collaboration between the
U.S. Geological Survey and the California Geological Survey in the first twelve days after the event to maximize the 
observation of perishable features (Kean et al., in review). In this phase, field observations were made along the five 
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primary runout paths through Montecito where damage occurred, including from west to east, Cold Spring, Hot 
Springs, Montecito, Oak, San Ysidro, Buena Vista, and Romero creeks (see Fig. 3). Observations include 
documentation of limits of inundation, maximum depth of inundation, scour depth, avulsion characteristics, local 
evidence of flow superelevation, and the distribution, thickness, and grain size of deposits within the inundation zone. 
In the second phase, additional inundation mapping was conducted using post-event satellite imagery, lidar and aerial 
photography, supplemented by general field observations (see Fig. 3).  

4.1. Extent and depth of inundation 

Post-event inundation mapping reveals over 4 km2 of land was inundated in Santa Barbara and Ventura counties 
during the January 9 event, collectively. The built environment along the Santa Barbara coastal plain sustained the 
most inundation, with about 0.2 km2 of inundation occurring in the canyons north of the Santa Ynez Mountains and 
west of the Topatopa Mountains. Of the 3.8 km2 of inundation that occurred in the built environment, 0.6 km2 of 
inundation impacted Carpinteria Creek and 3.2 km2 of inundation impacted the Montecito and Summerland area, from 
Cold Spring Canyon Creek to Arroyo Paredon. Peak inundation depths of 10 m were recorded near the upper and 
middle portions of the piedmont, from the channel bottom to mud marks on a tree at Romero Creek at the edge of the 
burn perimeter, and from the bottom of Montecito Creek to a channel bank near the crossing at SR-192. The maximum 
debris runout distances, measured from each canyon mouth to the shore, were just over 4 km for Cold Spring Canyon, 
and 5 km for Romero Creek.   

Fig. 3.  Mapped inundation (blue) in the Montecito and Summerland region (shown at a 1: 125,000 scale) with an inset map of the Thomas Fire 
burn perimeter in the Santa Barbara and Ventura counties (shown at a 1: 1,000,000 scale). The primary map extent is shown on the inset map.  
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4.2. Debris-flow volume estimation 

The reported total volume of 9 January 2018 storm material removed in Santa Barbara County from debris basins 
was 248,000 m3 and the volume removed from creek channels was 124,000 m3 (USACE 2018a and 2018b). Recorded 
sediment thickness at 373 locations, taken during field observations in the Montecito area, were used to estimate the 
possible debris volume over the inundation area in Montecito and Summerland. The total inundation extent in this area 
is 3,213,000 m2. The average deposit depth is 0.3 m with a standard deviation of 0.53 m. Because the data does not 
have a normal distribution and is heavily skewed by large outliers, the median of 0.2 m is used to estimate deposit 
volumes (Schiff and D’Agostino, 1996). The median deposit depth multiplied by the inundation area of Montecito and 
Summerland, gives an estimated deposited debris volume of 643,000 m3. This estimated volume, combined with the 
debris volume removed from debris basins and channels amounts to about 1,014,000 m3.  

The calculated inundation area and volume corresponds to a debris-flow magnitude 7 event according to Jakob 
(2005). Previous large magnitude events affecting similar areas to the January 9 event, include debris flows following 
the 1964 Coyote Fire and the 1971 Romero Fire; each impacted an estimated area of greater than 2 km2 for a magnitude 
5 classification (Lancaster, 2018; Jakob, 2005).  

5. Damages

The compilation of damages and costs follows the general methodology of Fleming and Taylor (1980) and includes
direct, indirect, and undetermined debris-flow damages within Santa Barbara County (damages were unavailable for 
Ventura County as of March 2019). Direct damages include repairs necessary to restore all structures and land 
sustaining physical damage immediately resulting from the debris flows. Indirect damages include secondary losses 
from the debris flows like loss of income or measures taken to mitigate additional debris-flow damages. Undetermined 
damages may be direct or indirect but are inseparable from damages due to the Thomas Fire based on available 
information. Cost information (Table 2) has been compiled from publicly available documents, such as press releases, 
presentations to board meetings, and news articles.  

Table 2. Summary of damages related to direct and undetermined costs in Santa Barbara County 

Direct Damage Costs 

Damage Cost (USD 2018) Data Source 

U.S. 101 debris removal $11,250,000 CALTRANS, 2018a 

bridge repairs; SR-192 $55,000,000 CALTRANS, 2018b 

Property insurance claims $422,000,000 California Insurance Commissioner, 2018 

Debris basin and channel removal $110,400,000 O’Dell, 2018 

Water district  $5,500,000 Montecito Water District, 2019 

Indirect Damage Costs 

Lost wages due to U.S. 101 closure $25,000,000  RDN, 2018 

Installation of 6 debris ring nets $4,000,000 Magnoli, 2019 

Undetermined Damage Costs 

County response and recovery $55,000,000 Santa Barbara County, 2018 

Disaster assistance loans $50,000,000 Small Business Association, 2018 

The total estimated cost of the debris flows alone, as of March 2019, is $633,150,000, with possible additional costs 
of up to $105,000,000 coming from undetermined costs (Table 2). About 64% of the direct costs come from residential 
property insurance claims. There were insured losses of $388,000,000 from 1,415 residential personal property claims, 
$27,200,000 from 235 commercial property claims, and $6,700,000 from 388 auto and miscellaneous property claims. 
Potential damages and costs that cannot be quantified include impacts to the capacity of Gibraltar Reservoir, on the 
north side of the Santa Ynez Mountains (City of Santa Barbara, 2018), environmental repercussions to local beaches 
(Molina, 2018), and continued legal action against utility companies for alleged exacerbation of the fire and debris-
flow damages (Okada, 2019). 
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6. Summary and discussion

Large magnitude, post-fire debris flows of 9 January 2018 took 23 lives as a result of extreme precipitation 
associated with a narrow band of high-intensity rainfall occurring in the vicinity of a cold front, known as a narrow 
cold frontal rainband (NCFR). The NCFR appears to have controlled the distribution of debris-flow initiation across 
the burn area. Collectively, the debris flows triggered by the 9 January 2018 event correlate to a magnitude 7 post-fire 
debris-flow event (Jakob, 2005), with a depositional volume of over 1,000,000 m3 in the Montecito and Summerland 
area. Costs associated with this event have exceeded a half billion dollars, as of January 2019. 

NCFRs have been previously observed as a trigger for post-fire debris flows in southern California (Oakley et al., 
2017), but there are no known studies on the frequency of the occurrence of these features in southern California. A 
similar damaging NCFR event in the region was the Springs Fire debris flow in Camarillo, CA on 12 December 2014 
(Sukup et al., 2016) which also had unremarkable storm totals but high-intensity, short duration rainfall.   

Several regions received precipitation in excess of post-fire debris flow triggering thresholds, yet debris flows were 
not identified as mappable based on our interpretive approach. These include the Sulphur Mountain region and the 
area around Rincon Point. The lack of debris flows in the Sulphur Mountain area is attributable to relatively lower 
watershed average slope values as well as generally low soil burn severity. Conversely, the Rincon Point area is 
typified by steeper sloping terrain and moderate to high soil burn severity, thus it is possible there were finer-scale 
erosional processes that triggered mudflows lacking levee features, as these areas are underlain by fine-grained 
sediment sources.  

Jakob (2005) classifies boulder debris flows up to magnitude 6, where magnitudes 7-10 are used only for volcanic 
debris flows. He justified excluding boulder debris flows from larger magnitude classification because only volcanic 
debris flows were known for having large runouts due to their fluidized nature. The depositional overlap of these debris 
flows restricts the ability to separate material by watershed, so they are considered here as an aggregate event. The 
cumulative estimated volume for this event is greater than 1,000,000 m3, and the inundation area is over double the 
value used for the magnitude 6. Thus, based on the combined inundation areas, we classify the event as a magnitude 
7 debris flow. 

We anticipate that our compiled damage estimates will be further refined, but may ultimately underestimate the 
true cost of the debris flows, as there is no way to quantify the injuries or the loss of life, and documentation of damages 
to physical structures may never be comprehensive (Fleming and Taylor 1980; Godt, 1999; Taylor and Brabb, 1972). 
As documentation of economic losses improve with time, we speculate that the cost for this event may exceed 
$1 billion dollars.  
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Abstract 

The Colorado Geological Survey (CGS) has been using ArcGIS in combination with Flow-R to prepare county-wide debris-flow 
susceptibility maps for 43 counties in 13 priority areas comprising the mountainous portions of the state. Limited personnel, site 
access, and limited records of recent events constrain the CGS’s ability to calibrate models based on historical data or field 
observations. In response to these limitations, the CGS has developed methods to parameterize county-wide debris-flow source 
area and inundation area models in characteristic regions using recently available high-resolution (e.g., 1 m) digital elevation data. 
Method development has been continually evolving. The current process relies on an analyst who selects a subset of drainages of 
various sizes from unique regions within each county and manually identifies potential debris-flow source and deposition areas 
based on the digital terrain data or, if available, historical aerial imagery. The analyst records characteristics of identified source 
areas and initiates a series of test runs using a range of potential inundation area model parameters. The analyst visually interprets 
the source-area characteristics and inundation area model results and selects a single set of parameters to apply to similar drainages 
across the county. This paper presents current parameterization methods and discusses anticipated future improvements. 

Keywords: Debris Flow; Model; Parameterization. 

1. Introduction

An extreme rainfall event in September 2013 caused severe flooding and triggered over 1,000 debris flows the in
the Front Range of the Rocky Mountains in Colorado (Morgan et al., 2013b, 2013a; Coe et al., 2014; Godt et al., 2014; 
Anderson et al., 2015). Combined impacts from debris flows and water flooding included eight fatalities and extensive 
damage to roads and residences (Coe et al., 2014). In response to this event, the Colorado General Assembly passed 
Senate Bill 15-245 (Grantham and Young, 2015), which established funding for natural hazards mapping (updated 
flood plain maps, fluvial erosion zone maps, and debris-flow maps). The bill included the following tasks: (1) convene 
an interagency panel chaired by the Colorado Geological Survey (CGS) to establish priority areas and develop debris-
flow mapping methodology; (2) conduct pilot projects to develop debris-flow susceptibility maps for the two highest-
ranked priority areas (5 counties), and (3) develop a five-year implementation and funding plan to map the remainder 
of the priority areas. The maps are intended for use by planners and regulators to support review of site-specific 
geologic hazard reports submitted for development purposes as required by law, and by professional geologists 
planning detailed site-specific geologic hazard studies. 

The CGS established 13 priority areas comprising 43 counties in the mountainous portions of the state (Fig. 1). 
Priority Areas 1 and 2 consist the three counties directly impacted by the September 2013 event and three additional 
counties along the Front Range Urban Corridor with either relatively high population density or high development 
pressure along the range front or in mountain valleys. Priority Areas 3 and 4 comprise counties along Interstate 70, an 
important transportation corridor. The remaining areas were prioritized by the CGS based on a combination of 
anticipated development pressures and availability of lidar data or plans for future lidar data collection. Due to the 
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large geographic area (~183,000 km2), relatively short time frame (5 years), and desire for an objective process, the 
CGS chose a model-based mapping approach. The CGS selected Flow-R (Horton et al., 2013) because of its capability 
to produce regional-scale maps with relatively few input parameters and because of its successful application in other 
regions (e.g., Horton et al., 2011; Kappes et al., 2011; Fischer et al., 2012; Blais-Stevens and Behnia, 2016). For each 
county in Priority Area 1, model parameters were selected based on literature values (e.g., Horton et al., 2011; 
Jaboyedoff et al., 2011; Kappes et al., 2011; Michoud et al., 2012; Horton et al., 2013) and a single county-wide model 
was run. Parameters were not specifically calibrated to the local conditions; however, a CGS geologist with experience 
mapping debris-flow hazard areas in Colorado compared the model results to recent observations (Morgan et al., 
2013b, 2013a; Coe et al., 2014; Godt et al., 2014) and manually revised the computer-generated outputs in a tedious 
and time-consuming process. The resulting maps were published as CGS Open-File Reports (Morgan et al., 2014; 
Wait et al., 2015) and the GIS polygons were made publicly available through the Colorado Hazard Mapping 
(CHAMP) web portal (coloradohazardmapping.com). For each of the first three pilot counties in Priority Area 2 
(McCoy et al., 2018a, 2018b, 2018c), the CGS tested a small range of model parameters prior to running a single 
county-wide model, in an attempt to calibrate the model to local conditions and reduce the manual revision effort. 
However the computer-generated outputs were only slightly improved and significant manual revision based on 
records of recent events was again required to create a satisfactory map. Ongoing work described in this paper seeks 
to further improve the process to facilitate modeling in areas with minimal historical record and eventually eliminate 
the manual revision step. 

Fig. 1. The colored polygons illustrate the 13 debris-flow susceptibility mapping priority areas as delineated by the CGS; these priority areas 
comprise 43 counties (black outlines). Diagonal hachures show where debris-flow susceptibility maps have been published. Horizontal hachures 
show where debris-flow susceptibility mapping is in progress. Purple dots show debris-flow initiation points from the CGS debris-flow inventory. 
The green polygon outlines the study area discussed in this paper. 

Fig. 1 shows points representing debris-flow source areas from a preliminary inventory of recorded debris-flow 
initiation locations and/or travel paths compiled by the CGS from previous CGS studies (Morgan et al., 2013a, 2013b), 
data provided by the United States Geological Survey (USGS) (from Coe et al., 2014; Godt et al., 2014), published 

783

http://coloradohazardmapping/


McCoy / 7th International Conference on Debris-Flow Hazards Mitigation  (2019) 

literature (Godt and Coe, 2007), and limited aerial image analysis recently performed by the CGS. Much of the 
currently available inventory occurs in Priority Areas 1 and 2, where debris-flow susceptibility maps have already 
been published by the CGS and geologic variability is relatively limited. Diverse geologic conditions and lack of 
historic records of initiation or transport conditions in most of the remaining priority areas create challenges for 
evaluating model calibration. Limited personnel and limited access to private land or remote areas impose further 
constraints. In response to these limitations, the CGS has developed methods to parameterize county-wide debris-flow 
source area and inundation area models in characteristic regions using recently available high-resolution (e.g., 1-m) 
digital elevation data. Method development has been continually evolving. This paper discusses current 
parameterization methods and goals for future improvements. 

2. Methods

2.1. Overview 

Methodology consists of (1) data preparation, visual interpretation of high-resolution terrain data, and selection of 
a subset of drainages for model parameterization; (2) parameterization and modeling of source areas in ArcGIS for 
each subset; (3) parameterization and modeling of transport and using Flow-R; (4) modeling source and inundation 
areas using the selected parameters, for each unique region in the county, and (5) visual review and any necessary 
manual editing of the outputs to produce the final susceptibility polygons. The following sections discuss each of these 
steps with examples from the study area shown on Fig. 1. The study area overlaps with the study area of Godt and Coe 
(2007). As a test of this methodology, the source area and inundation area models calibrated using this methodology 
were compared to the inventory of debris-flow source, transport, and deposition areas from Godt and Coe (2007). 

2.2. Data Preparation and Visual Interpretation 

The CGS has access to nominal 1-m horizontal resolution lidar data for Priority Areas 1, 2, 3, and 4, and portions 
of other priority areas in the state. This data was collected through various collaborative efforts with funding from the 
Colorado Geological Survey, the Colorado Water Conservation Board (CWCB), the USGS, and other state and federal 
agencies. The first step in the mapping process is to prepare GIS derivatives from the lidar-based digital elevation 
model (DEM). The raw DEM is used to prepare visualization aids. A downgraded DEM (typically 3- or 5-m resolution) 
is created from the lidar DEM for modeling to reduce noise in the data and improve computing performance (see 
discussions by Horton et al., 2013; Baum, 2017). Table 1 lists key GIS derivatives produced from the raw and 
downgraded DEMs and their respective uses. Most derivatives are prepared using ArcGIS geoprocessing tools, but 
some (e.g. Topographic Wetness Index, D-Infinity slope) are prepared using TauDEM Version 5 
(http://hydrology.usu.edu/taudem/taudem5). Visual interpretation primarily relies on a classified slope map (based on 
values from VanDine, 1996; and Horton et al., 2013) and a classified synthetic stream network (based on values from 
Wilford et al., 2004) as shown in Fig. 2a, and 1-m interval elevation contours (not shown). 

Table 1. List of key GIS derivatives created from lidar DEM. 
Purpose Lidar DEM (1 m typical) Downgraded DEM (3 or 5 m typical) 
Visual Interpretation Multidirectional hillshade 

Slope map 
1-m interval contour lines 

Topographic Wetness Index (TWI) 
Plan curvature 
Distributed Melton ratio 
Distributed length to drainage divide 
Synthetic stream network 

Source and Inundation Modeling None DEM 
Slope 
Plan curvature 
Topographic Wetness Index 
Flow accumulation 
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After the derivatives are prepared, an analyst (i.e. a CGS geologist or hazard analyst) visually examines the DEM 
derivatives and other digital data (e.g. digitized geologic maps, land use maps, climate maps, and/or aerial imagery) 
to identify potential debris-flow prone areas (i.e. fans, cones, alluvial wedges and/or steep, narrow gullies). During 
this process, the analyst selects regions with similar geology, regional elevation, fan size and slope, drainage size and 
slope, and/or synthetic stream network classification. For each region, the analyst selects a subset of drainages for 
parameterization and creates GIS points representing initiation (starts), onset of deposition (fan heads), and end of 
process (ends). Initiation points are typically placed where evidence of landslides or gully erosion is visible in the 1 m 
terrain data. Onset of deposition is typically assumed at fan heads; where evidence of fan incision is clearly visible, 
the “fan head” point is moved to the lower end of the incised portion of the fan. This is typically a judgement call by 
the analyst as the CGS has not defined a fan incision threshold. End points are typically placed where fan or cone 
angles decrease to less than 4 degrees, based on the description of composite fans by Lancaster et al. (2012), unless 
other evidence is available (e.g. records of previous events, knowledge of unique local conditions, clear fan edge 
visible with 1-m contours). Fig. 2b shows some interpreted start, fan head, and end points from the study area. 

Fig. 2. (a) classified slope map (based on values from VanDine, 1996; and Lancaster et al., 2012) and classified synthetic stream network 
(streams defined by contributing area >= 0.01 km2, classification based on values from Wilford et al., 2004) on 1 m hillshade; (b) subset of Start, 
Fan Head, and End points selected by visual analysis for parameterizing source area and inundation area models. 

2.3. Parameterization and Modeling of Debris-Flow Source Areas 

Source areas, defined by steep (typically > 15°) channels and gullies, and/or colluvial hollows on steep (typically 
> 24°) slopes, where debris-flow generating landslides, erosion, and transport may occur, are identified in ArcGIS. In 
general, the process involves classifying individual downgraded DEM derivatives (slope, plan curvature, topographic 
wetness index (TWI) and/or flow accumulation) into sources or non-sources using threshold values and overlaying the 
classified rasters to select the cells that are classified as “sources” in all raster layers. Fig. 3 shows the key derivatives 
typically used in the source area model. Specifically, parameterization involves extracting values from the key 
derivative rasters at each analyst-defined “Start” point, selecting initial threshold values for each raster based on these 
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extracted values, reclassifying each raster into sources and non-sources, iteratively reviewing and revising the 
threshold values until the analyst is satisfied with each classified component raster, and overlaying the final classified 
component rasters. The analyst then performs a manual cleanup step to remove clearly erroneous sources (i.e. on 
manmade objects or large, bare rock outcrops) or to add apparent sources that were missed by the computer model. 
The final source raster is exported from ArcGIS to a format compatible with Flow-R. The CGS performs classification 
and overlay in ArcGIS to facilitate visual evaluation and iterative revision of individual threshold values based on the 
analyst’s judgement. Aside from the ability to perform this review/revision step, the method is conceptually similar 
and produces similar results to the “Source areas” calculation available in the Flow-R software (Horton et al., 2013) 
and an analyst could just as easily use Flow-R for that purpose if they are confident in the applicability of their selected 
threshold values. 

Fig. 3. Downgraded (3 m resolution) DEM derivatives for the debris-flow source area model: (a) D-infinity slope (degrees); (b) Topographic 
Wetness Index (TWI); (c) plan curvature. 
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2.4. Parameterization and Modeling of Debris-Flow Transport and Runout (Inundation Area Model) 

Inundation areas are modeled with Flow-R. The governing equations and fundamental assumptions of the model 
are discussed by (Jaboyedoff et al., 2011; Horton et al., 2011, 2013), detailed discussion of the governing equations is 
beyond the scope of this paper. Guidelines for selecting parameters in areas with records of recent events or where 
site-specific geologic studies have been performed have been provided previously (e.g., Jaboyedoff et al., 2011; Horton 
et al., 2013). This section discusses methods used by the CGS to parameterize the inundation area model in areas with 
little to no records of recent events or site-specific geologic studies. 

Parameterization involves: (1) energy model parameterization - selecting a friction loss function, selecting friction 
model parameters, and deciding whether to apply a velocity limitation; and (2) spreading model parameterization - 
selecting direction and inertial algorithms. For the County-Wide Debris-Flow Susceptibility Mapping Program, the 
goal is to identify a single set of energy and spreading model parameters for each unique analyst-defined region within 
the county. First, a series of energy model runs initiating at the analyst-defined Start points are run with friction 
parameters that vary within a range defined by literature values (e.g., Horton et al., 2011, 2013; Fischer et al., 2012; 
Blais-Stevens and Behnia, 2016) and no spreading (D-8 flow direction). The analyst compares the model results to the 
analyst-defined end points and selects the parameters that best fit the most drainages within the selected region based 
on visual interpretation. The CGS has used both the two-parameter friction model of Perla et al. (1980) and the 
simplified friction-limited model (SFLM) for previous maps. For the example discussed in this paper, the CGS chose 
the SFLM because it has fewer parameters to vary, and as discussed by (Jaboyedoff et al., 2011), it should provide 
similar travel distance to the more precise two-parameter friction model for a given drainage if an appropriate velocity 
limit is applied. For the example discussed in this paper, the CGS applied a velocity limitation of 15 m/s based 
following Horton et al. (2013). 

Once the energy model parameters have been selected, they are held constant and a series of model runs with 
varying spreading parameters is performed. The analyst visually evaluates the results and selects the model that covers 
the most fan area without excessive spreading in source and steep transport areas. If the analyst cannot find an 
acceptable balance of runout and spreading parameters for all drainages in the region, the need for further sub-division 
into additional regions is evaluated and the process is repeated. Once parameters are selected, a single model is run for 
all source areas in each region. The resulting rasters are converted to simplified polygons in ArcGIS. The analyst then 
performs a final cleanup on the polygons to remove holes and adjust boundaries where needed. 

3. Discussion and Goals for Future Improvement

Table 2 presents the selected model parameters. Fig. 4 shows examples of several inundation area runs and the final 
susceptibility polygons and Fig. 5 compares the final model results with debris flows mapped by Godt and Coe (2003 
and 2007). Fig. 4 shows that the model does a fairly good job of identifying the prominent fans and Fig. 5 shows that 
it does a fairly good job predicting occurrence and inundation for the larger flows; however, the model under-estimates 
occurrence high in the drainages, over-estimates occurrence in general, and over-estimates travel distance for smaller 
flows. It’s possible that some of these issues are caused by factors not considered in the Flow-R model (e.g. flow 
volume), or that distinguishing between channelized and open-slope flows is necessary to improve the results. Visual 
observations of the 1-m terrain data that suggest many areas identified by the model may be subject to debris flows 
even though they were not inundated in the mapped event, but additional field studies would be required to resolve 
this uncertainty. Given the goal of identifying areas for more detailed site-specific analysis, over-predictions of travel 
distance relative to a single observed event (where reasonable based on the terrain) may not be of significant concern. 

Table 2. Selected model parameters. 
Source Area Parameters Energy Model Parameters Spreading Model Parameters 
Slope >= 15◦ 
Slope <= 40◦ 
Plan Curvature <= -3 
TWI >= 7.5 

SFLM 
Travel Angle = 10° 
VLim = 15 m/s 

Directions: Holmgren Modified 
         dh = 2.0 
       exp = 4.0 

Inertia: Gamma (2000) 

The process described in this paper was developed to help the CGS apply a model-based approach to the county-
wide debris-flow susceptibility-mapping project when moving outside of the areas covered by the inventory of recent 
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observations. The parameterization process described in this paper has generally improved the mapping process 
compared to the initial methods; however, there is still room for significant improvement. As of March, 2019, the CGS 
has partially completed development of a more objective process that still relies on an analyst to manually identify 
initial source and deposition areas, but enables significantly more model runs and uses a statistically based method of 
selecting the best model fits. It is anticipated that the updated process will improve on the methods described herein. 

Fig. 4. (a) Examples of energy model tests for travel angles of 7 (red), 10 (yellow), and 11 (blue) degrees, respectively with a velocity limitation 
of 15 m/s for each. (b) Analyst-revised inundation area polygons (red outlines) and raw output of the regional inundation area model using the 
final selected parameters. The raw output is provided for illustrative purposes. Typically, only the final polygons are provided. 

Fig. 5. Comparison of combined source and inundation area model results (yellow-red colored) with mapped debris flows (purple polygons) from 
Godt and Coe (2003 and 2007). The model does a fairly good job of predicting flow occurrence and inundation for large flows; however, it 
under-estimates occurrence high in the drainages, over-estimates occurrence in general, and over-estimates travel distance for smaller flows. 
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Abstract 

About 200 landslides and debris flows occurred in Northern Kyushu during heavy rain at Asakura City, Toho Village, Hita City 
on July 5th to 6th, 2017. At Hita City, the total precipitation during this two-day event was 402.5 mm. At Asakura city, underlain 
by granitic rocks and schist, shallow landslides dominated. Whereas, at Toho Village and Hita City, which is underlain by volcanic 
rocks, the number of landslides and debris flows are fewer, are larger and deeper, than those at Asakura City. 
We examined the geomorphology and geology at 19 landslides in volcanic rocks, 11 of which mobilized as debris flows. We 
studied the initiation mechanism of landslides underlain by volcanic rocks. The geology consists of pyroclastic rocks and lava flows 
in ascending order. The lava flows are distributed at ridges and contain vertical cooling joints. Scarps of landslides caused by the 
2017 rain are located near the boundary of pyroclastic rocks and lava flows. The sliding surfaces of these landslides are at the 
contact between the lava flows and the pyroclastic rocks. We consider, therefore, that the trigger for these landslides was a decrease 
of strength at the contact caused by an increase in groundwater pressure caused by infiltration of rain water through the cooling 
joints in lava flows. Therefore, we conclude that the landslides caused by the 2017 heavy rain at volcanic rock fields are cap rock 
type landslide. Furthermore, the curvature of the hillsides downslope from landslides is concave, which may be a required condition 
for debris-flow mobilization. 

Keywords: landslide ; heavy rain fall ; volcanic rocks ; cap rock 

1. Introduction

About 200 landslides and debris flows occurred in Northern Kyushu during heavy rain at Asakura City, Toho
Village, and Hita City on July 5th to 6th, 2017. The event, which was named “the 2017 Northern Kyushu heavy rain” 
by the Meteorological Agency of Japan, was induced by back building storms that caused heavy rain fall (Tsuguchi, 
2017). The morphology of northern Kyushu Mountains including the Seburi Mountains and the Samgun Mountains, 
contributed to concentration and intensification of rains in the training (Tsuguchi, 2017). The training occurred at east 
end of the Seburi Mountains and traversed to the east into Asakura, Toho and Hita. Therefore, the amount of rainfall 
was greater at Asakura City than in Hita and Toho districts. The precipitation during the two days at Asakura area was 
150% of that in the Hita and Toho districts. 

At Asakura City in Fukuoka Prefecture, many debris flows, which initiated from landslides and contained a large 
quantity of fallen trees, occurred along rivers. These debris flows entered downstream town areas and caused huge 
damages. The source of debris flows at Asakura City was many small, shallow landslides with a few large landslides 
(Nishimura et al., 2018). In contrast, large landslides were the source of debris flows at the Hita and Toho districts 
(Nishimura et al., 2018). The geology of Asakura City area consists of metamorphic rocks and granitic rocks. On the 
other hand, volcanic rocks underlie the Hita and Toho areas. Therefore, at the Hita and Toho areas, large landslides 
occurred without small landslides in spite of only receiving two-thirds of the amount of rainfall of the Asakura area. 

We examined the factors contributing to the occurrence of large landslides caused by a smaller amount of rainfall 
at Hita and Toho. This paper reports the characteristics of rainfall and the topographical and geologic conditions at 
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landslide sites in Hita City. We also discuss the initiation conditions for landslides that occur in areas underlain by 
volcanic rocks. 

2. Regional Topography and Geological Settings at the Hita and Toho districts

The Chikugo River runs trough the area whrere many landslides and debris flows occurred (Fig. 1). The Hita Basin
and the Ryochiku Plain are adjacent to the river. The Samgun Mountains and the Hiko Mountains are on northern side 
of the river and contain some peaks of 1000 m in elevation. Tributary rivers such as the Oohi River and the Ono River 
join the Chikugo River from the north (Yada, 2018). The landslide and debris flow event occurred along the tributary 
rivers. 

Fig. 1. Topographical map around the Hita, Toho, and Asakura area. This map is based on the digital map published by the Geospatial 
Information Authority of Japan. The red frame shows a field survey area of Fig. 6. Red point shows the Hita AMeDAS point. 

Fig. 2. Geological map around the Hita, Toho, and Asakura area (Geological Survey of Japan, AIST, 2015). The red frame shows a field survey 
area of Fig. 6. 
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Asakura City is underlain by metamorphic and granitic rocks (Fig. 2). The metamorphic rocks are part of the 
Samgun Metamorphic Belt and consist of pelitic schist and sandy schist with a small amount of green schist (Yada, 
2018). The granitic rocks consist of mainly biotite hornblende granodiorite, which are part of the Soeda Granodiorite. 
The granitic rocks intruded into the metamorphic rocks, therefore the metamorphic rocks adjacent to the granitic rocks 
transformed to hornfels by contact metamorphism (Yada, 2018).  

In the Hita and Toho districts on the eastern side of the Oohi River, Neogene and Quaternary volcanic rocks are 
distributed widely. The volcanic rocks consist of lavas, pyroclastic flows, and pyroclastic fall deposits. At the top of 
some peaks in Asakura City, there are also volcanic rocks (Yada, 2018). 

3. Precipitation on July 5th to 6th at Hita City

At Hita City, the observed maximum hourly rainfall on July 5 and 6 at the AMeDAS (Automated Meteorological
Data Acquisition System) point was 74 mm, the maximum 3 hour rainfall was 180.5 mm and the maximum 24 hour 
rainfall was 369.5 mm (Fig. 3). The total precipitation during this two-day event was 402.5 mm. The precipitation at 
Hita was smaller than that at the Asakura AMeDAS point, where the maximum hourly rainfall was 129.5 mm, the 
maximum 3 hour rainfall was 261 mm, and the maximum 24 hour rainfall was 545.5mm (Tsuguchi, 2017). However, 
the two days of precipitation at Hita was the most that had occurred there in the past seven decades, and the 
precipitation in two days exceeded 400mm that had occurred only two times during same seven decades. 

Fig. 3. Observed precipitation at Hita AMeDAS point. 

Fig. 4. Distribution of two days of precipitation and large landslides in the Hita, Toho, and Asakura area (Nishimura et al., 2018). The black 
frame shows a field survey area of Fig. 6.  
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Fig. 4 shows the distribution of two days precipitation in the Asakura, Toho, Hita districts, which was estimated by 
meteorological radar (Nishimura et al., 2018). In the mountainous areas, the radar estimated that precipitation during 
the two day period exceeded 550 mm. In areas near Asakura City, the distribution of landslides corresponded to a huge 
precipitation zone, whereas the landslide distribution in Hita City did not agree with the estimated precipitation (Fig. 
5). 

4. Distribution of Landslides and Debris Flows at Hita City

Fig. 5 shows the distribution of landslides and debris flows in the Asakura, Toho and Hita districts (Geographical
Survey Institute, 2017). Numerous landslides and debris flows occurred in the mountainous area of Asakura City that 
coincides with the zone of high precipitation (Fig. 4) and the location of metamorphic and granitic rocks. In the Hita 
and Toho districts, where volcanic rocks are locates, there were fewer landslides and debris flows than at Asakura City. 

Nishimura et al. (2018) interpreted 189 landslides in Fig. 5, which had areas of 1,000 m2 or more. Thirty-five 
landslides exceeded 6,000 m2 in area. Six landslides with areas of 10,000 m2 or more were detected (Nishimura et al., 
2018), and two landslides of the six were in volcanic rocks. Furthermore, they said that twenty landslides were located 
in volcanic rocks, 142 landslides were located in metamorphic rocks, twenty-three landslides in granitic rocks and four 
landslides in sedimentary rocks. Nishimura et al. (2018) show that small landslides were dominant in areas underlain 
by metamorphic and granitic rocks, and that large landslides were dominant in areas underlain by volcanic rocks. In 
the volcanic rocks, there were 15 landslides with areas of 1,000 m2 or more, and six landslides in volcanic rocks had 
areas of 6,000 m2 or more. The median values of landslide areas in volcanic rocks, metamorphic rocks and granitic 
rocks are 4895 m2, 3830 m2 and 4081 m2 respectively. 

Fig. 5. Distribution of landslides, debris flows and floods in the Hita, Toho, and Asakura area (Geographical Survey Institute, 2017). Red: 
landslides and debris flows, Blue: flood area. The white frame shows a field survey area of Fig. 6. 

5. Geomorphological and Geologic Features at landslide and debris flow sites in volcanic rocks

We interpreted the geomorphological features at 19 landslides in volcanic rocks with two days precipitation
estimated by meteorological radar (Table 1). Eleven of 19 landslides triggered debris flow. It did not depend on a 
landslide area, the elevation of the scarp, the form at scarp and precipitation whether a landslide became the trigger of 
the debris flow. If landslides were followed by debris flow, the curvature of the hillsides downslope from landslides 
is concave. Occurrence of landslide were not controlled by geomorphology, because the form at scarp were various. 
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Table 1. The geomorphological features of landslides in volcanic rocks 
No. Landslide 

area (m2) 
Scarp elevation 
(m) 

Two days 
precipitation 
(mm) 

With or without 
debris flow 

Form of at scarp Form of the hillsides 
downslope from landslides 

Vertical  horizontal   Vertical  horizontal  

1 1,300  503  600  without convex straight convex straight 

2 1,815  432  500  with convex ridge concave valley 

3 3,214  334  550  without convex straight rectilinear straight 

4 7,915  388  500  with convex valley concave valley 

5 2,963  423  550  with convex ridge concave valley 

6 6,381  252  400  without convex valley convex valley 

7 67,600  379  400  without concave ridge convex ridge 

8 12,732  236  350  without convex straight rectilinear straight 

9 6,979  386  450  with convex valley concave valley 

10 6,285  681  550  with rectilinear valley concave valley 

11 5,479  544  600  with convex straight concave valley 

12 4,942  526  600  with convex ridge concave valley 

13 4,895  573  600  with rectilinear ridge concave valley 

14 4,727  323  550  with rectilinear straight concave valley 

15 4,701  652  550  with convex ridge concave valley 

16 4,276  315  500  without convex straight convex straight 

17 3,601  391  500  without concave valley concave valley 

18 3,302  319  300  without convex straight rectilinear valley 

19 1,072  575  500  with rectilinear valley concave valley 

Fig. 6. Geomorphological features in the surveyed area. Red symbols are landslides by the 2017 event, black symbols are scarps recognized from 
aerial photographs taken before the 2017 event, and blue symbols are knick lines. Numbers are  same as Tables 1, 2, and show representative 
landslides. 
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We analyzed the geomorphology and geology at eight landslides in detail. Detailed geomorphology at landslides 
was interpreted from aerial photographs which were taken before and after the event. Ground surveys were done to 
determine geologic units at representative 8 landslide sites. Fig. 6 shows the locations of analyzed landslides and 
results from the geomorphologic analysis. The geologic units at each landslide are shown in Fig. 7. The 
geomorphological features and geology are listed in Table 2. The results from these investigations suggest that; 

1) Existing landslide morphology will influence the occurrence of new landslides, because 6 of 8 landslides
investigated were situated near the older landslide scarps. 

2) At 6 of 8 landslides investigated rigid lava flow with cooling joints cover pyroclastic flow deposits which have
low permeability. Therefore, it is suggested that the geologic structure at scarp of landslides are cap rock structure. 
Furthermore, landslides occurrence did not be influenced by mineral assemblage of cap rock lava, because 2 of 6 lavas 
consist of hornblende-two-pyroxene andesite and other lavas consist of two-pyroxene andesite. 

3) Hydrothermal alteration of rocks is prevalent in the northeastern part of the study area, because only few
landslides were located in the northeastern part of the study area in spite of huge rainfall (Fig. 4). 

4) The geomorphological features such as the elevation and slope angle at scarp, the slope angle at sliding surface,
did not control whether a landslide triggered the debris flow. 

Table 2. The geomorphological features and geology of representative eight landslides 

Landslide No. 1  2  3  4  5  6  7  8  
Landslide area (m2) 1,300 1,815  3,214  7,915  2,963  6,381 67,600  12,732  
Scarp elevation (m) 503  432  334  388  423  252  379  236  
Slope angle at scarp (˚) 37 41 38 49 17 21 21 37 
Slope angle at sliding 
surface (˚) 

46  37 34 37 24 31 24 36 

Running distance of 
debris flow (m) 

non 900  non 800  1,000  non non non 

Two days of 
precipitation (mm) 

600  500  550  500  550  400  400  350  

Geology strongly 
hydrother
mally 
altered 
andesite 
lava 

bi-hb-2px 
andesite lava 
flow cap 
with 
pyroclastic 
flow 
deposits 
under layer 

strongly 
hydrother
mally 
altered 
andesite 
lava 

2px 
andesite 
lava flow 
cap with 
pyroclastic 
flow 
deposits 
under layer 

hb-2px 
andesite 
lava flow 
cap with 
pyroclastic 
flow 
deposits 
under layer 

2px 
andesite 
lava flow 
cap with 
pyroclastic 
flow 
deposits 
under layer 

2px 
andesite 
lava flow 
cap with 
pyroclastic 
flow 
deposits 
under layer 

2px 
andesite 
lava flow 
cap with 
pyroclastic 
flow 
deposits 
under layer 

Geomorphological 
feature 

not close 
to an old 
scarp 

close to an 
older scarp 

rectilinear 
slope, 
not close to 
an old 
scarp 

close to an 
older scarp 

close to an 
older scarp 

close to an 
older scarp 

close to an 
older scarp 

close to an 
older scarp 

Landslide Numbers are same as Fig. 6. bi: biotite, hb: hornblende, px: pyroxene 

6. Discussion

Landslides by 2017 event in volcanic rocks have some common features of geomorphology and geology (Table 
1,2). Those are that the scarp of new landslides is located close to an older scarp and that the cap rock andesite lava 
covers low permeable pyroclastic flow deposits at the scarp. The width of joints in lavas near older scarp maybe spread 
due to slope instability caused by old landslide. It is easy to infiltrate rain water through the spread joints in lava. 
Therefore, we suggest that the cap rock structure might contribute to the occurrence of new landslides because rain 
water would infiltrate through the jointed lava flows and pool on top of the pyroclastic deposits, thus increasing pore 
pressure, and promoting landslide initiation and sliding at the contact.  

There are only few landslides in the northeastern part of the study area in which hydrothermal altered volcanic 
rocks are distributed. At this area, the permeability of lavas maybe decreased by hydrothermal argillation. Therefore, 
at 2017 event rain water could not infiltrate into ground and ran off on slope surface, then only shallow and narrow 
landslides occurred. 

Eleven debris flows were observed in volcanic rocks at 2017 event. From the interpretation of aerial photographs 
and ground surveys, we cannot find out the significant factors which will control to trigger a debris flow from a 
landslide (Fig. 8). However, if landslide had high elevation at scarp and high two-days precipitation, debris flow will 
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be easy to occur. At all hillsides downslope from landslides in volcanic rocks, at which debris flow ran down, form of 
the hillsides was concave-valley type. The curvature of the hillsides downslope from landslides is concave, which may 
be a required condition for debris-flow mobilization. 

Fig. 7. Geology at each landslide. 

Fig. 8. Geomorphology and precipitation at landslides and debris flows. (a) the relationship between landslide area and scarp elevation, (b) the 
relationship between two days precipitation and scarp elevation. 
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7. Conclusions

We investigated landslides and debris flows which occurred in volcanic rocks in Hita and Toho districts in Northern 
Kyushu. These landslides and debris flows were triggered by heavy rain on July 5th and 6th , 2017. We mapped 
geomorphological and geological features of these land slide from aerial photointerpretation and ground surveys. The 
results from these investigations suggest that; 

1) Existing landslide morphology will influence the occurrence of new landslides, because 6 of 8 landslides
investigated were situated near the older landslide scarps. 

2) At 7 of 8 landslides investigated rigid lava flow with cooling joints cover pyroclastic flow deposits which have
low permeability. Therefore, we suggest that the cap rock structure might contribute to the occurrence of new 
landslides because rain water would infiltrate through the jointed lava flows and pool on top of the pyroclastic deposits, 
thus increasing pore pressure, and promoting landslide initiation and sliding at the contact. 

3) Hydrothermal alteration of rocks is prevalent in the northeastern part of the study area. Only few landslides were
located in the northeastern part of the study area. Therefore, it seems that altered rocks were minimally susceptible to 
land sliding during the 2017 rainfall event. 

4) We cannot find out the significant factors which will control to trigger a debris flow from a landslide. However,
the curvature of the hillsides downslope from landslides is concave, which may be a required condition for debris-
flow mobilization. 
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Abstract 

The widespread occurrence of Granite Massif landscapes in the Serra do Mar Range, south-southeast Brazil, is also connected with 
high incidence of debris-flow events. In recent years, the debris-flow events in Serra do Mar Range  have caused many deaths and 
great infraestructure losses. These events occur in high gradient watersheds covered by a thin regolith. This paper intends to analyse 
the connection between debris-flows-prone watersheds and granitic regolith. These rocks, quite abundant along the mountain chain, 
are resistant to weathering, and present large vertical gradients. In addition, they generate porous and cohesive regoliths, which 
support infiltration to the rain water. When saturated, these regoliths can generate shallow landslides, which can liquefy and flow 
along channels, depositing this material in colluvial fans in piedmont areas. From this point of view, we analysed two watersheds 
in a granitic terrain, both of similar size and that recently suffered catastrophic events of debris-flows: 1) the Guarda-Mão creek 
watershed in Itaoca region, which had an intense meteorological event in January 2014; 2) the Gigante creek watershed, in Serra 
da Prata, which suffered an event with nucleation of debris-flows in March 2011. Both basins present themselves a thin regolith 
and rock outcrops in higher areas, grading to thicker regoliths and colluvium deposits in the foothills, where the gravels are 
deposited in the colluvionar fan. Both basins have soil densities ( s) between 2.4 and 2.7 g/cm³, reflecting the presence of primary 
(quartz, feldspar) and secondary minerals (illite, kaolinite, montmorillonite and iron oxides). Both materials are porous (32% to 
44%), with plasticity indices (PI) between 1% and 17%. Most materials have low plasticity, although the Gigante creek watershed 
is even lower, between 1 and 5%. The analysed watersheds are typical of granite/granitoid terrains in Serra do Mar Range, and 
present great similarity. Further studies should consider the morphometric characteristics of these basins, the mechanisms of rupture 
and the regoliths liquefaction processes, besides modelling the deposition in fan areas. This understanding could bring 
improvements to disaster risk management strategies throughout the Serra do Mar region. 

Keywords: debris-flow, granitic regolith, geotechnical properties 

1. Introduction

Serra do Mar is mountainous landscape associated with escarpments fault that span for over 1,500km alongside the
Brazilian south and south-eastern coast (Fig. 1), reaching an elevation of 2,000 m” (Vieira and Gramani, 2015). Most 
of that landscape is associated with granitic and/or gneissic rocks substrate. Because of these gradients, topography 
and slope materials, the Serra do Mar Range often presents   flow-type slides, especially debris-flows, (Vieira and 
Gramani, 2015; Fernandes et al., 2004; Kanji et al., 2017), causing serious damages and loss of lives (Table 1).In 
recent years, a series of catastrophic events occurred throughout the region, forced the Brazilian government to change 
the legislation, besides promoting a more integrated disaster risk approach. Meanwhile this approach was progressing, 
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turned it out evident the relationships among debris-flow, Serra do Mar watersheds and granitic/gneissic regolith. 
Based on estimates, more than half of the debris-flows in the Serra do Mar range occur in granitoid or orthogneisses 
rocks of the same composition. 

The abundant Archaean to Cambrian granitic and granitoid rock bodies in Serra do Mar Range are mostly situated 
in the hilltops, given their resistance to weathering (Modenesi-Gaultieri et al., 2002; Hiruma et al., 2008). The resultant 
granite-derived regolith has a generally silty-clayey to sandy-silty composition, with the common development of 
blocks (corestones) in deeper zones (Picanço et al. 2019; Scott and Pain, 2009). Understand these relationships could 
improve the mapping methods now in progress.  

However, these connections are not easily perceived. Most of the watershed geomorphological and geotechnical 
data are geographically disperse and difficult to gather. To start the comprehension of these relationships between 
granitoid terrains and debris-flows in Serra do Mar range, we proposed the comparative discussion of two typical 
debris-flow occurrence areas. 

 The chosen areas where occurred flow slide events consist of  sub-basins with more than 90% in granite substrate: 
the Gigante creek watershed in the Serra da Prata region (March/2011) and the Guarda-Mão creek watershed near the 
Itaoca town (January/2014) (Fig. 1).  

Fig. 1 -   The Serra do Mar Range in south-southeast Brazil, showing the main escarpments. The investigated areas, Itaoca and Serra da Prata are 
localized in the map. The filled circles are related to main events associated to debris-flows recorded in the literature. Each number corresponds 
to events displayed in Table 1. SC: Santa Catarina State; PR: Paraná State; SP: São Paulo State; MG: Minas Gerais State, and RJ: Rio de Janeiro 
State.  
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Table 1. Selected debris-flow occurrences in the Serra do Mar range. 

N° Year Area, State (Deceased People) and material losses Lithotype Ref. 

1 1888 Morretes (PR) (8) Floods and landslides Granite, gneiss, schists 1 

2 1967 Caraguatatuba (SP) (120) 400 houses and highways destroyed,  Migmatite, granite-gneiss, mafic rocks 2 

3 1967 Serra das Araras 
(RJ) 

(>1,200) > 100 houses destroyed, highways 
damaged, destruction of hydroelectric plant 

N/d 2 

4 1969 Morretes (PR) Floods and landslide Granite, gneiss, schists 1 

5 1975 Paranaguá  (3) Debris-flow occurence Granite, gneiss, schists 1 

6 1975 Grota Funda (SP) Damage to railway pillars Gneiss 2 

7 1976 Cubatão (SP) N/d Gneiss, granite, migmatite 2 

8 1976 Cubatão (SP) N/d Gneiss, granite, migmatite 2 

9 1986 Lavrinhas (SP) (11) houses, bridges and highways destroyed N/d 2 

10 1988 Petropolis (171) 5,000 displaced, 1,100 houses 
interdicted 

Granite, gneiss, migmatite, schist, quartzite 
marble 

2 

11 1994 Cubatão (SP) N/d Gneiss, granite, migmatite 2 

12 1995 Quiriri (SC) Houses destroyed, higway interdicted Granite, gneiss, schists 1 

13 1996 Quitite/Papagaio 
(RJ) 

(62) 200 houses destroyed Gneiss, granite, tonalites, quartzite 2 

14 1996 Ubatuba (SP) Highway damaged, need for slope 
stabilization, water capture facility damaged 

Schist, filonite/migmatite gneiss, foliated granite 2 

15 1996 Cubatão (SP) N/d Gneiss, granite, migmatite 2 

16 1996 Soberbo Highways, 
RJ 

N/d Gneiss, migmatite, granite  2 

17 1999 Via Anchieta Km 42 
(SP) 

200 m of affected road, traffic stopped for 
several weeks, water capture facility affected  

N/d 2 

18 2001 Rio de Janeiro, 
Petropolis (RJ) 

(40) 164 wounded people N/d 2 

19 2002 Petropolis (RJ) (88) Houses destroyed Granite, gneiss, migmatite, schist, quartzite, 
marble 

2 

20 2010 Angra dos Reis (RJ) (53) 800 displaced people, houses destroyed N/d 2 

21 2010 Rio de Janeiro (RJ) (253), 1,410 displaced people, and  338 
dislodged 

N/d 2 

22 2011 Nova Friburgo (RJ) (772) >300 disapeared, genereralized 
destruction 

Granite, gneiss, schists 2 

23 2011 Serra da Prata (PR) (3) 221 wounded, 33 dislodged, highway 
interrupted, houses and crops destroyed 

Granite, gneiss, schists 3 

24 2014 Itaoca (SP) (27) 3 disapeared, houses destroyed Granite, quartzite 4 

Data sources: 1) Picanço et al., 2017; 2) Vieira and Gramani, 2015; 3) Picanço and Nunes, 2013; 4) Brollo et al., 2015.  
N/d: non-available data. 

2. Regolith profiles

The Guarda-Mão creek watershed in Itaoca area (Fig. 2a) has substrate constituted by Proterozoic granites, with a
small portion in the highest hilly area capped by fine quartzites. The basin height is 657 m. The granitic rock is grey 
to pink, medium to coarse granulometry, homogeneous and massive texture, locally with porphyritic crystals. The 
granite has some portions with hydrothermal alteration. It presents a thin residual regolith in the regions of steeper 
slopes. This regolith is deep in the less inclined slopes and associated with colluvial material. Fluvial material occurs 
near the slope base. Locally, sand and gravel strings could be observed, derived from older debris-flows and debris 
floods.  
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In the Serra da Prata area, the Gigante creek watershed (Fig. 2b) has the largest part of its substrate formed by 
Proterozoic granitic rocks, with small occurrences of filonites, schists, and Mesozoic basic dykes (Cury, 2008). The 
granites vary from grey coarse-grained, porphyritic granites with biotite and hornblende to pinkish, medium- to fine-
grained equigranular granites. The coarser granites are more weathering resistant and consist the highest part of the 
mountains. The watershed gradient is 665 m high. The residual regolith is a thin veneer in the upper portions of the 
watershed, with thicknesses of up to 5 m in the lower areas. Based on their geological and geotechnical characteristics, 
the residual regoliths (Tab 2) were separated in a) collapsed saprolith; b) saprolith; and c) saprock, in the transition to 
bedrock (Scott and Pain, 2011). The transported material was referred as colluvium.  

Fig. 2. (a)  The Guarda-Mão creek watershed, in Itaoca region, before the debris-flow episode; (b) The Gigante creek watershed, in Serra da Prata 
area, with the main debris-flow zone areas.  

The analysed regoliths in Guarda-mão creek watershed shows a sandier profile (Fig. 3a) than the regoliths from 
Serra da Prata watersheds. On the other hand, the weathering profile in the Gigante creek watershed (Fig. 3b) begins 
with a clayey-silty texture (sample 106A in the Fig. 3b), while the least weathered materials in depth are silty-sandy 
(sample 106D in the Fig. 3b). The presence of blocks and boulders increases in the transition from saprolite to altered 
rock. Colluvium materials in the watershed are more common downstream. Regolith materials also increase their 
thickness downstream. The colluvium material in these areas is very similar to the collapsed saprolith/regolith 
intermediate material (sample 108 in the Fig. 3a). This is due to the transport processes, which mixture materials 
during the colluvium formation (King, 1996). 

The Guarda-Mão watershed regolith has liquid limits data (LL) between 38 and 44% (Tab. 2), whereas plasticity 
indices (PI) values fall between 12.4 and 17.5%. Colluvium materials from Guarda-Mão watershed have PI values 
slightly higher than the PI values of saprolith data. The LL data for the Gigante creek range from 32 to 37%, while 
the PI values vary from 1.5 to 5.0 %. The data of the granitic saprolite and the associated colluvium in the Guarda-
Mão watershed fall close to the line A (CL field) in the plasticity chart (Fig. 4) (Bain 1970; Casagrande, 1948). The 
saprolite and colluvial data of the Gigante creek watershed regolith plot in the ML field near the boundary of the CL-
ML field.  
A saprolite sample fell further in the MH field.  

The Guarda-Mão porosity data values range from 46% at the upper quartile and 42% at the lower quartile (Fig. 
5a). The mean is 44.55% and the median is 45%. An outlier reached 40%. Gigante creek watershed regolith samples 
have porosity between 35 and 41%, with a 42% at the upper quartile and 28% at the lower quartile (Silva, 2017). The 
mean is 37.6% and the median is 38.5%.  

The soil density data ( ) for both watersheds overlaps between 2.4 and 2.77 g/cm³. The Gigante creek watershed
has  values vary from 2.45 to 2.71 g/cm³, with the upper quartile of 2.6 g/cm³ and the lower quartile of 2.5 g/cm³. 
The mean is 2.53 g/cm³ and the median is 2.51 g/cm³. The values of  of the Guarda-Mão creek regolith are between
2.77 and 2.45 g/cm³, with the upper quartile of 2.70 g/cm³ and the lower quartile of  2.55 g/cm³. The mean is 2.63 
g/cm³ and the median is 2.65 g/cm³. 
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Table 2. Geotechnical data of selected samples in Guarda-Mão and Gigante watersheds. 

sample 

localization 

material 

Porosity 

(%) 

s 

(g/cm³) 

LL 

(%) 

PI 

(%) 

ref 

01-P10 Guarda-Mão watershed collapsed saprolith 42 2.7 39.4 12.4 1 

02-P10 Guarda-Mão watershed saprolith 61 2.7 - - 1 

03-P11 Guarda-Mão watershed collapsed saprolith 37 2.8 - - 1 

04-P11 Guarda-Mão watershed saprolith 35 2.6 - - 1 

05-P12 Guarda-Mão watershed collapsed saprolith 41 2.7 - - 1 

06-P12 Guarda-Mão watershed colluvium 39 2.7 44.1 17.5 1 

07-P12 Guarda-Mão watershed saprolith 37 2.7 - - 1 

08-P36 Guarda-Mão watershed colluvium 42 2.8 - - 1 

09-P17 Guarda-Mão watershed collapsed saprolith 38 2.6 - - 1 

10-P19 Guarda-Mão watershed collapsed saprolith 61 2.7 - - 1 

11-P15 Guarda-Mão watershed collapsed saprolith 38 2.5 40.9 13.2 1 

14-P20 Guarda-Mão watershed Colluvium 31 2.6 42.7 14.4 1 

15-P21 Guarda-Mão watershed collapsed saprolith 31 2.5 - 1 

16-P37 Guarda-Mão watershed collapsed saprolith 28 2.4 38.7 13.1 1 

PF   001 Gigante watershed saprolith 45 2.5 34.6 4 2 

PF   010 Gigante watershed collapsed saprolith 46 2.5 24.4 1.5 2 

PF   033 Gigante watershed collapsed saprolith 46 2.5 26.9 1 2 

PF   96 A Gigante watershed saprolith 42 2.6 2 

PF   96 B Gigante watershed saprolith 45 2.5 2 

PF   97 B Gigante watershed saprolith 45 2.5 2 

106 A Gigante watershed collapsed saprolith 46.0 2.5 46 4.86 3 

106 B Gigante watershed saprolith 44.5 2.6 44.5 3 

106 C Gigante watershed saprock 45.3 2.5 45.3 3 

106 D Gigante watershed saprock 43.6 2.6 43.6 3 

108 Gigante watershed colluvium 45.8 2.5 45.8 4.38 3 

109 A Gigante watershed collapsed saprolith 40.4 2.7 40.4 5.05 3 

109 B Gigante watershed saprolith 45.0 2.5 45 4.87 3 

References: 1) Silva, 2017; 2) Sturion et al., 2015; 3) Melo et al., 2015. 
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Fig. 3.  (a) Granulometric chart of the regolitic profile of Guarda-Mão creek watershed; (b) Granulometric chart of the regolith profile in a 
landslip scar in the Gigante creek watershed. The samples 106 A-D are saprolite material and the sample 108 is a colluvium material.  

Fig, 4.  Plasticity chart from Guarda-Mão watershed saprolites (open circles) and colluvium (open boxes), and samples from Gigante watershed 
saprolites (filled circles) and colluvium (X). Plasticity chart: CL – low strength clays; CH: high strength clays; ML: low strength. A-line: PI=0.73LL-
14.6, B-line=50%LL (Casagrande, 1948; Bain, 1970) 

Fig. 5. (a) box and whisker plots of the porosity data; (b) box and whisker plots of the soil density data ( s). 
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3. Debris-flow events

The debris-flow in the Guarda-Mão watershed, São Paulo State, occurred on January 14th, 2014 after an intense
rainfall episode, that recorded 200mm in 2 hours (Gramani and Arduin, 2015; Gramani and Martins, 2016). Shallow 
landslides began on the escarpment near the contact between granite and quartzite sequence (Fig. 6a). The slides on 
rock and soil had initially small volumes. However, the material must have increased due to small dams along the 
channel. The bursting of these dams raised the energy of the flow, which ran downstream eroding the channel margins 
and forming an extensive ravine (Fig. 6b). The Guarda-Mão creek ravine attain 50 meters wide and 15 meters high 
(Fig. 6c). The coarse material, with blocks up to 4m³, was deposited near the village (Fig. 6d) killing 23 people (Brollo 
et al., 2015). 

Fig. 6.  (a) Panoramic view of Guarda-Mão creek. Observe the landslides scars and the severe river bank erosion. (b) View from the upper portion 
of the slopes of the Guarda-Mão stream basin. In this sector, predominated soil and rock slides with variable size and shape. (c) large ravine in 
debris-flow transport zone; (d) blocks and boulders in the deposit zone, Guarda-Mão creek.  

The debris-flow of the Gigante creek occurred on March 11th, 2011 in Serra da Prata area, Paraná State. The 72h 
accumulated rain was 580 mm prior the onset (Picanço and Nunes, 2013). Almost all the ravines had the occurrence 
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of debris-flows in the Serra da Prata western slope, where is situated the Gigante creek watershed. The scars were on 
soil and rock (Fig. 7a), and the initial ruptures occurred in the saturated regolith related to slope inflexion points.  

The scars in the Gigante creek watershed are 2 to 3 meters deep, where the biggest ones on the ground reached an 
area of up to 44,000 m².  According to residents’ reports, there were natural dam occurrence along the thalweg, which 
increased the flow discharge and its downstream energy (Melo et al., 2015). The debris-flow energy was raised, and 
eroded the regolith deepening the ravines (Fig. 7b, c). The coarse material deposit and aligned blocks in lateral bars 
extended to the entire alluvial fan area (Fig. 7d). 

Fig. 7. (a) Scar in bedrock, Serra da Prata area; (b) Serra da Prata large scars and transport zone ravines, photo; Renato Lima; (c) Deposition zone, 
Gigante creek, in Serra da Prata area; (d) Debris-flow deposit, Serra da Prata, photo Flavio Sturion.  

4. Discussion

The occurrence of debris-flows in Serra do Mar is not only related to granitic/gneissic substrate watersheds, but
also there might be some relation with its typical landscape. Some of these links has a geomorphological signature, as 
basin shapes and vertical gradients. Other probable links come from geology and geotechnics that correspond to 
characteristics from parental rock and weathering profiles.  

We could verify that both investigated areas have similar watershed shapes, gradients and lengths (Fig. 2). Not 
surprisingly, both debris-flows were similar in detritus type, block sizes and runout area (Sturion et al., 2015; Melo et 
al., 2015; Silva, 2017). Their analyses of morphometric parameters are quite analogous as well (Gramani and Martins, 
2015; Picanço et al, 2016; Silva, op. cit.). Therefore, this kind of morphometric analyses could be useful to compare 
watersheds of similar features, but with no historical record events. This approach is necessary because the debris 
flow-prone watershed areas in Serra do Mar have low frequency of debris-flow occurrence (Picanço et al., 2017).  

B 
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The frequency of these events is largely reliant on the presence of thick regolith in steep areas, and areas covered 
by dense vegetation, as both analysed watersheds. This condition could be attained in some areas when large 
meteorological events occur, generating the great episodes of debris-flow development, as shown in Table 1.  

Areas with granitic substratum present a geomorphological evolution by shallow landslides rather than an erosion 
dominated runoff, as observed by Gaertner et al. (2004) in British Columbia.  In contrast, the Gigante watershed 
samples present greater variation in terms of porosity than the samples of the Guarda-Mão watershed (Fig. 5a). While 
the former is lower and better distributed, the latter occur within a narrower range. In any case, the porosity differences 
are small and quite similar between the two areas. 

The Gigante creek material presents low PI values.  Some saprolite and colluvium samples are very close to the 
CL-ML field in the plasticity chart (Fig. 3). The LL values are very similar between the two areas. In the plasticity 
chart, the materials are very close to the beginning of the line A, and classified as CL or ML depending on its position 
relative to the line A.  

The regolith of both areas have soil densities ( ) within the same range (Fig. 5b). The Gigante creek watershed
regolith has an average density of 2.5 g/cm³, close to the density of primary minerals, as quartz and feldspar, and 
newly formed minerals, such as illite, kaolinite and gibbsite. The soil density of the regolith material from the Guarda-
Mão creek watershed may suggest the additional presence of heavier mineral phases, such as iron oxides. 

The occurrence of large rock blocks in the regolith is linked to translational landslides involving soil and rock, as 
observed in the analysed watersheds (Fig. 6, 7). The development of small landslides of this type may, however, 
trigger the liquefaction of more sandy and porous materials downstream as colluvium and talus deposits. The material 
able to be entrained in debris-flow path is highly dependent of the regolith formation rate (Jakob, 2005). These deposits 
could be then incorporated in the channel and increase the material volume to be deposited downslope (Sassa and 
Wang, 2005). 

The general characteristics of granitic regolith, such as granulometry, porosity and mineral content, are obviously 
present in both Guarda-Mão and Gigante watersheds. All these characteristics suggest that granitic watersheds of 
similar type could generate very similar pebbly debris-flows. However, this assumption is not very well constrained, 
and the data are not enough to sound deductions.  More comprehensive analyses must be done to prevail upon these 
initial propositions.  

5. Conclusions

The analyses of regolitic material of the two discussed watersheds are important for the evaluation of the flow type
movements occurred in granitic terrains of Serra do Mar Range. The characteristics of this granite regolith generate 
porous and low PI soils susceptible to rupture and liquefaction. In this way, the granite regolith is susceptible to an 
evolution marked by the translational landslide’s occurrence. The fluidification of these materials and their 
entrainment in the gullies could give rise to debris-flows. 

Notwithstanding, this relationship between debris-flows in granite-derived regolith is still poorly understood. The 
morphometric characteristic of some granite-related basins should be more developed. There is still a need for further 
studies in the Serra do Mar area concerning the rupture mechanisms of these materials beyond the Wolle and Hachich 
(1989) model. It is important, for example, the inclusion of dense vegetation in slope stability calculations. The 
understand of the behavior of these granitic regolith in the soil liquefaction and in the channel entrainment processes 
is another interesting topic.  

As high slope terrain is largely supported by granite and granitoid rocks lato sensu as granitic gneisses, the Brazilian 
mountain range is a place where this type of flow movements is common in extreme weather events. The study of the 
characteristics of these lands can yield developments for many useful information to reduce the vulnerability of the 
population that lives in these areas.  
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Abstract 

Landslides result not only from the environmental background conditions of slopes but also from triggering factors, such as rainfall 
and earthquake. Severe landslides and debris flows are common natural disasters in South Korea since it is characterized by high 
rainfall and rugged topography. A secondary effect of an earthquake could be slope instability. A 5.8-magnitude (ML) earthquake, 
the most powerful seismic activity since the nation started measuring tremors, struck the historic city of Gyeongju, North 
Gyeongsan Province, at 20:32:54 KST. The Wolsong nuclear power plant is situated in the foothills of a mountainous area about 
26 km SE of the earthquake epicenter. South Korea’s biggest historical earthquake raised the nuclear safety concerns. To assess 
regional landslide hazard under the conditions of heavy rainfall and after 5.8 ML Gyeongju earthquake, this study, a coupled 
hydrological model with infinite slope model was used to find the hillslope stability under the roles of rainfall and earthquake.  

Keywords: Gyeongju earthquake; hillslope evaluation; landslide 

1. Introduction

Rainstorms are widely acknowledged as a significant landslide-triggering agent in hilly landscapes (Iverson, 2000).
Often the landslides are a secondary effect of earthquakes, when the earthquake occurs on areas with steep terrain, the 
soil and rock falls causing landslides (Malamud et al., 2004; Keefer, 2011). In fact, destruction and fatalities due to 
earthquake-induced landslides may exceed damage directly related to a strong shaking of infrastructure. Landslide 
constitutes a major natural hazard in the Republic of Korea (hereafter Korea) due to high rates of weathering, abundant 
rainfall and infrastructure development (Pradhan and Kim, 2014). Korea is experiencing changes in climate. Due to 
these concentrated short duration and high-intensity rainfall from July to September has caused slope instability in 
Korea. The vulnerability of a nuclear power plant (NPP) subjected to an earthquake event is a major concern to the 
communities in many countries. Nuclear power plants are the main components of the electric grid in South Korea as 
well. Most of the currently operating NPPs are located close to terrain with moderate to steep slopes. Such a situation 
poses potential threats to the NPP safety from seismically-induced landslides where concentrated heavy rainfall in 
ample.  

Two moderate-sized earthquakes with local magnitudes of ML 5.1 (19:44:30 KST) and 5.8 (20:32:54 KST) 
occurred within an interval of 48 min on 12th September 2016. The 2016 Gyeongju earthquakes have now become 
forceful reminders that such events have occurred in the past and can hit the region any time (Hee et al., 2016). 
Earthquakes are occurring in an area dense with nuclear power plants.  

A large amount of research on slope stability has been carried out over the last 30 years for planning purposes. This 
research focuses on evaluating hillslope stability in the vicinity of the Wolsong NPP after the 2016 Gyeongju 
earthquake under historical heavy rainfall event which was responsible to landslide in Gyeongju in 2005. No surface 
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ruptures were reported for the Gyeongju earthquake events and no landslides due to the sudden ground shaking were 
reported but in an earthquake prone area, susceptibility assessment of hillslope stability is very important around such 
nuclear plants for safety planning, disaster management, and hazard mitigation. The effect of natural hazards on this 
type of infrastructure is a crucial issue to be considered in order to prevent or mitigate damages to property and people. 

Gyeongju is a coastal city in the far southeastern corner of North Gyeongsang Province. In this study, a catchment 
of Nasanchan river was selected as a model application site which covers 20.8 km2 area as shown in Fig 1. The average 
elevation of the catchment is 100.3 m above mean sea level. The Wolsong NPP located on the coast near down reach 
of Nasanchan river and East sea. It is the only South Korean nuclear power plant operating pressurized heavy water 
reactors. It has 4 reactors, each of these reactors has a capacity of 700 MW. The Wolsong NPP supplies about 5% of 
South Korea’s electricity.  

Fig. 1. Location map of study area 

2. Methodology

This study was performed in three steps (Fig 2): (1) collection of database such as rainfall and landslide events from
national catalog, LIDAR-based DEM (20×20m resolution), geotechnical data and seismic data during the Gyeongju 
earthquake; (2) FS was calculated using infinite slope model coupled with hydrological model considering unsaturated 
soil slope; and (3) preparation of warning model based on FS and rainfall thresholds. 

Fig. 2. Method adopted in this study 
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2.1. Infinite slope model 

Recent efforts to extend the problem of slope stability to include unsaturated conditions have considered the slope 
instability from rainfall infiltration (Iverson, 2000). This study is to derive a mathematical model for an infinite slope 
subjected to unsaturated flow above a phreatic surface considering pseudo-static model. The driving force will increase 
in proportion with the seismic acceleration. The following equation (1) is derived for the static FS, neglecting 
acceleration normal to the slope. The expression is modified after (Iverson, 2000; Lu and Godt, 2008) 

 (1) 

where c is cohesion, ϕ is friction angle, ꞵ is slope,  is pressure head, Se is effective saturation,      is soil unit weight 
     is unit weight of water, kh represents horizontal seismic coefficient to present horizontal inertia forces from 
earthquake and Z is soil depth. 

 Despite the importance of soil depth most studies have used constant depth ignoring its spatial variability 
(Kuriakose et al., 2009). In this study soil depth was estimated by using internal-relief (IR) model (Pradhan et al., 
2018). The IR corresponds to local height differences within a unit area and expressed as in equation (2) 

              (2) 

In this equation, Z is computed at each pixel (i), Depthmax and Depthmin are the maximum and minimum values of soil 
depth measured at the study area, and IRmax and IRmin are the maximum and minimum IR values at the study area, 
respectively. 

2.2. 3D subsurface flow model 

In this study, a 3D subsurface flow model was applied which was formulated by Richards (1931) as given in 
equation (3).  

(3) 

where ψ is the pressure head (m), θ is volumetric moisture content (m3/m3), K is hydraulic conductivity (m/s), t is time 
(s), z is the vertical dimension (m), and q is general source including rainfall (m3/m3/s). Equation (3) is discretized 
within finite volume framework. An orthogonal horizontal and non-orthogonal vertical mesh.  

A van Genuchten’s soil water retention curve (van Genuchten, 1980) and Mualem’s unsaturated hydraulic 
conductivity functions (Mualem, 1976) were used as follows:  

 (4) 

where θs and θr are saturated and residual moisture content. 

                                                                             (5) 

where α and nv are van Genuchten parameters whose values depend on the soil properties, and Ks is the saturated 
hydraulic conductivity (m/s). 
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3. Results and discussion

3.1. Data preparation 

The peak ground acceleration (PGA) data were collected from the Korea Meteorological Administration (KMA). 
For this purpose, seismograph from seismic stations namely ADO2, CSO, CHS, PHA2, YOCB, DAG2, and USN 
were used to calculate PGA and interpolated the real-time maximum acceleration during Gyeongju earthquake as 
presented in Fig 3. It is evident that it would be too conservative to use peak ground acceleration (PGA) because PGA 
lasts for a very short time and appears only once in the record. Therefore, instead of PGA, a fraction of it, kh=ξ×PGA/g 
is used. Different magnitudes of ξ between 0.2 (for sites near faults, violent and destructive earthquake)–0.65 (for 
intermediate slide mass) were proposed by Matasovic (1991). This study used 0.65 as ξ.     

Fig. 3. PGA distribution during the Gyeongju earthquake 

The soil depth is another important factor in an assessment of slope stability (Dietrich et al., 1995). The soil depth 
of the study area was estimated by using internal-relief model (Pradhan et al., 2018). The model showed that the soil 
depth is ranging from 0.1–3 m in the study area. From the national rainfall-induced landslide catalog, there was a 
landslide event in 2005 September 6 in Gyeongju area. The rainfall distribution during 2005 landslide event is 
presented in Fig (4a).  

Fig. 4. (a) Hourly rainfall distribution during 2005 landslide event in Gyeongju (Red line is cumulative rainfall) and (b) ID rainfall threshold 
(broken line is rain path during the landslide event)  
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For this study, a national landslide inventory was prepared using data from the NDMI (National Disaster 
Management Institute), various reports, and newspapers. Rainfall data were collected from the Korea Meteorological 
Administration. A total of 255 landslide events occurring in 1999–2012 were collected; among them, only 224 events 
were identified as rainfall-triggered landslides in weathered soil in South Korea. We used a threshold curve in the 
form of I = α D−β, where α and β are constants, following the work of various researchers (Caine, 1980; Glade et al., 
2000; Jakob and Weatherly, 2003; Aleotti, 2004; Chien-Yuan et al., 2005; Dahal and Hasegawa, 2008; Brunetti et al., 
2010), to determine rainfall thresholds. The critical intensity (I) and duration (D) for each event were plotted on a log-
log diagram (Fig. 4b) to define rainfall threshold with durations between 2 and 77 h. The critical duration of 2005 
Gyeongju landslide event was calculated from the collected catalog and it was found to be 22 hrs and cumulative 
rainfall was calculated as 192.5 mm in 22 hrs. Warning levels were selected on the basis of the 5th percentile, 20th 
percentile, and 50th percentile. They were classified as ‘null’ (below the 5th percentile), ‘watch’ (5th–20th percentile), 
‘attention’ (20th–50th percentile), and ‘alarm’ (above the 50th percentile) warning levels.  

Table 1 represents the geotechnical parameters including friction angle, unit weight and cohesion for each 
geological units.  

Table 1. Soil data 

Lithology ϕ (°) γ (kg/m3) C (kg/m2) 

Shale 22 2501 2549 
Alluvium  0 1600 0 
Granite  33 2700 3161 
Andesite  33 3000 3161 
Diluvial  0 1600 0 
Amphibolite granite 33 2700 3161 
Granite porphyry 33 2700 3161 
Marl and sandstone 40 2000 2651 

Saturated hydraulic conductivity (Ks) was set as 1.3E-05. Saturated and residual moisture content are 0.5 and 0.18, 
adopted from Park et al. (2013). Van Genuchten parameters α and nv were set as 20 (m-1) and 1.4.  

3.2. Model application 

After preparing database, the model was applied to calculate FS using hourly rainfall data. The simulation time was 
set as 17:00 (KST) of 5th September 2005 (rainfall start) to 14:00 (KST) of 6th September 2005 (landslide event time). 
The FS maps were classified as FS<1, 1–1.25, 1.25–1.5 and >1.5. From the simulation, a range of FS corresponding 
to hourly rainfall can be obtained as shown in Fig 5. The results shows, as the rainfall duration increases the 
corresponding hillslope instability also increases. Most of the areas were in a stable condition until the heavy rainfall 
on the 6th from 9 a.m. to 2 p.m. After 9 a.m. on 6th, the pore-water pressures in the bottom soil layer changed drastically, 
causing a rapid change in the FS. At 2 p.m., almost all the areas became saturated, and minimum FS values were 
estimated. The present study assumes the worst case condition considering pseudo-static seismic condition.  

On the basis of hourly estimated FS, the rainfall threshold based FS can also be calculated. Figure 6 shows the 
warning level maps which are the cutoff rainfall path at 5th percentile, 20th percentile and 50th percentile rainfall 
thresholds following rainfall path. Dry condition yielded no unstable pixels (Fig. 6a). 5% exceedance probability, the 
unstable area increased to 0.28%. Under this particular condition, the area with FS < 1 can be considered a “watch” 
warning level (Fig. 6b). With 20% exceedance probability, the unstable area increased to 5.76%, and these unstable 
areas can be assigned to the “attention” warning level (Fig. 6c). Similarly, at a rainfall threshold of 50%, the unstable 
area was 20.52% (Fig. 6d); this area is assigned the “alarm” warning level. Table 2 shows the comparison between FS 
at four warning levels considering seismic coefficient and without considering seismic coefficient.  
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Fig. 5. Factor of safety distribution corresponding to hourly rainfall (only selected results are shown in this figure) 

Fig. 6. Distribution of factor of safety in different rainfall scenarios: (a) dry condition, (b) watch, (c) attention, and (d) alarm 
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Table 2. Comparison between areas of FS 

Factor of safety 
Area % considering static seismic coefficient Area % without considering seismic coefficient 

5% threshold 20% threshold 50% threshold 5% threshold 20% threshold 50% threshold 
FS <1 0.28 5.76 20.72 0.08 3.51 10.7 
FS 1-1.25 6.12 20.8 33.8 2.62 19.1 25.8 
FS 1.25-1.5 30.1 33.34 33.5 32.1 33.7 33.1 
FS >1.5 63.5 40.1 11.98 65.2 43.69 30.4 

From these calculations, two types of landslide warning can be issued in the catchment. First is using minimum FS 
and second is using rainfall threshold warnings. We assumed that FS 1.05 is critical level, in that case when minimum 
FS crosses the FS value 1, and then a warning can be issued. This warning can be issued 1h 30 min before the landslide 
event. Second type of warning is based on 5% percentile threshold value of national inventory. It shows, the 5th 
percentile threshold occurred at 1:00 PM 6th September. And considering FS 1.05 a critical level, in that case warning 
can be issued 2h 10 min before the landslide event.  

Fig. 7. Warning for landslide event 

4. Conclusions

This research is based on a hypothesis “Past and present is key to the future.” Two extreme events were used in
this research, one is 5.8 ML Gyeongju earthquake and extreme rainfall event in 2005 September. Rainstorm and 
earthquake are significant landslide triggering agents in hilly landscape. The present model can be applied to calculate 
FS based on hourly rainfall in seismically affected hillslopes. The warning maps such as null, watch, attention and 
alarm maps were calculated on the basis of cutoff values of rainfall path and rainfall threshold warnings. The warning 
can be issued either 1h 30min (based on minimum FS) or 2h 10min (based on rainfall threshold warning levels) before 
landslide event. The outcome of the model can be used as a EWS to encourage local authorities and the population to 
monitor rainfall variation, such that the local population may be alerted to avoid or evacuate threatened area. 
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Abstract 

Debris-flow characteristics of initiation and runout are compared across the Continental Divide in Rocky Mountain 
National Park (RMNP), Colorado, USA to evaluate the influence of lithology, topography, and anthropogenic 
activities. Previous research indicates that 30 debris flows within the last century were large enough to transport 
sediment to valley bottoms and main stem channels and create new debris fans. Ten of the debris flows occurred on 
the east side of the Continental Divide and 20 on the west side. Those on the east side initiated after an extreme 
rainstorm in September 2013, whereas those on the west side occurred on the hillslope below an earthen ditch (12 
flows) or on the natural hillslope (8 flows). Of those on the west side, four of the five largest debris flows initiated at 
the ditch. Comparing debris-fan area, transport distance, and elevation of initiation, we find greater variability in 
transport distance and elevation from east side debris flows, some of which entered alluvial channels and traveled  >4 
km under highly fluidized conditions. In contrast, the presence of the ditch on the west side limited the elevation of 
initiation, contributing area and hence, debris-flow transport distance. Lithologic differences between the east and 
west sides influences debris-supply conditions. On the east side, weathering-limited basins reduce source material and 
require a longer time to recharge convergent topographic source areas. Transport-limited hillslopes on the west side 
provide ample source material for debris flows, including till deposits and weathered volcanic rocks.  Fan areas are 
comparable, and debris-flow morphology is generally similar across the Continental Divide. Recent anthropogenic 
and climatic disturbances, however, indicate that new patterns of debris-flow occurrence must be considered in the 
future. The increased occurrence of debris flows is an alert to park management who address hazards and risks to park 
staff, visitors and infrastructure. Furthermore, the high elevation of initiation for these modern debris flows expands 
the range of expected debris-flow hazards.  

Keywords: Debris flows, sediment supply, anthropogenic disturbance 

1. Introduction

Debris flows are part of the natural disturbance regime in mountainous landscapes that alter hillslopes and connect
uplands to valley bottoms through processes of sediment transfer. In the semi-arid Rocky Mountains, large naturally 
occurring debris flows are primarily associated with wildfire (Cannon et al., 2001), surface runoff generated during 
extreme rainfall (Menounos, 2000; Godt and Coe, 2007; Coe et al., 2014), and rapid snowmelt (Brabb et al., 1989) 
that saturates hillslope materials. Anthropogenic causes of debris flows include overtopping or piping through earthen 
dams (Jarrett and Costa, 1984; Pitlick, 1993), and/or ditches (Clayton and Westbrook, 2008; Grimsley et al, 2016), 
and failures associated with road or building construction and maintenance (Highland, 2012). In Rocky Mountain 
National Park (RMNP), north central Colorado, USA (Fig. 1) both natural and anthropogenic debris flows have 
occurred historically and in the recent past. Research into debris-flow characteristics, both natural and human-induced 
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in RMNP, is important for an improved process-level understanding of debris flows and for hazard awareness and 
prediction.  

Here we summarize the current literature on debris flows in RMNP and compare debris-flow characteristics across 
the Continental Divide in the park. Our main objective is to address how debris-flow attributes including fan area, 
transport distance, and elevation of initiation differ on east and west sides of the park. In addition, we address the 
management implications of debris flows in RMNP for hazard prediction in a changing climate, and with increasing 
annual visitors and mounting costs of maintaining park facilities and transportation infrastructure. 

Fig. 1. Location map of the study sites on the east and west side of the Continental Divide in Rocky Mountain National Park, Colorado, USA 
(green shaded area). Dots indicate locations of historical debris flows addressed in this analysis. Google Earth images of debris flows within A) 
and B) the Upper Colorado River valley on the west side of the Continental Divide, and C) resulting from the September 2013 storms on the east 
side of the Continental Divide. Capital letters and arrows on the map show locations of debris flows in the Google Earth images and Grand Ditch 
on the west hillslope above the Colorado River. 
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1.1. Study Site 

Rocky Mountain National Park in north central Colorado, is one of the top five-most visited parks in the US with 
over 4 million visitors annually (NPS; https://irma.nps.gov/Stats/Reports/Park/ROMO). Ranging in elevation from 
2300 m in valley bottoms to >4000 m at the highest peaks, the park spans several geomorphic process domains 
(Montgomery, 1999; Wohl, 2010) and disturbance regimes that shape landscapes within the park. The Continental 
Divide bisects the park north to south (Fig. 1) and divides it into distinct geologic zones. The east side of the park is 
underlain primarily by Proterozoic Silver Plume Granite and biotite schist (Braddock and Cole, 1990). Quaternary 
surficial sediments include local alluvial, colluvial and glacial deposits. Pleistocene glaciation in the region contributed 
to over-steepened valley walls on both east and west sides of the Continental Divide (Madole et al., 1998). Active 
erosion by glacier ice was unlikely at the study sites on the east site; however, because they are outside of the maximum 
extent of Pleistocene glaciation (Madole et al., 1998).The Big Thompson and St. Vrain watersheds flow from 
mountainous regions in the park eastward to the plains of Colorado.  

On the west side of the park, Tertiary volcanic rocks comprise a majority of the exposed bedrock with less biotite 
schist (Braddock and Cole, 1990). Within the headwaters of the Colorado River, the dominant lithologies are latite, 
rhyolite welded tuff, and undifferentiated volcanic rocks that are in places hydrothermally altered to bentonite. Till of 
Pinedale age mantles hillslopes below Grand Ditch, an unlined, earthen canal that brings water from the Colorado 
River basin across the Continental Divide to the Cache la Poudre basin (Fig. 1). Alluvial sediments fill the valley 
bottom of the Upper Colorado River basin.  

2. Previous Debris-Flow Research

Some of the earliest work on debris flows in the Colorado Front Range is presented by Caine (1984) who 
qualitatively linked geomorphic processes to elevation. Working directly south of RMNP, Caine (1984) labeled the 
debris-flow hazard as “slight” at elevations between 2800 m and treeline (3350 m). In RMNP specifically, Menounos 
(2000) developed a Holocene debris-flow chronology from a high elevation lake (3320 m) on the east side of the 
Continental Divide. He used tephrochronology, radiocarbon dating, soil formation and lake cores to document 2800 
years of debris-flow activity into Sky Pond. Also on the east side in RMNP, Patton et al. (2018) investigated the 
controls on debris-flow occurrence after an extreme storm in September 2013. The authors evaluated topographic 
properties, slope variables, and soil characteristics at 11 debris-flow sites and 30 undisturbed control hillslopes that 
received similar cumulative rainfall. On the west side of the divide, Grimsley et al. (2016) developed a debris-flow 
chronology for the Upper Colorado River valley to investigate the influence of failure of the 19th century earthen ditch 
on debris flow initiation, magnitude and frequency over the last century. A total of 20 debris flows were mapped and 
aged using dendrochronology, 12 on the hillslope below Grand Ditch, and 8 on the natural hillslope. In addition, Rubin 
et al. (2012) and Rathburn et al. (2013) assessed aggradation within the Upper Colorado River valley using shallow 
geophysics and radiocarbon dating, and channel response to a 2003 debris flow (Fig. 1), respectively, to understand 
the disturbance in the context of historical range of variability.  

Herein, our summary of the current literature focuses on the work of Patton et al. (2018) and Grimsley et al. (2016) 
because both focused on inventorying debris flows large enough to descend to valley bottoms in RMNP (Table 1), 
affecting the geomorphology of trunk channels and valley floors in recurring patterns over the last century. In addition, 
their data provides sufficient sample sizes for a meaningful comparison east to west across the park. Finally, both 
studies evaluated the influence of lithology, topography, and anthropogenic disturbance, where possible.  

We note that the time series of historical debris flows is biased toward high-frequency, low-magnitude events 
because large events tend to obliterate depositional evidence of earlier, smaller flows. In addition, the data set of 
historical debris deposits focuses on events that build fans which are preserved in the sedimentary record. We 
acknowledge that other debris flows have occurred for which we have no record. We present more specifics of the 
results on the east and west sides of the Continental Divide, and add a new analysis comparing debris-flow 
characteristics of fan surface area, transport distance, and elevation of initiation. Understanding the relative 
magnitudes, transport distances and initiation locations of debris flows will improve hazard expectations and mapping 
into the future. 
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2.1. East Side of Continental Divide in Rocky Mountain National Park 

The field data collected by Patton et al. (2018) included measuring slope angle and categorizing slope morphology, 
mapping and surveying preserved surficial debris-flow deposits and erosional scars of flows that occurred during the 
September 2013 rainstorm in the Colorado Front Range. This study also evaluated exposure of previously buried 
stratigraphic layers, and analyzed 10Be in quartz from debris-flow boulders at one site to age the multiple levee-forming 
flows. Remote analyses included using raster data from a 10-m DEM and calculating contributing area and slope 
curvature. Results indicate that 10 debris flows large enough to transport sediment to valley bottoms resulted from the 
September 2013 storms. The authors found that 10 of the 11 mapped debris flows initiated from hillslopes that were 
south-, west-and east-facing. Patton et al. (2018) also noted that 8 of the 11 debris flows (73%) resulting from the 
September 2013 rainstorms initiated at sites of convergent topography and at >2800 m, unusually high elevation for 
debris flows in Colorado. This is contrasted against the >1100 debris flows that were trigged by the September 2013 
storms, of which 95% initiated at elevations <2600 m (Coe et al., 2014). Additionally, the incidence of debris flows in 
areas of convergent topography, especially colluvial hollows, underscores the importance of local topographic controls 
on debris flow initiation on the east side of RMNP. 

Table 1. Debris-flow study sites in Rocky Mountain National Park with measured geomorphic characteristics. 

Site  Aspect Contributing 
Area (km2) 

Lithology Fan Area 
(m2)a 

Transport 
Distance (km)b 

Elevation (m) Source  

East Side RMNP 

Mt. Meeker East 0.05 Granite 13,339 4.35 3451 Patton et al. (2018) 

North St. Vrain East 0.46 Till; granite 0 0.74 2929 Patton et al. (2018) 

Twin Sisters West 0.01 Biotite schist 116,643 1.36 3081 Patton et al. (2018) 

Cow Creek South 0.002 Granite; biotite schist 10,355 0.45 2638 Patton et al. (2018) 

Black Canyon North South 0.001 Granite 8091 0.84 2903 Patton et al. (2018) 

Black Canyon South South-east 0.001 Granite 6252 1.09 2940 Patton et al. (2018) 

Bighorn South-east 0.001 Granite 4630 0.55 2747 Patton et al. (2018) 

Lumpy Ridge South-east 0.001 Granite 2156 0.42 2687 Patton et al. (2018) 

Highway 7 East 0.002 Granite; biotite schist 0 0.38 2836 Patton et al. (2018) 

Pierson Park East 0.02 Biotite schist 30,363 3.81 3180 Patton et al. (2018) 

Sky Pond  East  2.0 Biotite gneiss/schist -- -- 3320 Menounos (2000) 

West Side RMNPc 

Below Grand Ditch  

  Specimen Cr West  East 0.30 Till; altered tuff 6813 0.28 3105 Grimsley et al. (2016) 

Lady Creek  East 0.17 Altered tuff 3376 0.80 3105 Grimsley et al. (2016) 

Lulu Creek  East 0.71 Altered tuff 5361 0.88 3105 Grimsley et al. (2016) 

Sawmill Gulch East 0.48 Till 4765 1.74 3105 Grimsley et al. (2016) 

Little Dutch Creek East Till 6940 0.97 3105 Grimsley et al. (2016) 

Misc. West  East 0.13 Till 2477-3993 0.77-0.87 3105 Grimsley et al. (2016) 

Big Dutch Creek  East 0.35 Till 37,287 1.30 3105 Grimsley et al. (2016) 

Natural Hillslope 

Little Yellow East West 0.04 Altered tuff 12,131 0.39 3137 Grimsley et al. (2016) 
Ellen’s Tributary  West 0.63 Biotite schist 12,220 0.38 3048 Grimsley et al. (2016) 

Misc. East  West 0.24 Biotite schist 2656-3873 -- -- Grimsley et al. (2016) 

Crater Creek  West 3.67 Biotite schist 101,074 2.13 3296 Grimsley et al. (2016) 
a Ranges indicate the potential for multiple source areas contributing to fan deposition. All other fan areas represent single events. 
b Some transport distances and elevations on the west side of the Continental Divide are not available because initiation points on the natural hillslope 

were not readily identifiable in the field or in remote imagery. 
c 11 sites on the West Side of RMNP are listed, some of which show evidence of multiple debris flows, giving a total of 20 debris flows. 
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At one site with a 2013 debris flow (Bighorn, Table 1), evidence of multiple past events is preserved as linear 
debris-flow levees emanating from the same colluvial hollow. Although inheritance of 10Be in debris-flow levee 
boulders was noted, Patton et al. (2018) concluded that four to seven debris flows occurred at that site within the last 
75 ka, two of which occurred in the last 8 ka. Boulders sourced from adjacent rocky outcrops during periglacial 
processes associated with Quaternary glacial stages were likely transported via debris flow during subsequent wetter 
periods of the mid-Holocene. 

2.2. West Side of Continental Divide in Rocky Mountain National Park 

Field methods of Grimsley et al. (2016) included field mapping and surveying, using conifer dendrochronology to 
age debris flows, and aerial photographic interpretation. Results of that study indicate that 20 debris flows occurred 
on the west side of the Continental Divide in RMNP. Of these 20, 12 initiated on the east-facing hillslope below Grand 
Ditch, and the other 8 debris flows occurred on the west-facing natural hillslope. The authors found no substantial 
difference between debris flows on the hillslope below Grand Ditch versus the natural hillslope. Of the largest five 
debris flows; however, four originated on the hillslope below Grand Ditch, and all since 1937. Compared to previous 
work by Menounos (2000), who noted 1-5 debris flows on average in 16 centuries of record, the data on debris-flow 
frequencies from the west side suggest that the ditch has altered the debris-flow activity in the Colorado River 
headwaters. These findings are in agreement with Rubin et al. (2012) in an analysis of aggradation rates in an adjacent 
wetland. Ground penetrating radar surveys and radiocarbon analyses of sediment in the Lulu City wetland (Fig. 1) 
indicate increased aggradation through increased frequency of debris flows over the last two centuries of human 
intervention (Rubin et al., 2012). 

Grimsley et al. (2016) concluded that valley bottom geometry of the Colorado River is the dominant control on 
response to debris flows, influencing sediment aggradation in debris fans and the persistence of debris-flow deposits. 
They found that sediment reaching the main stem Colorado River is transported through more confined valley reaches 
and retained forming persistent bars where valley geometry widens abruptly. 

3. Controls on Debris-Flow Characteristics

Transport distances of debris-flow material are influenced by topography below the initiation site and downslope
entrainment of sediment. For example, transport may be either halted or facilitated by entering existing channels. 
Where debris flows enter channels at acute angles they grow in size by entraining channel alluvium and following the 
path of the channel. Where debris flows enter channels at near-perpendicular angles or meet low-gradient valley 
bottoms, the flow path may be truncated (Guthrie et al., 2010, Patton et al., 2018). Debris sediment supply and the rate 
of hillslope and/or channel recharge also controls debris-flow magnitude and frequency (Bovis and Jakob, 1999). Here 
we use debris-fan surface area as a proxy for event magnitude, and couple it with transport distances and initiation site 
to address attributes of the 30 debris flows inventoried in RMNP. 

Comparing east and west debris-flow fan areas, transport distances, and elevation of initiation (Fig. 2) indicates 
greater variability in transport distance and elevation for east side debris flows compared to west side ones. The longest 
transport distances, associated with debris flows from Mt. Meeker and Pierson Park, 4.3 and 3.8 km, respectively, 
were highly fluidized and entered existing channels, increasing the supply of sediment and providing a low-resistance 
flow path down the channel. In addition, east side debris flows initiated at elevations ranging from ~2700-3450 m. The 
much smaller transport distances and limited range of elevations (3105 m) on the west side are due to the presence of 
Grand Ditch on the hillslope above the Colorado River limiting the contributing area and hence, the transport distance. 
Twin Sisters on the east side was the largest fan area measured for all 30 debris flows. This debris-flow fan resulted 
from an abundance of fluidized sediment on the hillslope and formed as the steep, source hillslope transitioned to the 
lower-gradient valley bottom. Fan areas are similar, however, on the east and west side of the Continental Divide, with 
the largest exceeding 100,000 m2.  
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Fig. 2. Comparison between fan area, transport distance and elevation of debris flows on the east and west side of the Continental Divide in 
Rocky Mountain National Park. Heavy black horizontal line is the median value, end lines are the upper and lower quartiles, whiskers are 
maximum/minimum values in the population or the distance that is 1.5x the interquartile range, whichever is closest to the median. Dots represent 
values in the tail of the distribution beyond that distance. 

4. Discussion

Clear differences exist between controls on debris-flow initiation east and west of the Continental Divide in RMNP 
including lithology, slope and channel morphology, and the presence of Grand Ditch. Lithologic differences influence 
the supply and erodibility of material available to be entrained in debris flows. The supply of sediment on the east side 
can be considered weathering limited due to the more resistant, unaltered crystalline bedrock, and slower sediment 
production rates on hillslopes. On the west side, debris-flow occurrence is transport limited due to rapid sediment 
production from the highly weathered volcanic rocks and thick deposits of till on hillslopes below Grand Ditch.  

Differences in slope morphology on either side of the Continental Divide include the hillslope-valley bottom slope 
transition. This transition influences whether or not debris fans are deposited, and their size, at the base of hillslopes. 
In an analysis along an interstate corridor in Colorado, Coe et al. (2003) found that debris flows occur frequently on 
fans at the mouths of basins with steep slopes that transition to a low-slope channel. All of the debris flows evaluated 
in the Grimsley et al. (2016) study along the Colorado River demonstrated clear fan development where channels 
reached the low-gradient valley bottom. Hillslope morphology where debris flows occurred on the east side of the 
divide is more variable, with some flows delivering sediment to broad glacial valleys and some flows occurring entirely 
in steep fluvially incised valleys. 

Despite these known differences in debris-flow initiation and deposition processes, debris-flow morphology is 
generally similar across the Continental Divide and varying levels of anthropogenic disturbance. Median fan area, 
transport distance, and elevation are not distinguishable for debris flows on the east and west sides of the Divide. Flows 
on the east side of the Divide; however, demonstrate a greater range of variability in both transport distance and 
elevation due to occurrence on hillslopes with diverse topography. Despite the abundance of till and highly weathered 
bedrock, fan area on the west side is comparable to the east side. 

All of the 30 debris flows categorized here initiated at elevations greater than 2650 m. Including the region outside 
of RMNP, Coe et al. (2014) found that 95% of flows that occurred during the September 2013 storm initiated in 
canyons and on hogbacks at elevations lower than 2600 m. Flows with the largest scars and longest travel distances 
occurred at elevations above 2600 m on steep slopes with contributing areas >3300 m2.  

Although debris-flow regimes are likely to change in the upcoming decades, some aspects of the current and future 
debris-flow hazard in RMNP can be broadly characterized. On the east side of the Divide, colluvial hollows and 
channels that contributed sediment in 2013 have been deeply scoured, removing much of the loose material available 
for debris flows. Refilling of the same colluvial hollows may not take place on a human time scale unless the climate 
mechanisms that drive sediment sourcing and failure change. Thus, future debris flows may not initiate in the same 
locations or at high recurrence intervals. Other channels that did not scour; however, may show near-term activity. 
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Based on previous findings, debris flows of various magnitudes and frequencies are likely to continue to initiate at 
Grand Ditch, under the current ditch conditions, operation and management. Four of the five largest debris flows 
mapped on the west side initiated at Grand Ditch (Grimsley et al., 2016). The role of ditch operations and presence of 
hydrothermally altered rock on both sides of the valley is hard to separate, however. On the scale of recent geologic 
time, based on the last 4000 years of valley aggradation (Rubin et al., 2012), debris flows are frequent events. Even 
on a human scale, the debris flows might be considered typical, given that the last one occurred in 2003, with four 
additional large debris flows in the previous seven decades (2003-1937). Although the magnitude of flows on the west 
side is somewhat limited by the contributing area below Grand Ditch, the frequency of these events allows for 
significant impact to the morphology and ecology of the Upper Colorado River valley.  

5. Implications for Future Management

On both sides of the Continental Divide, the increased incidence of debris flows over the last century in RMNP 
may be an alert to park staff who address hazards and risks posed to visitors. Even if widespread debris flows appear 
infrequent on human timescales, public awareness of debris flows is typically low so the consequences of debris flows 
may be greater than in areas with shorter return periods (Coe et al., 2014). As a federal agency with large holdings of 
land in the western US, awareness within the NPS of the infrastructure risk and risk to visitors in mass movement-
prone areas appears to be growing. In some parts of the western US, the NPS is taking an active role in preparing for 
landslides as a result of climate change (Coe, 2016). Increased frequency of intense rainstorms (Klos et al., 2014), as 
well as increased fire intensity, frequency and extent (Abatzoglou and Williams, 2016) may increase landslide 
frequency in the coming decades. Active measures to respond to increased debris-flow risk include changes to new 
road construction to avoid areas of elevated landslide hazard, drainage improvements, visitor education, and planning 
for higher maintenance costs. Proposed changes for trails include managing drainage, stabilizing slopes, and restoring 
vegetation cover. Where possible, to mitigate debris-flow hazards, future construction should avoid existing debris 
fans. Where infrastructure already exists on debris fans, removal or protection of facilities should be considered. 

Hazards to people and infrastructure are fundamentally similar on both sides of the Continental Divide, although 
some differences in process and setting may call for slightly different considerations. Specifically, higher population 
density and visitation on the east side of the park increases risk from debris flows, despite low event frequency. The 
east side of the park receives a majority of annual visitors and has the bulk of buildings and infrastructure. The town 
of Estes Park, (population >6,000), adjacent to the eastern RMNP boundary, is a primary center of tourism. Debris 
flows on the east side of the Divide therefore pose greater hazards to people, buildings, and highways.  

On the west side of the Divide, debris fans will continue to be areas of sediment persistence in addition to large 
bars deposited in wide valley reaches of the Colorado River. The persistence of sediment poses the potential for 
ongoing remobilization, whereby subsequent high river flows will entrain and transport sediment into sensitive 
downstream ecosystems and receiving waters, causing renewed deposition, high sediment loads, and possibly impaired 
water quality.  

6. Conclusions

An inventory of previous research on debris flows in RMNP reveals that 30 debris flows large enough to descend 
to valley bottoms occurred within the last century, affecting the geomorphology of main stem channels and valley 
floors in recurring patterns. Of the 30, ten debris flows initiated at high elevations on the east side of the Continental 
Divide, and 20 occurred on the west side. Those on the east side initiated after an extreme rainstorm in September 
2013. Of the 20 on the west side, 12 initiated on the hillslope below Grand Ditch, with four of the five largest since 
1937. The other 8 debris flows occurred on the natural hillslope. Debris-fan areas are comparable across the Divide, 
but transport distance and elevation of debris flows are more variable on the east side, where some flows entered 
alluvial channels and traveled  >4 km under highly fluidized conditions. In contrast, the presence of the ditch on the 
west side constrains the elevation of initiation, contributing area and hence, debris-flow transport distance (<2 km). 
Thus, the key differences that influence debris-flow characteristics across the Continental Divide include lithology, 
which influences sediment supply, slope and channel morphology including the hillslope transition to valley bottoms, 
and the presence of the earthen ditch. On the east side, weathering-limited basins produce less debris supply and require 
a longer time to recharge convergent topographic source areas. Transport-limited hillslopes on the west side provide 
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ample source material for debris flows. Increased occurrence of debris flows in RMNP is an alert to park staff members 
who address risk. Increased knowledge of areas susceptible to debris flow will allow NPS to take an active role in 
preparing for debris flows to protect park visitors and infrastructure. Elevations that were once considered too high for 
debris-flow occurrence are now fully within the range of elevations with debris-flow hazards, as indicated by the 
elevations of initiation for all 30 of the debris flows characterized. 
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Abstract 

The dynamics of slow landslide motion can predispose oversteepened and extended slide regions to debris-flow initiation.  For 
more than 20 years, our real-time monitoring, combined with repeat high-precision GPS surveys, of the Cleveland Corral 
landslide complex, California, USA, reveals that debris flows initiate from slow-moving kinematic elements of this complex. 
Different slide elements move in different wet years, and all remain dormant in dry years. To explore controls on landslide-
element kinematics, we use triaxial testing to define the critical state behavior of the landslide material, and use a large-diameter 
sampling ring to determine in situ material porosities in both extensional and compressional regions of the slide complex. 
Regions undergoing extension contain materials looser than their critical state, potentially aiding liquefaction and debris-flow 
mobilization from shallow, secondary slides. Although intense rainfall serves as a trigger for debris-flow initiation, slow 
deformation of the larger landslide promotes debris-flow formation by oversteeepening toe and lateral margins and by 
preferentially extending, and effectively loosening, material in these steep regions. 

Keywords: debris-flow initiation; slow-moving landslide; critical state soil mechanics; porosity; GPS; California 

1. Introduction

Debris flows initiate from a variety of sources, such as the mobilization of large or small landslides (Iverson et al.,
1997; Geertsema et al., 2006; Crosta and Frattini, 2008) or progressive entrainment of sediment during surface 
runoff (Hungr et al., 1984; Takahashi, 1991; Cannon et al., 2001; Berti and Simoni, 2005; Coe et al., 2008). Within a 
geomorphic terrain, past movement behavior is often interpreted as forecasting future behavior, i.e. terrain may be 
prone to either rapid debris-flow initiation or slow-moving landslide deformation. Yet some debris flows initiate 
from parts of pre-existing, slow-moving landslides (Morton and Campbell, 1974; Reid et al., 2003; Malet et al., 
2004; Jibson, 2005; Malet et al., 2005). 

In a variety of terrains, locally steep slopes and intense rain can promote debris-flow initiation from landslides 
when widespread failure and partial or complete liquefaction occur (Iverson et al., 1997). Materials properties, such 
as porosity and grain-size distribution, can control the propensity for soil to liquefy when sheared during failure. 
Pervasive soil liquefaction greatly reduces shear strength and thereby enhances debris-flow formation. The 
application of critical state soil mechanics provides a framework to evaluate the predilection for soils to contract or 
dilate during shear, when they rearrange to achieve a critical void ratio as a function of the imposed stresses 
(Schofield and Wroth, 1968; Wood, 1990; Houlsby, 1991). Soils with an initial void ratio (or porosity) greater 
(looser) than their critical state void ratio contract during shear, increasing pore-fluid pressures and aiding 
liquefaction. In experimental studies, contractive behavior has been shown to aid debris-flow mobilization from 
landslides (Iverson et al., 2000; Okura et al., 2002; Olivares and Damiano, 2007).   

Field investigations that have attempted to correlate locally contractive (loose) soils with debris-flow initiation 
sites have obtained mixed results (Fleming et al., 1989; Anderson and Sitar, 1995; Gabet and Mudd, 2006; McKenna 
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et al., 2012). Although some sites were associated with contractive soil behavior, others were, at least initially, 
dilative. As sizeable slow-moving landslides advance downslope, their persistent deformation commonly creates 
areas of extension (stretching) and compression (shortening) within the slide mass (Baum and Fleming, 1991). Such 
behavior may thereby modify landslide bulk porosities in specific locations and make general characterizations 
difficult. 

Here, we investigate the hypothesis that the dynamics of a slow-moving landslide can precondition regions of the 
slide to debris-flow initiation. In particular, we ask whether landslide extension with concomitant increases in 
material porosities can promote localized debris-flow mobilization from shallow secondary failures. To address this 
issue, we examine possible linkages between active slide movement and debris-flow initiation using greater than 20 
years of displacement monitoring at the slow-moving Cleveland Corral landslide complex, California, USA (Fig. 1). 
We then use geotechnical testing and critical state soil mechanics to assess whether extensional and compressional 
regions within the slide complex create localized areas with materials that might contract upon shear failure and 
preferentially mobilize into debris flows. 

2. Cleveland Corral Landslide and Debris-flow Characteristics

2.1. Landslide setting 

The toe of the Cleveland Corral landslide complex is perched about 50 m above U.S. Highway 50 in the Sierra 
Nevada mountain range of California (Fig. 1). It is situated in a landslide-rich, 14 km-long highway corridor where 
more than 600 landslides have been mapped (Spittler and Wagner, 1998); this corridor follows the steep-walled, 
conifer-covered canyon of the South Fork of the American River. In this region, a strongly seasonal precipitation 
pattern exists, with most rainfall occurring November through March; summers are dry. The Cleveland Corral 
landslide complex has an elevation of approximately 1200 m, and snowfall is typically minimal and transient. 
Movement of most of the larger slides in this corridor, including the Cleveland Corral landslide, is episodic with 
reactivation of previously established failures. The landslides are dormant in the dry summer season and move only 
during a very wet winter and spring (with cumulative precipitation greater than the long-term annual average) – not 
every year. During exceptionally wet winter seasons, several of these slides have failed catastrophically and blocked 
the highway for multiple weeks (Kuehn and Bedrosian, 1987; Sydnor, 1997). 

With a sinuous form about 450 m in length, the Cleveland Corral landslide complex consists of colluvium and 
older slide debris underlain by quartz mica schist and gneiss, near a contact with Cretaceous diorite (Spittler and 
Wagner, 1998). The colluvium is a clayey, silty sand containing 10-15% cobble-sized clasts of bedrock. The slide is 
a complex of mass movements; overall it is a series of contiguous earth slides (Cruden and Varnes, 1996) with 
internal scarps and toes, as well as secondary shallow slides and debris flows at the steeper lateral margins and toes 
of various earth slide components. Despite the overall extent of the slide, it is relatively thin with slip surfaces 
located in surficial materials above bedrock. Several shallow seismic surveys indicate a depth to bedrock of 5-10 m 
(Reid et al., 2003); shear rods we installed in the slide reveal active slip in different elements at depths of 3-5 m. 
Ground surface slopes vary between 10º and 30º, but locally steepen to over 40º. 

2.2. Landslide movement 

Following the catastrophic failure of the nearby (about 2 km upstream) Mill Creek landslide in 1997 that buried 
Highway 50 and temporarily dammed the South Fork of the American River (Sydnor, 1997), the U.S. Geological 
Survey (USGS) installed radio-telemetered real-time monitoring equipment on the Cleveland Corral landslide 
complex (Reid and LaHusen, 1998), which also has the potential to fail and bury the highway. Since 1997, current 
precipitation, movement, and groundwater conditions at the site have been available to the public 
(https://www.usgs.gov/natural-hazards/landslide-hazards/science/us-highway-50-california). In addition, we have 
performed annual, campaign-style, Global Positioning System (GPS) surveys of monuments located both on and off 
the slide. We used our own nearby GPS base station for static differential processing and obtained repeat year-to-
year standard deviations of < 2 cm for stable monument positions. These survey data and associated notes on data 
collection and processing are available in a supporting USGS data release publication (Reid et al., 2019). Following 
wet seasons with landslide movement, we used kinematic GPS techniques to map recently active structural features 
visible on the ground surface. 
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Fig. 1.  Maps of the Cleveland Corral landslide complex showing active surface structures and kinematic elements during different wet years: (a) 
2004-2005; (b) 2005-2006; (c) 2010-2011. Different elements are identified with different colors – blues for lower slide region, purples for upper. 
Elements with darker colors started moving earlier during the wet season, with movement typically progressing upslope into adjacent elements. 
Not all elements were active each year. Debris flows typically mobilized from shallow failures (orange) on the toes and margins of active 
elements. Displacement vector scale is 10X map scale. 
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Although the entire Cleveland Corral landslide complex has not failed catastrophically since our monitoring 
began in 1997, the combination of long-term real-time monitoring at specific locations with yearly overall 
displacement patterns has allowed us to correlate landslide movement with precipitation patterns. Various elements 
of the slide complex have moved during the wet seasons in 10 of the 21 years of monitoring. During the other years, 
all major slide elements remained dormant. Examples illustrating the differences in movement patterns for three 
water years when parts of the slide were active are shown in Figure 1. The slide complex consists of various 
kinematic elements that may move individually or in concert during a given wet year. In a wet season, certain 
elements typically move first – these include the overall toe (dark blue) and a mid-slide toe located in the upper 
section of the landslide (dark purple) (Fig. 1). Following initial movement, elements upslope and contiguous to the 
already moving elements may become active (lighter blues and purples), and additional activity may progress further 
upslope over several months. Depending on the wet season precipitation patterns, movement may be restricted to 
certain regions (Fig. 1a), although in a very wet season the entire slide complex can be active (Fig. 1b). When active, 
elements typically move at speeds of about 1-2 cm/day, but can range up to 20 cm/day. Even in active years, all 
elements cease motion by mid summer. 

2.3. Debris-flow activity 

Our monitoring has enabled us to identify conditions leading to debris-flow initiation from distinct parts of the 
overall slide complex. During above-average wet seasons, shallow (~0.5-1 m thick) debris slides (with typical 
volumes of about 5 to 400 m3) often occur at the margins and toes of active elements. These shallow slides originate 
along new failure surfaces, either within transported material forming the larger slide complex or at the lateral scarps 
in adjacent, previously unfailed materials. Intense rainstorms trigger these shallow slides, and the larger of these 
features occur within active elements of the main slide, either at the toes or debutressed margins (primarily on the 
western margin of the complex) – moreover, the larger of these shallow failures often mobilize into debris flows 
(Fig. 1). Smaller and less mobile slides may also occur along locally steep lateral margins in adjacent materials. 
Interestingly, minimal shallow sliding generally occurs at the toes or margins of dormant elements, even during 
relatively intense rainstorms. 

Due to prolonged slide movement, the toes of the active slide elements become oversteepened compared to 
typical overall slopes of the larger landslide elements (Fig. 2). Although this oversteepening should predispose a toe 
region to shallow secondary failures, most of these shallow failures occur when the larger, encompassing slide 
element is also actively moving downslope. 

3. Testing Methodology

To examine the hypothesis that an active landslide can selectively dilate slide materials and thus promote
subsequent debris-flow initiation, we undertook a two-pronged approach. We first performed geotechnical testing to 
define the critical state line using materials from within the larger landslide. We obtained samples both in bulk and in 
thin-walled brass tubes (6.4 cm diameter by 15.2 cm tall) pushed into the floor of a shallow excavation of the lower 
toe in 2008 (see Fig. 2 for sample location 022808). These samples were collected at a depth of 0.65 m, similar to the 
depth of typical shallow debris slides that have occurred at the toe of the slide complex. The materials were 
subsequently tested in the University of California, Berkeley GeoEngineering Laboratories using both consolidated 
undrained (CU) and consolidated drained (CD) triaxial methods with saturated samples under a range of confining 
stresses (32-120 kPa) that represent shallow conditions. The seven CU tests used moist tamped specimens prepared 
to different porosities that were subsequently sheared to critical state. Our three CD tests used in situ specimens 
extruded from the thin-walled tubes. For both types of tests, we computed critical state porosities at 12% axial strain 
representing sheared conditions. In our results (Fig. 3), we present the critical state line relating principal stress to 
material porosity, rather than void ratio, to allow ready comparison with field-derived porosity values. 

We then performed field characterization to determine in situ landslide porosities in regions exhibiting local 
compressional (e.g. internal thrusts) or extensional (e.g. tension cracks) surfaces features, all within the toe area of 
the overall slide (see Fig. 2 for locations). We were interested in bulk porosities representative of regions (on the 
scale of small, shallow landslides) that could mobilize into debris flows. Conventional geotechnical tube samples, 
however, cannot fully capture the larger-scale effects of localized thrusting or cracking. We opted for a protocol 
capable of assessing the porosity of a larger sample using a ring-excavation method (Grossman and Reinsch, 2002). 
At each sample site, we excavated surface material to a depth of approximately 10-30 cm and then carefully pushed 
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or lightly tapped a 24.8 cm diameter stainless steel ring into the underlying slide material. We used a micrometer to 
measure the depth (relative to a small shelf placed across the upper edge of the steel ring) of the exposed material 
surface, collecting 33 depth measurements in a radial grid pattern. Then, we excavated and retained material from 
within the ring (typically 3000-4000 cm3), and remeasured the post-excavation upper surface using the same grid 
pattern. From this, we could derive precise volumes for the excavated materials using radially weighted differences 
between surface measurements. The excavated materials were dried and weighed in the lab. Using dry weights and 
volumes, with a particle specific gravity of 2.7, we computed material porosities. We collected extensional samples 
(near surface tension cracks) during spring 2011, when the toe area had been recently active. Additional 
compressional samples (near thrusts) were collected in spring 2012, when the toe element was dormant. 

Fig. 2.  In situ porosity locations at the toe of the Cleveland Corral landslide complex, categorized by nearby extensional or compressional 
surface structures. Surface structures shown as mapped during spring 2011; in some places, shallow failures mobilized into debris flows. Samples 
labeled with 022808 prefix were collected in 2008, prior to renewed activity in 2011. Vector displacement scale is 5X map scale. 

4. Results

In Figure 3, we show our measured critical state line for toe landslide material using principal stress versus
porosity during shear from both CU and CD triaxial tests. During our triaxial tests, materials with initial porosities 
higher (looser) than critical contracted during shear; those with initial porosities lower than critical (denser) dilated 
during shear. We also show in situ porosities determined by the ring-excavation method at different locations in the 
toe region (Fig. 2). For each location, we estimated likely in situ principal stress using sample depth, local slope, and 
saturated unit weight. Because sample depths were near the ground surface, we assumed that failure-appropriate 
principal stresses were oriented normal to the local ground slope. 

The results for in situ porosities fall into three groups: looser than, near, and denser than the critical state line. The 
toe region is a complex of deforming landslide sub-elements with local surface expressions of extension (tension 
cracks) and compression (internal toes and thrusts) as shown in Figures 1 and 2. Sites with measured porosities 
greater (looser) than critical occurred near extensional features (Fig. 2), in particular these sites were located 
immediately upslope from the small headscarps of previous shallow slides. In preceding years, many of these 
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shallow slides mobilized into small debris flows (for examples, see Fig. 1). In contrast, sites with measured 
porosities lower (denser) than critical occurred near compressional features, in particular near the base of toes or just 
upslope of internal thrusts (Fig. 2). Nevertheless, some of these compressional sites, as well as several extensional 
sites had porosities near critical conditions for the given low principal-stress regime. Porosities near critical imply 
that minimal contraction or dilation would occur upon shearing; therefore, resultant pore-pressure increases or 
decreases that would enhance or impede motion would be less likely. 

Fig. 3.  Critical state line and in situ field porosities measured from the Cleveland Corral landslide complex toe region. Porosity values were 
collected near both extensional and compressional surface features. Materials looser than (above) the critical state line contract upon shearing and 
thus may aid liquefaction and reduce shear strength. Critical state line defined by CU and CD triaxial tests performed using low confining stresses 
readily achieved in the laboratory. 

5. Concluding Discussion

Observations from 21 years of monitoring at the Cleveland Corral landslide complex indicated that debris flows
mobilized from small, shallow, first-time failures on the topographically oversteepened toes and lateral margins 
during intense rainstorms (for examples, see Figs. 1 and 2). This association follows the precept that steep, wet 
ground promotes debris-flow mobilization from landslides (Iverson et al., 1997). However, not all shallow failures 
triggered during these rainstorms mobilized into flows – many small toe failures and those originating from scarps in 
adjacent areas on the lateral margins did not mobilize. 

In addition to the spatial correlation with locally steep slopes, the largest shallow failures, with accompanying 
debris flows, occurred when encompassing kinematic elements of the Cleveland Corral landslide complex were 
actively moving downslope. This association implies that debris-flow mobilization from this slow-moving landslide 
complex required more than just steep and wet ground. Landslide movement can instigate spatial variations in stress 
patterns within slide materials, and thus may aid localized shallow failure. Our in situ porosity determinations 
indicated that looser materials occurred preferentially in regions of ground-surface extension, typically in the upper 
regions of steep active toes or lateral, debutressed margins. These extensional regions resulted from dynamic slide 
movement and therefore could vary over time. Loose materials have the propensity to contract upon shear, generate 
elevated pore-water pressures, promote widespread liquefaction beyond an initial shear surface, and thereby 
potentially facilitate debris-flow mobilization. 

Active slide motion can promote debris-flow initiation through several processes – oversteepening of toes and 
lateral margins, as well as stretching or extending materials (to an overall condition looser than critical state) within 
the slide. The topographic oversteepening promotes shallow failures, whereas the extension produces materials that 
can contract upon shear failure and thereby promote material liquefaction.  These combined processes create select 
areas that are prone to debris-flow mobilization during intense rainstorms, even as the overall larger landslide 
maintains slow movement. 
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Abstract 

Alpine infrastructure such as roads, railways, pipelines, powerlines and hydropower facilities, as well as alpine 
communities, are exposed to debris-flow hazards, rock-fall and snow avalanches. In most cases, debris-flows are 
rainfall induced and affect large areas, causing substantial financial and individual damages. Austrian infrastructure 
owners are maintaining approximately 5,000 km of railway tracks and at least 1,000 km of high priority highways 
which are exposed to debris-flow hazards. For assessing potential debris-flow impact along these infrastructure routes, 
the stand-alone physical-numerical based modeling tool FIMT (Flow Impact Modeling Tool) was developed in-house 
by ALPINFRA, which is applied on a 3D topography with a spatial resolution of 5x5m. The model is applied on a 
regional scale and areas with more than 3,000 km² were analyzed simultaneously. Debris-flows are highly dynamic, 
complex flow processes of multi-phase fluids with a constantly varying flow regime during single events and along 
flow paths. Many researchers, including Pudasaini et. al., 2005, Wang et. al., 2004 and Iverson, 1997, 2001, 2004 
provide well developed physical approaches for single- and multi-phase fluids. The Mohr-Coulomb based friction 
model of Voellmy (1955) however, provides an acceptable and numerically implementable alternative, considering 
dry friction as well as hydraulic driven parameters. This approach was initially developed for snow avalanches and is 
now implemented in various debris flow and other rapid mass movement modeling software tools. Ahead of the 
implementation of the model for regional hazard assessments, ALPINFRA conducted calibration and parametric 
studies. These were done in test-regions and based on extensive field work, investigation of historical events and 
detailed numerical back analysis. Since 2013, all parts of the Austrian railway network exposed to debris-flow, major 
Austrian highways, as well as gas-pipelines and hydro power facilities have been analyzed with this tool as a basis for 
hazard and risk studies. For regional scales, simulation results have a comparatively high resolution (5x5m) and build 
a high-quality basis for hazard mapping, budgeting of mitigation measures and planning of detailed investigation 
projects. 

"Keywords: debris-flows; infrastructure; high-resolution numerical modeling;" 

1. Introduction

In Europe, the most important alpine infrastructures such as rail- and roadways were developed between the late
19th and the 20th century where the valuable valley floor was almost fully occupied by farmers for food production. 
Railroad and road routes were pushed to the valley flanks as far as possible. Limited space lead to a comparatively 
high development pressure and very remote areas were developed by roadways routed through very narrow valleys. 
The high relief energy from the steep topography throughout wide areas, as well as the climatic situation, resulted in 
a high hazard exposure of these structures. For several high alpine hydro-power facilities and the oil-pipelines crossing 
the Alps a similar hazard situation exists. For assessing the Austrian wide geo-hazard, steep-creek-hazard and snow-
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avalanche-hazard exposure, an initial infrastructure hazard investigation program was started in 2010. This was mainly 
done by means of field investigation and analyzing event chronologies. Hazard maps were prepared on a super-
regional level as well as at a rough scale of 1:25,000. In a second stage, more precise analyses were required for 
showing local hazard impact potential and deficits of protection. Therefore, high-performance hazard process 
modeling tools were developed for rock-fall, snow avalanches and debris-flows. The analyses were conducted on the 
3D topography with a spatial resolution of 5x5m. 

This paper describes this regional level debris-flow impact hazard assessment approach and the stand-alone 
3D numerical debris-flow modeling tool FIMT, which was specifically developed in-house by ALPINFRA for 
investigations as described above.   

2. Numerical Model Description

2.1. Rheology 

For the rheological approximation of debris flows, the formulation of Voellmy (1955) was selected, which provides 
(a) the dry friction parameter μ, which rises with acting normal stresses according to ·g·h and (b) a parameter for 
turbulence  which lowers the overall flow resistance of a fluid particle linearly. The overall flow resistance according 

to Voellmy (1955) is as follows: 

where: 
S = overall flow resistance [Pa] 
ρ = unite weight of the fluid [kg/m³] 
g = gravitational acceleration [m/s²] 
 = slope inclination [°] 
H = flow depth [m] 
U = flow velocity [m/s] 

2.2. Computation Model 

The simulation tool FIMT computes the synchronous movement of single particles, each with a defined volume, 
by using the Voellmy rheology for calculating the flow resistance. The direction of movement is solved by means of 
a random walk algorithm (Révész, 1990) with side constraints. The release condition is that the most likely flow 
direction is oriented according to the topographic gradient. For computing the dynamic flow, the synchronous 
simulation of released debris flow particles allows for the consideration of temporary and spatially varying flow depth 
and flow velocity by means of the consideration of the momentum of the single particles at a discrete time step and 
location. The numerical solution fulfills the law of conservation of the mass, the momentum and energy. Deposition 
of particles is considered by means of a critical threshold value for the momentum for which a homogeneous fluid can 
be assumed. If the momentum falls below this yield value, decomposition of the fluid mix is assumed, and aggradation 
takes place. The release of particles is considered by means of a Mohr-Coulomb limit state stability approach. Output 
is generated as ASCII raster files for the maximum values, mean values, or selectable quantiles for the flow depth, 
flow velocity and dynamic pressure as well as for the deposition. Ahead of the calculation, a complex preprocessing 
procedure is required for generating the input files. The preprocessor uses a digital terrain model and preprocessing 
parameters such as the calculation domain, morphometric yield parameters and/or geologic mapping information for 
generating release areas. Single particles can be tracked for reproducing the traveling path when a particle impacts a 
section or point of interest, which can assist decisions requiring detailed investigations of release areas. Related release 
areas are highlighted according to their relevance. This is done based on a back-calculation or “back viewing” 
approach. The code was written in-house by ALPINFRA in C++ for usage on Linux platforms and optimized for 
computation performance that it can be used for very large areas.  
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2.3. Event Magnitudes 

The release volume or magnitude is approached by means of morphometric parameters, hydrologic assessments, 
and is checked for plausibility based on empirical approaches provided by Zeller (1985), Takei (1980) and D´Agostino 
(1996). Investigated relationships between the size of hydrological catchments and debris-flow event magnitudes was 
summarized in IRASMOS (2011) as shown in Fig. 1. After a preprocessing stage the release map is visually checked 
by experts for plausibility based on LiDAR data.  
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Fig. 1: Relationship between debris-flow magnitudes and size of hydrological catchments (IRASMOS 2011) 

2.4. Parameterization 

2.4.1. Discussion of Parameter Setting 

Physical properties of entrained and released solids strongly influence the dynamical behavior of debris-flow and 
provides the basis for the selection of the rheological approach and its parameterization (Iverson, 1997, Rickenmann, 
1999, Kaitna et al., 2007, Iverson et. al., 2010). Fine-dominated solids will form fluids which can be reasonably 
described with a Bingham rheology compared to coarse-dominated source material which forms mixtures that can 
better be approached with a Voellmy rheology. The differential behavior of these mixtures is explained by the specific 
interaction of solid components with the fluid phase. The granular character of solids and the viscous behavior of the 
fluid-phase, as well as the influence of pore-water pressure, are approached by several rheological solutions (Wang et 
al., 2008, Bertolo und Wieczorek, 2005). However, implementation into a numerical model is sometimes not feasible 
and consequently, most of the available debris-flow models are based on the Voellmy approach (Wang et al., 2008).  

Parameters discussed in the literature and listed in manuals of commercial software tools vary widely and match 
poorly with debris-flow characteristics. Therefore, a general test or bench mark test of every single simulation tool on 
a well-known example or synthetic topography should be conducted before application within hazard studies. It is 
also required to match parameter sets with sedimentological data from the source materials. Such assignments are 
normally not available in software tool manuals. The Swiss institute for snow and avalanche research (SLF) lists a 
general parameter range for debris-flow simulation using the Voellmy rheology as shown in Table 1.  

Table 1: Voellmy parameter ranges for debris flows according to WSL 2012 

Type of debris flow Dry friction,  Turbulence,  

granular debris flows 
0.05 - 0.40 

100 - 200 

muddy debris flows 200 – 1,000 
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Dorfbach example (Randa, CH) 0.225 130 

Within a parametric study, Medina et. al. (2008) uses start parameters for back calculations in the Pyrenees which 
contain Cambrian and Ordovician marbles, phyllites and schists, as well as glacial deposits with  = 0.065 and  = 
100 m²/s and 400 m²/s respectively, which are within the range of the values provided by the SLF as listed in Table 1. 
Because these parameters did not give plausible results (Medina et. al., 2008), Medina et al. produced better matching 
results by using  = 0.220 and  = 144 m²/s. This selection gives a low turbulent flow at a considerably high portion 
of dry friction of approximately 12.5°. These parameters are roughly in line with those the SLF postulates for the back 
calculation of the Dorfbach (Randa, CH) debris-flow event (WSL, 2012). 

2.4.2. Plausibility Test of Parameter Sets 

Ahead of regional modelling, FIMT was tested for parameter settings and calibrated based on recorded events. 
Parameter sets were tested at well known debris-flow catchments in Ausserfern in Tyrol, Austria, between Reutte and 
the German border. The geological setting is limestone dominated and debris-flows have a comparatively granular 
appearance. The assignment of the magnitude volume for the parameter tests is based on D´Agostino (1996). The 
comparison of parameters demonstrated the plausibility of modeling results as well as the sensitivity for parameter 
variation. Fig. 2 to Fig. 7 show exemplary results for the maximum flow depth (h) maximum flow velocity (v) as well 
as the run out of modelled debris flows for different parameter sets.  

The results show that the tool is generally producing reasonable results. As expected and according to the analytic 
check of the Voellmy term, a greater turbulence parameter reduces the overall flow resistance giving greater flow 
velocities. This effect would reflect a rising portion of fines in the fluid mix. A great number of other variations was 
checked for sensitivity and reasonable results were produced indicating the applicability of the introduced regional 
calculation tool.  

Fig. 2: Maximum flow depth for =250 and =0.25 in the test region 
in Ausserfern

Fig. 3: Maximum flow velocity for =250 and =0.25 in the test 
region in Ausserfern

/ / 
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Fig. 4: Maximum flow depth for =600 and =0.25 in the test region 
in Ausserfern

Fig. 5: Maximum flow velocity for =600 and =0.25 in the test 
region in Ausserfern

Fig. 6: Maximum flow depth for =1,000 and =25 in the test 
region in Ausserfern 

Fig. 7: Maximum flow velocity for =1,000 and =25 in the test 
region in Ausserfern 

3. Regional Application and Validation

For testing the applicability on the regional scale with relatively high spatial resolution of 5x5m, the entire alpine
valleys Stanzertal and Klostertal were analyzed simultaneously in 2012 with an overall extension of approximately 
600 km². The overall computation time for 4 scenarios with annual exceedance probabilities (AEP) of 30 – 50 years, 
50 -100 years, 100 – 300 years and a probable maximum debris-flow (PMDF) was approximately 24 hours on a multi-
processor workstation normally used for 3D computational fluid dynamics (CFD) calculations. Calculation results 
were compared with data from event chronologies which have been investigated by the federal forest research center 
at the town of Innsbruck within the so-called Paramount research project in 2012. Fig. 8 shows the computed debris-

/ / 

/ / 
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flow impact map of the Stanzertal valley. Fig. 9 shows details of a subset of the same region, where events occurred, 
and flow heights were recorded, are highlighted by red stars. Comparing the location of all recorded events with the 
computed map gives a 100% accordance in the sense that all documented events are correctly indicated by the 
computed debris flow impact locations. Comparing the computed event magnitudes, a good accordance regarding the 
maximum flow height calculated to measurements taken at culverts during debris-flow events is given. Events 
recorded in October 30 and 31, 2018 and on June 11, 2016 as shown in Fig. 10 and Fig. 11 demonstrate the very good 
accordance between computed impact locations and recently recorded impacts. 

Fig. 8: Computed debris flow impact map (flow height) and recorded impact events which are indicated with red stars.  

Fig. 9: Detail of computed debris flow impact map at the Stanzertal valley (brown indicates a debris flow, blue a flow with bed load content) 

/ 
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Fig. 10: Detail of computed debris flow impact map at the Stanzertal valley in 2016 and 2018 (blue: low flow depth; orange: high flow depth) 

Fig. 11: Computed debris flow impact map and events from 2018 at the upper Drau valley (blue: low flow depth; orange: high flow depth) 

After extensive testing, the FIMP debris-flow impact modelling tool was subsequently applied to the complete

Austrian territory. Based on the modellng results, an Austrian wide debris-flow impact hazard map was compiled. For 

planning detail investigations and debris-flow mitigation projects, potentially affected railway sections were analyzed 

and highlighted in mitigation priority and protection deficit maps. For risk analyses, traffic frequency data for rail- 

and roadways were superimposed with regional annual exceedance probability (AEP) scenario related impact 

calculations and risk maps were produced. The Austrian wide data produced for railway lines was summarized in a 

hazard exposition priority map as shown in Fig. 12 and hazard classification and statistical analyses were conducted 

for budgeting of mitigation projects. 

Fig. 12: Austrian wide debris impact hazard priority map with level 1 being most hazardous 
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For demonstrating that FIMP is applicable in other regions, a map which was computed on an indicational level 
for the Clear Creek Canyon west of Golden, Colorado, is shown in Fig. 13. The potential debris flow impact map was 
produced on a 5x5m terrain model, which does not consider bridges and culverts, as well as local debris-flow 
susceptibility. Plausibility checks were not done.  

Fig. 13: Example map for the Clear Creek Canyon for demonstration purposes
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Abstract 

The Thomas Fire burned slopes above Montecito, California in December 2017, setting the stage for debris flows and flash floods 
in response to precipitation that exceeded a threshold intensity and duration. A narrow cold frontal rainband storm occurred on 
January 9, 2018, that exceeded the threshold and caused a disaster in Montecito, killing 23 people, injuring many others, destroying 
residential buildings, and community infrastructure. The Geotechnical Extreme Event Reconnaissance (GEER) Association 
mobilized a team to document the damage and geomorphic effects. The potential value of the European Space Agency Copernicus 
Sentinel Synthetic Aperture Radar Satellite to detect and quantify erosion and deposition was recognized and an environmental 
scientist skilled with satellite radar interferometry therefore accompanied the GEER team. The Sentinel satellite data were obtained 
from satellite passes in late November, late December, and late January, which permitted constructions of interferograms that 
showed the effect of the fire before the January 9 storm and the effects of the storm. The interferometric results display an exact 
boundary compared to the burn perimeter determined by fire response teams. An interferometric change model constructed using 
post-fire pre-storm and post-storm Sentinel synthetic aperture radar scenes shows areas interpreted to be possible deposition and 
erosion. The immediate post-disaster search, rescue, and recovery activities resulted in substantial sediment removal from 
deposition areas which could not be captured by the available radar coverage. 

Keywords: Interferometry; Synthetic aperture radar; Burned slopes; Sediment flooding; Debris flow 

1. Introduction

This paper describes how satellite radar interferometry can be used to help characterize a burn area after a wild fire,
and help locate debris accumulations after storm events. A burn area from a 2015 fire in Indonesia was identified using 
SAR C-Band data from Sentinel satellite in 2017. This information was found to be helpful with improving fire control 
management (Lohberger et al., 2017). Sentinel satellite data was also used to determine the burn scar during a study 
done to map the aftermath of a wildfire that occurred in the Western Cape, South Africa in January 2016 (Engelbrecht 
et al., 2017). The concepts surrounding interferometry are complex and the data available are robust. Many change 
detection studies have been performed globally using interferometry with synthetic aperture radar data (InSAR) for 
disaster monitoring and management. A series of change detection studies were done in Syria, Puerto Rico, California, 
and Iran. These studies demonstrate that SAR data can be used to monitor change from natural disasters (Washaya et 
al., 2018). This paper discusses the processes in which data were selected and how data were processed specifically 
for delineating a burn perimeter and locating debris accumulations in and around the city of Montecito, California. 
Since each satellite has its own line-of-sight and wavelength characteristics, product resolution helps point to areas of 
interest, but also has limitations. Quantification of debris deposits was not calculated in this study. 

The present paper refers to a few publications and internet resources. However, most of the processes and results 
are original for this particular area and were developed specifically to discern if interferometry could be used to 
delineate the burn perimeter of the Thomas Fire and track debris deposits from the burned area after the narrow cold 
frontal rainband storm in early January 2018. 
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2. Background and need for interferometry

The Thomas Fire that burned the slopes above Montecito in Santa Barbara County, California started on December 
4, 2017 approximately 50 kilometers to the east of Montecito, and north of Santa Paula in Ventura County, and 
continued to burn through January 12, 2018. This fire burned 114,078 hectares, making it the largest wildfire in 
California history at that time (CalFire, 2018). The destruction of the environment, infrastructure, and lives in and 
around the burn area will take years of mitigation and recovery. The damage to the watersheds within the burn area 
set the stage for even more destruction that became apparent after a heavy rainfall event on January 8 and 9, 2018. 
Precipitation intensities based on 5-minute precipitation values for this rainfall event are described by Keaton (2019, 
Fig. 5). This rain event produced flash floods and debris flows carrying large amounts of debris from the burned slopes 
toward the city of Montecito, damaging hundreds of structures and killing 23 people (CalFire, 2018). 

This devastation prompted professionals from several technical and scientific realms to study this event to try to 
track the debris deposits after the narrow cold frontal rainband storm in early January. Since interferometry is 
performed to detect change, it became apparent that this event, despite the destruction, was well suited to use satellite 
radar interferometry to document where the ground had changed due to the fire, and then again after rainfall. Research 
was done to verify that satellite scenes could be obtained to calculate ground change after the Thomas fire, then again 
after the rain event. Once it was clear that data were available to track these changes, processing began for this study. 
The first objective was to verify that the burn delineation matched the boundary determined by the fire response team. 
The next objective was to verify changes in and near the channels located on the downward slopes toward Montecito. 
This was a big-picture attempt at trying to track the debris flow and see if the InSAR could help identify where the 
sediment traversed and landed.  

Classically, interferometry is used to capture change on the ground surface by measuring the phase difference 
between at least two repeat passes of a fixed orbiting SAR satellite. It is a remote way of measuring relative distance. 
Since InSAR can detect millimeter change, a burn area and debris deposits should be detectable if the correct satellite, 
orbit, and acquisition dates are available for selection. The interferometric and change detection processing, as well as 
the interpretation in relation to the environmental events involving the Thomas Fire and the storm event, require critical 
attention to detail and an understanding of how to correct errors due to atmospheric effects (troposphere and 
ionosphere).  

The level of error can be understood by checking the coherence of the satellite scenes after they are coregistered 
during the beginning stages of processing. Statistics can be calculated on the satellite scenes to determine how high 
the coherence percentage is between specific scenes. Olen and Bookhagen (2018) discuss calculating coherence, types 
of errors that cause loss of coherence, and methods to improve it. The statistical coherence calculation is built into 
most of the SAR processing applications, but users must choose to add that step into their computational processing 
models. Olen and Bookhagen (2018) use this statistical approach to understand coherence. Our study practices a similar 
step to check coherence; the scenes in this study hold 97% coherence or better after inspecting precipitation rates for 
the time frame of interest. 

SAR methods have improved drastically over the last ten years or so as earth surface observation can now be 
effectively done independent of weather, cloud cover, and time of day. Natural hazards, such as, landslides and debris 
flows can be observed and studied better than ever with these radar observation improvements.  However, Olen and 
Bookhagen (2018) discuss seasonality and how choosing satellite scenes during rainy or growing seasons is still an 
important consideration, since precipitation during a wet season can lower coherence and cause errors. Checking the 
daily precipitation amounts on the dates of SAR images can help make decisions on which satellite scenes to use. This 
background check is easy to skip, but using it will help lower error or noise and boost coherence.  

3. Data selection and processing

In recent years, The European Space Agency (ESA) established the Copernicus Program to provide a satellite 
constellation which includes two newer satellites, Sentinel-1A and Sentinel-1B, which are in a near-polar, sun-
synchronous orbit. These satellites share the same orbital plane with a 180° orbital phasing difference. These satellites 
carry a C-band synthetic aperture radar active sensor which was built for many scientific purposes, including the ability 
to collect data in all-weather during the day and night. The way these satellites collect data enable scientists to process 
data for many purposes, including radar interferometry. According to Paul Rosen at NASA JPL, radar interferometry 
can be broadly defined by use of phase measurements to precisely measure the relative distance to an object when 
imaged by synthetic aperture radar from two or more observations separated either in time or space (Rosen, 2014). 
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The ESA has made this data available free of charge and easily downloadable for quick turnaround during critical 
events such as the Thomas Fire (ESA, 2018).  

The slopes that burned are above and north of the city of Montecito, California; therefore, a satellite with an 
ascending orbit would provide the best results since the line-of-sight (LOS) would capture the area of interest well as 
it ascends northward. Sentinel-1B offers 12-day repeat pass ascending orbits. Since Sentinel-1B has a frequent repeat 
pass orbit, the area of interest was captured in late November before the fire occurred, in late December after the fire 
had burned the slopes above Montecito, and in late January after the storm of 9 January 2018. Table 1 lists the satellite 
scenes used in this study. 

Table 1. List of Sentinel-1B satellite scenes used to process two interferograms and deformation models. 

Event Acquisition date Mission Path Frame Orbit Direction Polarization 

Before Thomas Fire 11/22/2018 S1B 137 109 8388 A VV+VH 

Late in Thomas Fire, 
before rain storm 12/28/2018 S1B 137 109 8913 A VV+VH 

After rain storm 1/21/2018 S1B 137 109 9263 A VV+VH 

The ESA not only offers data free of charge, but processing software, too. The software includes five Toolboxes 
that make up the Sentinel Application Platform (SNAP). In order to generate an interferogram, two scenes that have 
the same acquisition direction, path, and frame are required for the best possible result. In this case, each coregistered 
pair has at least 97% coherence, meaning that the interferometric processing will generate an interpretable result. An 
interferogram is considered a complex image, its magnitude is related to correlation.  However, this technology has 
limits; in this case, its phase is related to geometry differences based on the capability of the synthetic aperture 
instrument the satellite carries. The Sentinel satellites carry C-band synthetic aperture radar instruments, meaning it 
has a 6-cm wavelength and the light from that will interact strongly with objects that are around the size of the 
wavelength. One cycle of LOS change is equal to half the physical wavelength, meaning the C-band instrument can 
detect about 3 centimeters of change per cycle (ESA, 2018). 

Sometimes physical change occurs faster than can be detected by a single wavelength over the time difference 
between scenes or so much atmospheric interference is present that areas of decorrelation are in the InSAR scene. 
Radar is sensitive to the structure and scale of objects being captured relative to the radar wavelength. A massive area 
of burned forest imaged by a Sentinel satellite will return a decorrelated pattern in an interferogram calculated from 
radar scenes acquired before and after the burn. Decorrelated areas are important to recognize, especially in this study. 
Decorrelation is the basis used to identify land use, like agriculture and mining, or bodies of water, for example. 
Decorrelation areas can also help identify boundaries.  

The general process for interferogram creation is shown in Fig. 1; however, additional steps may be required 
depending on the area of interest and data availability. Since the interferogram result is shown as color ramps or fringes 
that represent 2.8 cm of change per color cycle for Sentinel C-band SAR, it is best to unwrap the result to get the line 
of sight change in units that are easier to understand in terms of vertical displacement or elevation changes. Statistical-
cost, network-flow algorithm for phase unwrapping (SNAPHU) is an ESA tool used for unwrapping interferometric 
information. This is separate from the ESA SNAP software and needs to be downloaded and configured (ESA, 2018). 
Once the interferogram has been unwrapped, the result needs to be imported back into SNAP to apply an equation to 
return values that reflect line of sight vertical elevation change in meters. The vertical displacement equation is 

Vertical Displacement = (unwrapped phase × wavelength)  [-4π × cos(incidence angle)]-1 (1) 

From there, the units can be easily converted appropriately. The result can now be geocoded and brought into a GIS 
(geographic information system) application for classification, quantification, profiling, and other mapping purposes. 
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Fig. 1. Interferogram formation process tree, European Space Agency (ESA, 2018).

4. Discussion and conclusion

Two objectives were considered in the application of SAR technology to the Montecito disaster reconnaissance: 1) 
detection of the limits of the area that burned and 2) detection of the locations where sediment eroded or was deposited. 
The first notable characteristic regarding the pre-burn/post-burn interferogram is the delineated burn perimeter. The 
pre-burn satellite scene was acquired on November 22, 2017, and the late-stage burn satellite scene was captured on 
December 28, 2017 (the Thomas Fire was 100% contained on January 12, 2018). The area suffered such a major 
change from the fire that it appears as decorrelation in the interferogram (Fig. 2a). The ultimate burn perimeter 
determined by the fire response team matches the decorrelated area in the interferogram, except for the northernmost 
part circled in red, which burned after December 28, 2017 (Fig. 2b). The burn perimeter data that was determined by 
the fire response team was overlaid on top of the interferogram and compared to the drawn burn perimeter based on 
visual inspection of the decorrelated area. In this case, the interferometric results show the delineated burn perimeter 
between November 22, 2018 and December 28, 2018 clearly since it was expected to be decorrelated after the Thomas 
fire had just occurred (Fig. 2). This provides another indication that the interferometric results are reliable since both 
burn perimeters are very similar. Decorrelation in a result is typically the first sign to use different datasets or 
something major has happened on the ground surface between the two satellite passes. Since the occurrence of the 
Thomas Fire was known, decorrelation within the determined fire response burn perimeter was anticipated in the 
results, and in this case, a signal that the results are valuable (Fig 2c). 

The second notable characteristic is the precise calculated distance from the satellite to the ground to detect change 
between two different satellite passes that can be interpreted. Since the winter storm event produced sediment 
deposition in the community of Montecito, reduction in the distance from the satellite to the ground can be interpreted 
generally as uplift, or in this case could be deposition (fig 3). Similarly, a distance increase can be interpreted as erosion 
or subsidence (3). Types or error are usually present and the quality of the data decreases if not corrected or removed. 
In this case, we have very strong coherence between the satellite scenes used for this study, which greatly reduces the 
presence of error. Additionally, finding a known zero within the overall satellite scene is another necessary method to 
reduce error. A given area within the satellite scene, which can be solid rock, for example, is assumed to be zero, 
meaning no difference should be detected in the results. Sometimes there is another value where it should be zero. 
This value represents a type of error that exists across the whole scene, which should be removed throughout the whole 
dataset to adjust the results to improve quality. 

For the purposes of this study, a change model (Fig. 3) was created and classified to identify possible positive 
elevation change near channels where debris might have accumulated in channels and channel junctions. Classification 
of this change model also includes possible negative change due to erosion or subsidence. In this study, a relationship 
exists between areas of sediment deposition and erosion, and channels and channel junctions. It is possible that 
increases in elevation are due to debris flow deposition. 
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Fig. 2. (a) Decorrelated area (manually drawn black dashed line) generated during interferometry between November 22, 2018 and December 28, 
2018; (b) Fire response team mapped burn perimeter (white solid line) for the ultimate burn ending on January 12, 2018 overlaid on top of 
interferogram for comparison; developed by first author, January 2018. The red circle in (b) denotes the northern extent of the Thomas Fire, 
which burned between December 28, 2017, and January 12, 2018. An interferogram constructed from radar scenes on November 22, 2017, and 
January 21, 2018, would have shown decorrelation corresponding to the total extent of the Thomas Fire. (c) Unwrapped displacement result. The 
area within the black solid line (CalFire, 2018) is another example of how results showing major change on the surface between two satellite 
scenes appear.  

The change model (Fig. 3) shows elevation change areas, with red and dark red showing the most increase in elevation. 
The red and dark red areas are small clusters located in and around the channels and channel junctions. The center 
channel in Fig. 3 that leads straight into the city of Montecito is San Ysidro Creek. It has several red and dark red 
clusters that are interpreted to be sediment accumulation and possibly post-disaster cleanup prior to January 21, 2018. 
It is known that this channel carried a majority of debris into Montecito, so it is reasonable to interpret the interferogram 
as documenting sediment accumulation. An overview of geotechnical effects along San Ysidro Creek is presented in 
Keaton et al. (2019), including several photos of debris flow damage. Additionally, the change model (Fig. 3) shows 
blue and dark blue clusters which could represent areas where erosion or subsidence occurred sometime during and or 
after the rain event. SAR data has been used to detect surface change for over twenty years and, since the launch of 
the Sentinel missions in 2014 and 2016, change with millimeter accuracy can be evaluated every 6 to 12 days between 
two Sentinel satellite passes (ESA, 2018).  

(a) (b)

(c)
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Fig. 3. Post-burn/post-rain event (December 28, 2017 to January 21, 2018) interferometric change model showing the most elevation change in 
and around channels within the burn area leading toward Montecito. Possible positive elevation change areas due to debris accumulation/ 
deposition are shown in the red and dark red clusters. This could be debris deposits from the Thomas Fire flowing down slope into channel 
system with storm event in early January 2018. Possible negative elevation change areas due to erosion or maybe subsidence are shown in blue 
and dark blue clusters.  
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Abstract 

Debris flows and debris floods are common in mountainous regions of Western Canada, but there is no provincial or 
national standard for debris-flow/flood hazard or risk management.  Instead, each local government manages hazards 
in its own way.  Quantitative Risk Management (QRM) is being increasingly adopted, largely due to the effort of 
practitioners promoting its use.  QRM uses numerical estimates of risk parameters to help risk managers within local 
government answer the following questions: Are present and future residents of my community safe enough?  Is 
debris-flow/flood protection needed?  How much should my community invest in debris-flow/flood protection?  After 
roughly a decade of application, the benefits and challenges of QRM are emerging.  This paper presents examples of 
the QRM process applied to debris-flow/flood risk management for communities, with a focus on debris-flow/flood 
mitigation decision making and remaining challenges. 

Keywords: Risk assessment; hazard management; risk management; debris-flow mitigation; debris flood 

1. Introduction

Debris flows and debris floods are widespread in mountainous regions of Western Canada, and numerous events
have impacted residential areas in the past decade, resulting in fatalities and economic damage (Moase, 2017). 
Development on debris-flow and debris-flood prone fans has historically occurred without adequate recognition of the 
hazard, and few developments are effectively protected from these hazards.  A variety of communities have been 
impacted, ranging from densely-developed, wealthy, urban settings to the sparsely-developed, rural settings that are 
prevalent in British Columbia and Alberta.    

Typically, assessments are triggered following debris-flow or debris-flood events, often in areas that were not fully 
aware of the threat to their community.  A provincial code, standard, or specification for debris-flow/flood hazard 
management does not exist, and there is no nationally or provincially-adopted level of debris-flow/flood safety.  Hazard 
and risk management is delegated to the municipal level of government, and each municipal government manages 
hazards in its own way.  Some guidance exists for assessing landslide hazards (including debris flow/flood) for 
proposed developments (e.g. EGBC, 2010; Cave 1993), but there is little guidance for existing developments.   

A few municipal governments, such as District of North Vancouver (DNV) and Town of Canmore (TOC), have 
responded to landslide and debris-flow/flood events by developing local regulations for assessing hazards and 
managing risk using a Quantitative Risk Management (QRM) process.  QRM is modelled after the process initially 
developed in Hong Kong for landslide hazards (GEO 1998, Malone 2004, VanDine 2018).  Smaller municipal 
governments are now increasingly referencing the local regulations adopted by DNV and TOC. 

With this evolving adoption of the QRM process there is a need to understand the benefits, challenges, and lessons 
learned from previous applications of QRM for debris flows/floods.  This paper presents examples of the QRM process 
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applied to debris flows/floods that affect existing residential development, with a focus on the decision-making process 
for mitigation and remaining challenges of the QRM process.   

The QRM process presented in this paper is designed for management of rapid-onset, highly-destructive hazards, 
where risk associated with direct impact is the controlling factor for decision making.  Debris flows/floods are an ideal 
hazard type for this methodology.  The process is distinct from those that manage slowly unfolding hazards (e.g. 
environmental contamination, flooding) where concepts of resilience and response as an event unfolds are relevant. 
The QRM process presented here is one of many tools for managing geologic hazards, each with its own strengths and 
weaknesses. This paper is not an argument for or against the QRM process, but rather an open discussion of its 
strengths and weaknesses.   

2. Quantitative Risk Management

The QRM process described in Table 1 is well documented in literature (e.g. VanDine 2018, Holm et al. 2018,
Hungr 2016, VanDine 2012, Fell et al. 2005, IUGS 1997, GEO 1995, Jakob 2019, this volume).  It involves three 
overlapping phases: hazard assessment, risk assessment, and risk management.  When applied to debris flows/floods, 
the hazard assessment phase involves estimating the frequency and magnitude of flows, typically in terms of total 
volume and peak discharge at the fan apex.  Numerical modeling allows estimation of potential runout extent and 
impact intensity across the fan surface in terms of flow velocity and depth.  Considerable experience and judgement 
is needed to calibrate the numerical models, interpret the raw model output, and create a comprehensive debris-
flow/flood hazard map that considers a range of possible volumes, rheologies, and avulsion scenarios.  Output of the 
hazard assessment is an estimated occurrence probability, spatial impact probability, and impact intensity, which varies 
across the hazard area, for each debris-flow/flood scenario. 

Table 1. Quantitative risk management framework (adapted from Fell et al. 2005, VanDine 2012). 
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1. Scope Definition
a. Recognize the potential hazard
b. Define the study area and level of effort 
c. Define roles of the client, regulator, stakeholders, and Qualified Registered Professional 

(QRP)
d. Identify ‘key’ consequences to be considered for risk estimation
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2. Geohazard Analysis
a. Identify the geohazard process, characterize the geohazard in terms of factors such as 

mechanism, causal factors, and trigger factors; estimate frequency and magnitude; develop
geohazard scenarios; and estimate extent and intensity of geohazard scenarios. 

3. Elements at Risk Analysis
a. Identify elements at risk
b. Characterize elements at risk with parameters that can be used to estimate vulnerability to

geohazard impact.

4. Geohazard Risk Estimation
a. Develop geohazard risk scenarios 
b. Determine geohazard risk parameters
c. Estimate geohazard risk

5. Geohazard Risk Evaluation 
a. Compare estimated risk against risk tolerance criteria adopted by the governing jurisdiction 
b. Prioritize risks for risk control and monitoring 

6. Geohazard Risk Control Assessment
a. Identify options to reduce risks to tolerable levels
b. Select option(s) with the greatest risk reduction at least cost 
c. Estimate residual risk for preferred option(s) 

7. Action
a. Implement chosen risk control options 
b. Define and document ongoing monitoring and maintenance requirements
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The risk assessment phase involves identifying elements (e.g. buildings, roads, bridges, pipelines) that could be 
impacted by a debris flow/flood, estimating risk, and comparing the estimated risk to risk tolerance criteria.  The 
comparison of risk estimates with risk tolerance criteria addresses questions like: “Is my community safe enough?”, 
and “Is debris-flow/flood protection needed?”   

Elements at risk are identified by overlaying the hazard map with a map of buildings and infrastructure.  Risk of 
loss of life (safety risk) can be estimated for individuals or groups.  Individual risk is an estimate of the annual 
likelihood that a specific person is killed by a debris flow/flood.  Typically, individual risk is estimated at each building 
for the person most at risk, who is typically the person who spends the longest time per year within the hazard zone. 
Group risk (societal risk) is an estimate of the number of people who would be killed by each debris-flow/flood 
scenario.  Risk is estimated using Equation 1.  Individual risk is the sum of risks estimated for each debris-flow/flood 
scenario.  Group risk considers the number of fatalities (N) that would be lost during each debris-flow/flood scenario. 
Group risk is typically represented graphically on an F-N plot, which displays the cumulative annual probability (F) 
of N or more lives being lost (Fell et al. 2005).   

𝑅𝑅 = 𝑃𝑃(𝐻𝐻) ∗ 𝑃𝑃(𝑆𝑆:𝐻𝐻) ∗ 𝑃𝑃(𝑇𝑇: 𝑆𝑆) ∗ 𝑉𝑉 ∗ 𝐸𝐸 (1) 

In this equation, R (safety risk) is the probability that a person is killed by the specific debris-flow/flood scenario; 
P(H) is the probability per year that the debris-flow/flood scenario occurs; P(S:H) is the probability that the debris-
flow/flood scenario reaches the element at risk; P(T:S) is the probability that the person is present, given the building 
or infrastructure is impacted; V is the probability that the person is killed, given they are impacted; and E is the number 
of people exposed to the hazard, taken as 1 for individual risk. 

Risk tolerance is treated as a social, rather than a technical, question that is to be defined by decision makers who 
represent society’s interests.  In practice, risk tolerance thresholds referenced in Western Canada (Fig. 1) have been 
introduced by landslide risk management professionals and adopted by municipal managers with varying degrees of 
public input.  The thresholds are based on those developed in Hong Kong for landslide risk, and those developed in 
the UK, Australia, The Netherlands, and the United States for risk related to large industrial accidents and water 
retaining dams (Porter and Morgenstern 2013, Baecher 2015, Hungr et al. 2016).  Risk tolerance thresholds adhere to 
principles described by IUGS (1997), including: landslide risk should not be significant compared to other risks to 
which a person is exposed in everyday life; society is intolerant to incidents that cause many simultaneous casualties; 
higher risks are tolerated for existing rather than planned projects; and risk should be reduced wherever reasonably 
practicable (ALARP principle).   

Fig. 1. (a) Group (societal) risk tolerance criteria for landslides commonly referenced in Western Canada (GEO 1998); (b) Individual risk tolerance 
thresholds commonly referenced in Western Canada (Porter and Morgenstern 2013).

Individual risk tolerance thresholds 
Annual probability of death to the individual 
most at risk 

New development 
1:100,000 (1x10-5) 

Existing development 
1: 10,000 (1x10-4) 
Similar to an individual’s risk of death in an 
automobile accident in the United States or 
Canada 

a) b) 

849



Strouth / 7th International Conference on Debris-Flow Hazards Mitigation  (2019) 

If the risk assessment identifies that debris-flow/flood risks are unacceptable, risk management may be pursued. 
The risk management phase refers to design and implementation of mitigation measures or non-structural options like 
monitoring and evacuation protocols, education, and land-use planning.  The risk management assessment addresses 
questions like, “How much should my community invest in debris-flow/flood mitigation?” and “What impacts will 
debris-flow/flood mitigation have on my community?”  The assessment involves identifying options to reduce risk 
and selecting a preferred option that optimizes cost and benefit.  The preferred option often includes a combination of 
structural and non-structural measures.   

The quantitative risk framework is used to select the location and size of the mitigation measures.  Using an iterative 
process, the designer selects a combination of measures that reduces risk to tolerable levels, considering the full range 
of possible risk scenarios including different magnitude classes and avulsion scenarios.  Structures are sized to manage 
a “design event” defined for the structure (i.e. the debris-flow/flood magnitude that controls sizing of the mitigation 
structure).  Often the structure’s design event is the largest magnitude debris flow/flood that results in intolerable risk. 
Where it is not feasible to construct mitigation for large magnitude events, structures are sized for the maximum event 
that can feasibly be controlled, and larger, lower-probability scenarios are managed with non-structural measures like 
monitoring and evacuation.    

The QRM process provides answers to basic risk management questions, identifies priorities, allows direct 
comparison of different hazard types, and can be used to demonstrate and communicate the decision-making process. 
However, for projects requiring some form of structural mitigation, a primary outcome of the QRM process is selection 
of the structure’s design event.  When the QRM process is used, the structure’s design event is site-specific and 
corresponds to the number and distribution of people in the hazard zone.  In general, smaller structures (e.g. designed 
for the 100-year return period event) are derived for areas that are infrequently occupied, while larger structures (e.g. 
designed for the 1,000 or even 10,000-year return period event) are derived where debris flows/floods have potential 
to impact an urban area (Fig. 2). 

From a worldwide hazard management perspective, the QRM process is rare (Lateltin et al. 2005, ASI 2009, MOC 
2000).  Most geologic hazard types, including landslide and flood hazards in most countries, are managed using a 
prescriptive standards-based process. For example, in Canada flood control elements (e.g. dikes, conveyance 
structures) are commonly designed for 100-year to 200-year return period flood stages plus freeboard regardless of the 
number and distribution of elements at risk, and buildings are designed to resist the 2,475-year return period earthquake 
loads (NRC 2015).  In Switzerland, the 100-year return period debris flow/flood is commonly taken as the design event 
for structural mitigation measures (Lateltin et al. 2005).  This prescriptive standards-based process is much simpler to 
systematically apply, but it ignores the number of people at risk and is not flexible enough to consider site-specific 
conditions that would justify use of a larger or smaller mitigation design event.  The standards-based approach also 
cannot be used to prioritize mitigation, which is a substantial limitation in Western Canada, where there currently are 
many developed fans without risk management measures, and limited funding available to allocate to such measures. 

Fig 2. An undeveloped fan (left) and a highly-developed fan (right) in Alberta, Canada, both prone to debris floods.  A prescriptive standards-based 
process would call for the same design event (100 or 150 years in the case of Switzerland, Japan or Austria) for mitigation for each fan.  The QRM 
process would prescribe a relatively small structure for fan A, and a major structure or series of structures for fan B.A B B 
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3. Application of the Quantitative Risk Management Process

The QRM process has been applied at more than 50 sites across British Columbia and Alberta for debris-flow/flood 
hazards during approximately the last ten years.  Typically, where risk is found to be intolerable, the process is used 
to both inform and justify applications to government for mitigation funding, and to select the size of structural 
mitigation measures. However, the final, most-important step of risk management, which is construction or 
implementation of the mitigation design (item 7, Table 1), is often not completed.  Local governments responsible for 
managing the hazards typically have a strong political mandate to protect their citizens, but they rarely have the 
financial resources to fund structural mitigation measures.  Local governments compete for funding from a variety of 
provincial and federal grants, which can take years and for which there is no guarantee of success.  Winning a grant is 
a function of many factors that may be unrelated to urgency of need for a particular community (e.g. number of 
applicants, knowledge of applicant, size of existing development and associated infrastructures, timing of submittal). 
While they wait for provincial and federal funding, local governments manage the situation as best they can with 
limited resources, often with strategies like educating residents about hazard and risk zones, empowering individuals 
to protect themselves, developing emergency response plans, and sometimes devising a warning system whose 
enforcement is largely voluntary and not associated with evacuation orders.  Where the QRM process exposes levels 
of risk that are intolerable, but that cannot be managed under current policies and financial resources, it can lead to 
unintended hardships such as loss of property value.  At the same time, avoiding assessment of identified geohazards 
can expose local governments to liability, leading to a ‘catch-22’ situation.  QRM offers some solution to this 
conundrum in that it provides a defensible process for decision-making, even when solutions have yet to be realized. 

In an ideal world, all hazard types affecting a province or nation would be characterized, prioritized, and managed 
using a single comprehensive framework that allocates resources based on need, so that resources and mitigation are 
provided to the communities exposed to highest risks.  Unfortunately, although western Canada is beginning large 
scale efforts to prioritize areas based on risk to inform risk management decisions, the risk management process is not 
yet mature.  Fig. 3 provides an indication of risk and estimated mitigation cost for ten debris-flow/flood hazard sites 
where the QRM process has been used by the authors.  It demonstrates that funding is currently not preferentially 
allocated (or available) to the highest risk communities, and that there must be other factors that influence which 
communities acquire funding for debris-flow/flood mitigation. 

Fig 3. Each point is a debris-flow or debris-flood hazard site in Western Canada where the QRM process has been applied.  Y-axis is the estimated 
number of fatalities that could occur during the most extreme event considered in the risk assessment (typically a 3,000-year or 10,000-year return 
period event) and is a proxy for risk. X-axis is the estimated mitigation cost in Canadian dollars, estimated based on a conceptual mitigation design 
that would reduce risk to a tolerable level.   
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The following two sites are each at extreme ends of the risk management spectrum, and while they may not illustrate 
‘typical’ examples, they do highlight some of the issues: 

Site A is a popular tourist destination in the Vancouver, British Columbia metropolitan area.  The parking lot is in 
the distal region of a debris-flow fan.  Small debris flows and floods that have eroded the fan surface have occurred 
during the past few decades, but a significant debris flow has not reached the parking lot in historical times. A debris-
flow hazard and risk assessment identified that debris flows would rarely impact the parking lot (~3,000 year return 
period) and that parking lot impact could cause one to two fatalities (N 1 to 2).  Individual risk at this site is acceptable 
(Fig. 1).  Group risk plots in the As Low As Reasonably Practicable (ALARP) zone on the group risk tolerance diagram 
(Fig. 1), implying that risks should be reduced if the cost of mitigation is not disproportionate to the risk reduction 
achieved.  The QRM process identified that debris-flow mitigation was not required, but indicated that the ALARP 
principle should be applied.  The site is owned by a large and well-funded municipal government, who have applied 
the ALARP principle by designing flexible net debris-flow barriers to protect the parking lot.  The proposed barriers 
are 4 m tall, more than 200 m long, and will cost several million dollars.  Funding, provided by the municipality, is in 
place for the proposed mitigation, and construction is planned to begin in 2019. 

Site B is a residential community in a rural area of Squamish-Lillooet Regional District, British Columbia.  The 
community includes 114 occupied lots that are located on an active debris-flow fan (see Jakob 2019, this volume, for 
a summary of the risk profile).  Debris flows have occurred frequently since the community was developed, including 
three debris flows between 2004 and 2013 that destroyed vehicles and buildings, but luckily did not result in loss of 
life.  The QRM process identified that 76 residences exceeded the individual risk tolerance threshold of 1:10,000 
(Fig. 1), and 18 residences exceeded 1:1,000 annual risk of fatality.  Group risk plotted entirely within the unacceptable 
zone, including a scenario indicating that a 3,000-year to 10,000-year return period debris flow could result in up to 
80 fatalities.  The risk management phase of the QRM process identified that the 10,000-year return period debris flow 
would need to be addressed by structural and non-structural mitigation to move group risk into the ALARP zone on 
the group risk plot (Fig. 1).  It was recognized that funding to protect against a 10,000-year event was unlikely to be 
available, so structural mitigation designs were developed for both a 1,000-year and 10,000-year design event.  The 
preferred mitigation option was a debris-flow conveyance channel (which was possible due to the steep fan gradient), 
with estimated cost ranging from $4 Million to $9 Million, depending on the selected design event.  The local 
government does not have resources to provide this mitigation, but has spent the past several years seeking funding 
from provincial and federal grants.  Unfortunately, they have not yet been successful in acquiring mitigation funding. 

4. Quantitative Risk Management Benefits and Challenges

At each site for which it has been applied, the risk management phase of the QRM process has consistently identified 
an appropriate design event and preferred mitigation option, but has not frequently led to implementation of structural 
or non-structural mitigation measures.  Therefore, it can be questioned whether the recent adoption of the QRM process 
at individual sites has improved management of debris-flow/flood hazards and risks on a society-wide scale.  The 
short-comings could be a result of Canada’s fragmentary system of managing and funding natural hazard mitigation. 
Alternatively, and as long as grants are being issued from provincial and federal sources, it may simply be a matter of 
time until funding reaches high-risk communities. At times, it appears that a systematic risk-based provincial debris-
flow prioritization should have preceded application and refinement of the QRM process at specific sites.  Irrespective, 
the past decade of experience has highlighted several important benefits and challenges associated with the QRM 
process, as described in the following paragraphs. 

When compared to a prescriptive standards-based process for debris-flow/flood hazard management, the QRM 
process has the following benefits: 
• Prioritization – The QRM process provides a way for local government to compare and prioritize different hazard

types and sites, and to justify mitigation funding applications to higher orders of government.  This is particularly
helpful in large, sparsely populated areas where there are more hazard areas than can be feasibly managed by a
standards-based process.   Costs and benefits of hazard management can be optimized, which can reduce long-term
hazard management costs.

• Site-specific – The QRM process is specific to the hazard, elements at risk, stakeholders, and objectives of the
community at the particular site.  This leads to debris-flow/flood risk management that is targeted for the local risk
profile.  Hazards and risks are typically well understood at the conclusion of the QRM process.

• Consideration of non-structural measures –  Non-structural mitigation measures, such as public education, land
use planning, warning and evacuation protocols, and emergency response planning can substantially reduce debris-

852



Strouth / 7th International Conference on Debris-Flow Hazards Mitigation  (2019) 

flow/flood risk in some cases.  The QRM process is well suited to demonstrate the level of risk reduction achieved 
by these measures, allowing them to be considered alongside structural mitigation. 

• Communication – The QRM process provides a clear language to define the factors that contribute to debris-
flow/flood risk.  This promotes informed discussion of risk and risk management options by community members
and decision makers and promotes community resilience.  QRM as a communication tool could be thought of as a
by-product to the products described in this paper, but improved communication may be the most effective risk
management step.

The following points describe challenges of the QRM process at achieving risk reduction: 
• Complication –  Due to its flexibility, the QRM process can be difficult and expensive to implement and it requires

input from the full range of stakeholders and specialists to execute.  Most processes that are intended to be applied
by a wide range of people and environments (e.g. building codes) are intentionally designed to be simple and rigid
to facilitate adoption and compliance.  Experts are required to carry out the QRM process, and experts are rare and
expensive.

• Limited adoption – Currently only a handful of geotechnical consulting firms are familiar with the QRM methods
as they pertain to debris flows and debris floods. A more widespread adoption is desirable to promote homogenous
application. Similarly, decision makers need to be educated about the advantages and disadvantages of the QRM
process to allow adaptation at the local government level.

• Lack of context – In theory, the QRM process would allow multiple geohazard types to be directly compared to a
consistent risk tolerance threshold.  However, in practice, debris-flow/flood hazards are mostly assessed
independently from other geohazard types.  The risk tolerance thresholds that have been referenced lead to selection 
of mitigation structure design events (e.g. 300-year, 1,000-year, or even 10,000-year return periods) that are much
more stringent than is applied for other geohazards (e.g. floods, snow avalanches).  This could lead to inappropriate
allocation of society’s resources to debris-flow/flood hazard sites and away from other higher-risk sites or hazard
types where risk tolerance thresholds have not yet been applied.

• Communication challenges – The QRM process is promoted as a tool for decision making, but it requires decision
makers who are well-informed about the QRM process and the origin and implications of risk tolerance thresholds.
The QRM process is more complex than prescriptive standards-based methods, and it frequently refers to complex
mathematics (e.g. 1x10-4) that is unfamiliar to many people.  Improved tools are needed to provide context and
explain the “real” meaning of the quantities referred to by the QRM process.

• Promotes stagnation – In its current application, the QRM process may lead to designs that are too expensive to
be funded, which leads to stagnation and a lack of risk management implementation. This is primarily due to strict
risk tolerance thresholds that have been adopted (Fig. 1) and because extreme events (e.g. 1,000-year and 10,000
year) tend to control group risk (Jakob et al. 2018).

5. Towards a More Effective Debris-Flow/Flood Risk Management Process

From a worldwide hazard management perspective, the QRM process is rare.  However, it is increasingly being 
adopted by western Canadian municipalities for management of debris-flow/flood hazards and risks due to its 
important benefits, including flexibility to meet needs of a particular community, utility as a prioritization tool, 
consideration of event consequences, and ability to directly compare non-structural to structural risk management 
measures.  Theoretically, the QRM process is an effective tool for managing debris-flow/flood risk on a societal level, 
but applications to date have highlighted practical challenges, such as lack of funding, expertise, and momentum to 
construct mitigation, that need to be overcome.  The following could improve QRM practice in Western Canada, and 
facilitate adoption of the QRM process in other regions and for other hazard types: 
• Shift responsibility for geohazard (including debris-flow/flood) risk management from the municipal to provincial

level. This was the case prior to 2003 in British Columbia, and may soon be the case in Alberta as far as steep creek
hazards are concerned.  Higher levels of government have more resources and are better suited to view hazards at
a particular site in context with other hazard sites and hazard types.

• Adoption of consistent risk assessment and risk tolerance guidelines by provincial or national government that are
applicable to all geohazard types.  This will help promote distribution of resources to the most critical locations
and hazard types.

• Educate geoscientists and engineers about the QRM process and its application, to address the current shortage of
qualified practitioners.
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• Develop tools to improve communication of QRM concepts, allowing the public to understand debris-flow/flood
risks in the context of other hazard types and risks faced in everyday life.

• Develop strategies to promote action and implementation of risk reduction measures (where mitigation investments
are appropriate).  For example, at existing developments, this may include a shift away from defining a risk
tolerance threshold that must be met, towards quantifying the risk reduction that could be achieved by various
economically-feasible mitigation options.  This may also include adopting a risk-informed decision making
approach, which considers risk evaluation as one of many decision inputs, rather than an approach focused on
precisely meeting the strictly-defined risk tolerance threshold line.

• Develop funding mechanisms that encourage short-term action with available resources, and long-term action
through a disaster prevention fund allocated according to risk-based regional geohazard prioritization.  Note that
large-scale, regional geohazard risk prioritization has begun in British Columbia, setting the stage for policy review
within the next few years.
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Abstract 

Regional scale debris-flow or debris-flood susceptibility mapping based on terrain analysis is limited by a high degree of effort 
and the availability of surface evidence for past events, which may be obfuscated by development or obscured by repeat erosion 
or debris inundation. This paper presents a semi-automated methodology for debris-flow and debris-flood susceptibility mapping 
at regional scale based on a combination of digital elevation model (DEM) metrics to identify potential source zones, and flow 
propagation simulations using the Flow-R code. The DEM metrics allow identification and preliminary, process-based 
classification of streams prone to debris flow and debris flood, respectively. Flow-R simulations are based on a combination of 
spreading and runout algorithms considering DEM topography and empirical runout parameters. The methodology was first 
tested in a region of the Canadian Rocky Mountains, where detailed debris-flood hazard assessments had been previously 
undertaken based on both field mapping and numerical modeling. It was then applied over two regions, with 22,000 km2 and 
55,000 km2 areas, respectively, in central British Columbia, Canada. One important advantage of the presented methodology is 
the limited amount of data required to generate a preliminary susceptibility map over a large region. Once incorporated in a risk 
assessment framework, this map can be used to prioritize more detailed assessments. The methodology was also applied at a 
higher level of detail to an approximately 30 km long roadway corridor in Southwestern British Columbia. At the assessment 
level of this project, the methodology allowed generation of a susceptibility map which considered the cumulative contribution of 
several potential source zones within each debris-flow and debris-flood watershed. This map allowed risk-based prioritization 
and supported debris-flow risk reduction decision making. 

Keywords: debris flow; debris flood; susceptibility mapping; digital elevation model; Flow-R; risk assessment 

1. Introduction

Debris-flow and debris-flood susceptibility mapping based on terrain analysis is limited by the availability of
surface evidence for past events, which may be obfuscated by development or obscured by progressive erosion or 
debris inundation. In addition, it can be limited by the relatively high level of effort to map large regions. To address 
these limitations, this paper presents a semi-automated methodology based on stream segments delineated from 
digital elevation models (DEMs), morphometric statistics on DEMs, and the Flow-R model ("Flow-R" refers to 
"Flow path assessment of gravitational hazards at a Regional scale") developed by Horton et al. (2008, 2013). This 
methodology allows identification, at a preliminary level of detail, of potential debris-flow or debris-flood hazard 
and modeling of their runout susceptibility over large study areas. 

Using Flow-R, Horton et al. (2011) demonstrated the control of DEM topography on debris-flow propagation. 
Park et al. (2013) found good agreement between debris-flow paths predicted with Flow-R and an inventory of past 
events near Seoul, South Korea, despite the paucity of parameters for rheological properties and erosion rate required 
in the software. The software also provided reliable results within the framework of the development of a debris-
flow susceptibility map at regional to national scale in Norway (Fisher et al., 2012). Blais-Stevens and Behnia (2016) 
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undertook susceptibility mapping with Flow-R in northwestern Canada, and their results highlighted debris-flow 
potential in a number of channels that had not been previously documented. These results are consistent with the 
objective of susceptibility mapping, which is to consider the largest credible area affected by geohazard in the 
process of prioritizing future, more refined work. Further validation of the Flow-R software has been documented by 
Pastorello et al. (2017) and Kang and Lee (2018). 

A few authors attempted to integrate Flow-R into preliminary hazard assessments, which typically require 
definition of landslide magnitude and frequency. Based on the assumption that larger debris-flow events are less 
frequent and able to travel for longer distances than smaller, more frequent ones (e.g., Corominas and Moya, 2008), 
Blahut et al. (2010) and Kappes et al. (2011) defined three magnitude-frequency runout scenarios corresponding to 
low, moderate and high hazard by means of different angles of reach (the angle of reach being one of Flow-R main 
input parameters; see also Corominas, 1996). Blahut et al. (2010) simulations were coupled with ratings for debris-
flow hazard initiation probability. 

 This paper presents four case studies using Flow-R for both debris-flow and debris-flood susceptibility mapping. 
The first case reports on a pilot study comparing Flow-R simulation results with detailed analysis of debris flood 
undertaken with the software FLO-2D. In the second and third ones, Flow-R results are integrated into regional scale 
debris-flow and debris-flood risk prioritization assessments, whose objective are to prioritize future detailed 
assessment on alluvial fans with higher risk potential. Finally, the fourth case study shows a similar example at a 
refined level of detail, where Flow-R was used to prioritize mitigation work on selected segments of roadway on a 
series of alluvial fans.   

2. Methodology

2.1. Definitions 

The term “landslide susceptibility” was defined by Fell et al. (2008) as “a quantitative or qualitative assessment of 
the classification, volume (or area), and spatial distribution of landslides which exist or potentially may occur in an 
area”. Susceptibility may be used for characterization of landslide potential both at the source and within the impact 
zone. In the two first case studies described in this paper, the term is primarily used to describe areas susceptible to 
geohazard impact, and no effort was made to classify source zones according to their likelihood of generating 
landslides. In the third example, classification and weighting of debris-flow source zones was incorporated based on 
experience and knowledge of the study area. 

The proposed methodology required two main steps. The first one is the identification of steep creek geohazard 
sources, and the second one consists in the estimation of geohazard propagation and runout susceptibility. In this 
study, steep creek geohazards include both debris flow and debris flood. Debris flow is defined as a very rapid to 
extremely rapid surging flow of saturated debris in a steep channel, with strong entrainment of material and water 
from the flow path (Hungr et al., 2014). Debris floods correspond to very rapid flows of water, heavily charged with 
debris, in steep channels; their peak discharge is comparable to that of water floods (Hungr et al., 2014). 

2.2. Identification of debris-flow and debris-flood sources 

In this study, stream segments, generated based on DEMs, are used as “proxy” for steep creek geohazard source 
zones. This approach was chosen in part because it is computationally efficient across large regions. The segments 
need to be classified to differentiate the ones most likely to generate debris flows from the ones most likely to 
generate debris floods. In the proposed methodology, process types are classified using geomorphometric parameters 
such as the Melton ratio and watershed length. The former corresponds to the ratio between watershed relief and the 
square root of watershed area (Melton, 1957). The latter is calculated as the total channel length upstream of a given 
stream segment to the stream segment farthest from the fan apex. These terrain parameters are a good screening level 
indicator of the propensity of a creek to dominantly produce debris floods or debris flows (Holm et al., 2016). It 
should be noted that there is a continuum between debris flow and debris flood, which depends on factors such as 
velocity, sediment concentration and channel slope angle. As such some steep creek processes may present behavior 
in between typical debris flow or debris flood. In addition, both processes can occur within the same watersheds and 
consequently alluvial fans may not be completely assigned to one single process type. 
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2.3. Steep creek geohazard propagation and runout susceptibility modeling 

FLOW-R simulates propagation of debris flows and debris floods through a DEM. In this study, sections of the 
freely available Canadian Digital Elevation Model (CDEM) at 20 m resolution were used. This resolution was 
selected, because it was the highest resolution available which covered the entire study areas. Propagation is 
modelled using spreading algorithms and simple frictional laws. Both spreading algorithms and friction parameters 
need to be calibrated by back-analysis of past events or based on geomorphological observations (e.g., alluvial fans). 

FLOW-R can generate the maximum susceptibility that passes through each cell of the DEM, or the sum of all 
susceptibilities passing through each cell. The former is calculated using the “quick” calculation method and is used 
to identify the area susceptible to landslide processes. The “quick” method propagates the highest source segment, 
and iteratively checks the remaining source zones to determine if a higher energy or susceptibility value will be 
modelled. The latter is calculated in FLOW-R using the “complete” method and can be used to identify areas of 
highest relative regional susceptibility. The complete method triggers propagation from every cell in the source 
segments and then calculates the sum of susceptibilities at each cell of the DEM. It should be noted that the sum of 
susceptibilities has no physical meaning; rather it can be used as a regional comparison between sites to determine 
areas with higher hazard potential. Debris-flow and debris-flood propagations were modelled separately. 

3. Case Studies

3.1. Pilot Study: Canmore Area 

We simulated an initial set of debris floods in the Canmore area, where a number of debris-flood fans had been 
previously studied at a detailed level (Jakob et al., 2017; Holm et al., 2018). Canmore is located in the Front Range 
of the Canadian Rocky Mountains, approximately 90 km west of Calgary. The objective was to compare Flow-R 
propagation results with detailed numerical modeling results. The detailed numerical modeling had been undertaken 
for a spectrum of debris-flood scenarios on each creek, using the software FLO-2D (2004) and provided estimates of 
flow depth within and beyond alluvial fans. 

Calibration of Flow-R propagation parameters focused on attempting to reproduce the extent of debris-flood 
potential inundation of the worst-case scenario, corresponding to a 1000-3000-year return period event. The “quick” 
method was used for this purpose, as we were mostly interested in the maximum extent of potential inundation areas. 
The results were satisfying, as illustrated in Fig. 1, and provided confidence that Flow-R is able to delineate potential 
areas susceptible to debris flood at regional scale. Calibrated parameters in this pilot study are shown in Table 1. It 
should be noted that the FLO-2D model used a 10-m DEM resolution, while the DEM resolution used in Flow-R 
was 20 m.  

Fig. 1. Comparison between Flow-R propagation extent (A) and FLO-2D modeling results (B) at one of the alluvial fans of the Canmore area. 
The blue polygon in A and beige background in B outline a mapped alluvial fan. The purple color in B shows the extent of flow simulated with 
FLO-2D (yellow to red zone correspond to various flow impact intensities). The scenario shown in (B) is the largest modelled debris-flood 
scenario on this creek, corresponding to an estimated 1000-3000-year return period event. 
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Table 1. Calibrated debris-flood parameters used in Flow-R (Canmore) 

Selection Flow-R Parameter Value 

Directions algorithm Holmgren (1994) modified dh = 2, exponent = 1 

Inertial algorithm Weights Gamma (2000) - Cosinus 

Friction loss function 

Energy limitation 

Travel angle 

Velocity 

2-3° 

< 15 m/s 

Note that Flow-R could not model avulsions that are likely at culverts and bridges and which could send flow 
towards the western portion of the fan as shown on Fig. 1. Flow-R also cannot simulate bank erosion, channel scour 
and aggradation, all of which can affect flow behavior and thus risk. These limitations need to be considered in any 
site-specific application. 

3.2. Regional scale assessments: Central British Columbia 

The two case studies in Central British Columbia were part of regional scale steep creek geohazard risk 
prioritization studies. The study areas covered the entire Regional District of Central Kootenay (RDCK, 22,000 km2) 
and the entire Thompson River Watershed (TRW, 55,000 km2), British Columbia. The objective of the prioritization 
studies was to characterize and prioritize steep creek hazards that might impact developed properties. The studies 
focused on alluvial fans, as these are the landforms commonly occupied by elements at risk.  Relative ratings of the 
likelihood that events occur and impact elements at risk were combined with consequence ratings to assign priority 
ratings to each fan. The results supported risk management decisions, policymaking, and prioritization of further 
assessment.  

Flow-R modelling focused on one component of the prioritization studies, the assignment of impact likelihood 
ratings. An impact likelihood rating was assigned to each fan of the study areas considering the relative spatial 
likelihood that geohazard events result in uncontrolled flows that could impact elements at risk. Uncontrolled flows 
were assumed to result from avulsions, whose potential depends of characteristics such as channel confinement and 
surface evidence for previous avulsions. Flow-R propagation parameters were calibrated based on typical parameters 
from the literature, experience with calibrated case studies (e.g., Section 3.1), and using the extent of mapped 
alluvial fans within the study areas. Table 2 and Table 3 show the calibrated debris-flow and debris-flood 
parameters, respectively, for the RDCK case study. 

Table 2. Calibrated debris-flow parameters used in Flow-R for the RDCK assessment.

Selection Flow-R Parameter Value 

Directions algorithm Holmgren (1994) modified dh = 2, exponent = 1 

Inertial algorithm Weights Gamma (2000) 

Friction loss function 

Energy limitation 

Travel angle 

Velocity 

5° 

< 15 m/s 

Table 3. Calibrated debris-flood parameters used in Flow-R for the RDCK assessment.

Selection Flow-R Parameter Value 

Directions algorithm Holmgren (1994) modified dh = 2, exponent = 1 

Inertial algorithm Weights Cosinus 

Friction loss function 

Energy limitation 

Travel angle 

Velocity 

4° 

< 15 m/s 

The Flow-R “complete” method with sum of susceptibilities was used. The summed susceptibility values 
followed a negative exponential distribution (Fig. 2). They were classified into zones of very low, low, moderate, 
and high relative susceptibility based on comparison to fans with the clearest evidence of the extent of previous 
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events, including avulsion channels and deposits visible on LiDAR imagery. Zones of the DEM with summed 
susceptibility values lower than a threshold corresponding to the 70th percentile were attributed ‘very low’ regional 
susceptibility (i.e., ‘very low’ susceptibility include the majority of areas covered by Flow-R simulations). Zones of 
‘low’ regional susceptibility were defined between the 70th and 85th percentile (the 85th percentile corresponding 
approximately to the mean susceptibility value); ‘moderate’ and ‘high’ susceptibility were defined between the 85th 
and 95th percentile, and greater than the 95th percentile, respectively (Fig. 2). Portions of alluvial fans not 
encompassed by susceptibility modelling were interpreted as having “very low” regional susceptibility where 
modern fan morphometry encouraged flow away from the unaffected area, or not affected by debris flows/floods 
where deep channel incision indicated paleofans. 

Because the study objective was to compare relative risk at a fan level of detail, the analysis did not include 
estimation of spatial impact likelihood for individual elements at risk on a fan. However, average impact likelihood 
ratings were assigned to compare fans, based on the proportion of each mapped fan area covered by moderate and 
high Flow-R susceptibilities. The initial impact likelihood ratings (based on the Flow-R “complete” method with 
sum of susceptibilities) were adjusted to consider avulsion susceptibility or recorded evidence, as Flow-R 
susceptibility modeling does not account for recent activity on the fans. Although impact likelihood ratings were 
assigned only to mapped alluvial fans, Flow-R simulations extending beyond the fan boundary were also considered 
when evaluating sites for potential future assessment. Impact likelihood ratings were verified based on both 
geomorphic mapping and records of past events. 

Fig. 2. Debris-flood susceptibility map for a section of the RDCK study area showing the spatial distribution of very low, low, moderate and high 
susceptibility. The inset figure shows a sketch illustrating the negative exponential distribution of summed susceptibilities and the percentiles 
used to define zones of very low, low, moderate and high susceptibility. 

3.3. Refined regional scale assessment: roadway corridor in southwestern British Columbia 

This study aimed to risk-prioritize creeks subject to both debris flows and debris floods along a 30 km long 
roadway corridor is southwestern British Columbia. The goal of creek prioritization was to facilitate objective and 
science-based allocation of resources for mitigation along a roadway located at the toe of steep creeks, without 
requiring detailed and costly hazard frequency-magnitude analysis and scenario modelling at each creek. Debris-
flow and debris-flood hazards were categorized based on both relative frequency of initiation (rating of source areas) 
and their susceptibility to impact and cover the roadway. 
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FLOW-R was used to develop susceptibility zones within each fan of the entire study area, allowing comparison 
of relative susceptibility throughout the corridor. For this purpose, the “complete” method with sum of 
susceptibilities was used after calibration of propagation parameters. The summed susceptibility values were 
classified into areas of low, moderate, and high susceptibility in a similar manner as described in Section 3.2. Areas 
within alluvial fans not inundated by Flow-R modelling represent inactive zones, considering the present-day 
morphometry of the DEM.  

The results suggest that the methodology allows direct comparison of the relative debris-flow/debris-flood runout 
susceptibility for the alluvial fans within the study area. Areas of higher relative regional runout susceptibility 
corresponded to watersheds with higher susceptibility of the source zones (i.e., higher number of potential debris 
flows/floods that can reach an alluvial fan), as well as increased control of topographic features (i.e., incised 
channels or avulsion paths within alluvial fan). Fig. 3 compares the calculated susceptibility values with the extent of 
debris-flow deposits from past events. As explained in Section 2.3, the susceptibility values calculated in this study 
have no physical meaning, rather were used for comparison between sites within the roadway corridor to determine 
higher relative hazard potential. 

Fig. 3. Map comparing the extent of recent debris-flow deposits (black, dashed lines) on an alluvial fan of the roadway corridor with the results of 
Flow-R modeled susceptibility, where yellow = low susceptibility, orange = moderate susceptibility, and red = high susceptibility. The alignment 
of the roadway is shown with brown lines. 

4. Discussion

This paper presents a semi-automated methodology for debris-flow and debris-flood susceptibility mapping at
regional scale, which combines GIS-based identification of geohazard sources with geohazard propagation modeled 
using the software Flow-R. Four case studies show that modeled susceptibility includes areas inundated by known 
debris-flow or debris-flood events and match active alluvial fan boundaries. This provides a basis to evaluate relative 
hazards in cases where detailed frequency-magnitude analyses and scenario modelling is not feasible. 

4.1. Semi-automated steep creek geohazard source identification 

Steep creek geohazard source zones were identified as stream segments automatically generated from DEMs. It is 
possible that stream segments were not generated for very small watersheds. At the scale of the regional studies, we 
consider that very small watersheds are unlikely to represent a significant steep creek geohazard risk. Another 
potential limitation of using stream segments as source zones is that steep creek geohazards rarely initiate exactly in 
stream channels and are more commonly triggered by landslides initiating on channel side slopes. Consequently, 
defining debris-flow source zones based on stream segments should be considered an empirically-based proxy for 
actual source areas, because it can be efficiently completed and calibrated for large regions. This simplification does 
not affect propagation results significantly. 
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The methodology for source identification applied to the Canmore, RDCK and TRW case studies answered the 
question, “given debris-flow/flood occurrence, what is the runout/spreading?”. Watersheds can exist where debris-
flow source zones are mapped but no actual debris source exists (e.g., bare rock channels with insufficient sediment 
supply), or where limited source areas result in lower runout susceptibility. This simplification was necessary due to 
the limited data concerning sediment availability at regional scale. For more refined studies, such as the roadway 
case study, where more detailed information was available about steep creek source zones, rating of source segments 
can be integrated. 

The proposed semi-automated approach for steep creek process type classification (based on Melton ratio and 
watershed length) systematically identifies stream segments as debris-flow or debris-flood sources. In reality, steep 
creek processes may behave transitionally between debris flows and debris floods, and the two processes may occur 
alternatively on the same alluvial fan. In the proposed methodology, both debris-flow and debris-flood stream 
segments can exist within the same watershed and consequently, alluvial fans may be inundated by Flow-R 
simulations from both debris-flow and debris-flood segments. To account for this limitation, expert judgement was 
applied to classify each alluvial fan as the most likely process type. 

4.2. Susceptibility mapping with Flow-R 

Propagation parameters in Flow-R are empirical and require calibration. In the case studies presented in this 
paper, debris-flow and debris-flood propagation parameters were calibrated so that the extent of the simulations 
reproduces as closely as possible the extent of mapped alluvial fans. In terms of frequency-magnitude relationship, 
the susceptibility mapping corresponds to the affected fan areas of rare and large events, and in many cases the 
modelled extent could be viewed as the largest credible event. 

The RDCK case study illustrates the applicability of susceptibility mapping at regional scale using Flow-R. It is 
important to note that for larger study areas (e.g., TRW case study), application of a single set of model parameters 
per process may not be appropriate; the study area may need to be subdivided into sub-regions based on their 
physiographic, geological and/or climatic conditions, and model parameters calibrated independently for each sub-
region. It is also interesting to note that two of the studied watersheds in the Canmore area contain dams. Such 
watersheds can be expected to require specific model parameters for susceptibility mapping. This is consistent with 
previous work by Pastorello et al. (2017). 

Calculation of the sum of susceptibilities in Flow-R allows subdivision of alluvial fans in zones with various 
susceptibility levels, as illustrated in Sections 3.2 and 3.3. In the case study presented in Section 3.3, this approach 
allows consideration of individual elements at risk within the fans of a studied region. 

Flow-R propagation is controlled by present-day topography of alluvial fans, as provided by DEMs. The summed 
susceptibilities allow consideration of watershed size and associated cumulative potential source zones. In addition, 
if source zones are weighted (e.g., Section 3.3), modelled susceptibility accounts for initiation frequency implicitly 
and in a relative way. However, the software does not fully take into consideration evidence for past avulsions in the 
assessment of fan activity and potential for uncontrolled flows.  

5. Perspective

The case studies presented in this paper illustrate a methodology for steep creek geohazard susceptibility mapping 
combining semi-automated identification of geohazard sources with propagation simulations modeled using the 
software Flow-R. The reported case studies are characterized by different assessment levels, depending on the scale 
of the study area and the degree of understanding and knowledge of steep creek geohazards. The following is an 
attempt to define three levels of detail for debris-flow/flood hazard incorporating the proposed methodology: 
• High/screening level assessment: Flow-R simulations are run from stream segments using the “quick” method

to generate susceptibility maps corresponding to the maximum expected extent of steep creek geohazards.
These maps allow identification of locations where elements at risk intersect zones susceptible to debris-flow or
debris-flood hazards.

• Regional scale assessment: in the RDCK and TRW case studies, Flow-R simulations are run from stream
segments using the “complete” method to generate susceptibility maps corresponding to the maximum credible
extent of steep creek geohazards, and allowing rating each fan using an impact likelihood value. Combined with
estimates of hazard likelihood and potential consequences, the rating provides an objective, practical approach
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to prioritize hundreds to thousands of steep creek fans across many thousands of square kilometers. It should be 
noted that impact likelihood ratings are for entire fans and therefore not estimates of spatial probability of 
impact for specific elements at risk, which would vary depending on their location on the fans.  

• Refined regional scale assessment: in the roadway case study, a similar approach as in the RDCK and TRW
case studies was used, but the relative susceptibility rating was used to identify zones of higher susceptibility
within alluvial fans to prioritize allocation of funds for mitigation work. This is a first step towards estimation
of the spatial probability of impact for specific elements at risk (sections of the roadway in this case). However,
the approach does not replace quantitative estimates of the spatial probability of impact for specific element at
risk, as would be completed in a detailed study. Since susceptibility modelling does not consider volume or
flow peak discharge, it is not suited for detailed risk analyses or risk control design, which require numerical
modeling of flow extent, depth and velocity for specific hazard scenarios.

Acknowledgements 

    We would like to thank the Town of Canmore, the Regional District of Central Kootenay, and the British 
Columbia Ministry of Transportation and Infrastructure for granting permission to use project data in this paper.  

References 

Blahut, J., Horton, P., Sterlacchini, S., and Jaboyedoff, M., 2010, Debris-flow hazard modelling on medium scale: Valtellina di Tirano, Italy: 
Natural Hazards Earth System Sciences, v. 10, p. 2379–2390. 

Blais-Stevens, A., and Behnia, P., 2016, Debris-flow susceptibility mapping using a qualitative heuristic method and Flow-R along the Yukon 
Alaska Highway Corridor, Canada: Natural Hazards Earth System Sciences, v. 16, p. 449-462. 

Corominas, J., 1996, The angle of reach as a mobility index for small and large landslides: Canadian Geotechnical Journal, v. 33, p. 260–271. 
Corominas, J., and Moya, J., 2008, A review of assessing landslide frequency for hazard zoning purposes: Engineering Geology, v.102, p. 193-

213. 
Fell, R., Corominas, J., Bonnard, C., Cascini, L., Leroi, E., and Savage, W. Z., 2008, Guidelines for landslide susceptibility, hazard and risk 

zoning for land use planning: Engineering Geology, v. 102, p. 85–98. 
Fischer, L., Rubensdotter, L., Sletten, K., Stalsberg, K., Melchiorre, C., Horton, P., and Jaboyedoff, M., 2012, Debris-flow modeling for 

susceptibility mapping at regional to national scale in Norway, in Proceedings, 11th International and 2nd North American Symposium on 
Landslides, Banff, Canada, June 2012. 

FLO-2D Software Inc., 2004, FLO-2D User’s manual version 2004.10, October 2004. 
Gamma, P., 2000, Dfwalk – Ein Murgang-Simulationsprogramm zur Gefahrenzonierung: Geographisches Institut der Universität Bern. 
Holm, K., Jakob, M., Scordo, E., Strouth, A., Wang, R., and Adhikari, R., 2016, Identification, prioritization, and risk reduction: steep creek fans 

crossed by highways in Alberta, in Proceedings, GeoVancouver 2016 Conference, Vancouver, Canada, October 2016. 
Holm, K., Jakob, M., Kimball, S., Strouth, S., Esarte, A., Camire, F., 2018, Steep creek risk and risk control assessment in the Town of Canmore, 

Alberta, in Proceedings, Geohazards 7 Conference, Canmore, Canada, June 2018. 
Holmgren, P., 1994, Multiple flow direction algorithms for runoff modelling in grid-based elevation models: an empirical evaluation: 

Hydrological Processes, v. 8, p. 327-334. 
Horton, P., Jaboyedoff, M., and Bardou, E., 2008, Debris-flow susceptibility mapping at a regional scale, in Locat, J., Perret, D., Turmel, D., 

Demers, D., and Leroueil, S., eds, 4th Canadian Conference on Geohazards, Quebec, Canada, May 2008, p. 339–406. 
Horton, P., Jaboyedoff, M., Zimmermann, M., Mazotti, B., and Longchamp, C., 2011, Flow-R, a model for debris-flow susceptibility mapping at 

a regional scale – some case studies, in Proceedings, 5th International Conference on Debris-Flow Hazards Mitigation, Padua, Italy; Italian 
Journal of Engineering Geology and Environment, p. 875–884. 

Horton, P., Jaboyedoff, M., Rudaz, B., and Zimmermann, M., 2013, Flow-R, a model for susceptibility mapping of debris-flows and other 
gravitational hazards at regional scale: Natural Hazards Earth System Sciences, v. 13, 869-885. 

Hungr, O., Leroueil, S., and Picarelli, L., 2014, The Varnes classification of landslide types, an update: Landslide, v. 11, p. 167-194. 
Jakob, M., Weatherly, H., Bale, S., Perkins, A., and MacDonald, B., 2017. A multi-faceted debris-flood hazard assessment for Cougar Creek, 

Alberta, Canada: Hydrology, v. 4 (7), 33 p.  
Kang, S., and Lee, S.-R., 2018, Debris-flow susceptibility assessment based on an empirical approach in the central region of South Korea: 

Geomorphology, v. 308, p. 1-12. 
Kappes, M. S., Malet, J.-P., Remaitre, A., Horton, P., Jaboyedoff, M., and Bell, R., 2011, Assessment of debris-flow susceptibility at medium-

scale in the Barcelonnette Basin, France. Natural Hazards Earth System Sciences, v. 11, p. 627–641. 
Melton, M.A., 1957, An analysis of the relation among elements of climate, surface properties and geomorphology: Department of Geology, 

Columbia University, New York, Technical Report 11. 
Park, D.W., Nikhil, N.V., and Lee, S.R., 2013, Landslide and debris-flow susceptibility zonation using TRIGRS for the 2011 Seoul landslide 

event: Natural Hazards Earth System Sciences, v. 13, p. 2833-2849. 
Pastorello, R., Michelini, T., and D’Agostino, V., 2017, On the criteria to create a susceptibility map to debris flow at a regional scale using 

Flow-R: Journal of Mountain Sciences, v. 14 (4), p. 621-635. 

862



_________ 

* Corresponding author e-mail address: kiikyu6523@pasco.co.jp

7th International Conference on Debris-Flow Hazards Mitigation 

Study on methods for assessing sediment disaster inundation zone in 
regions with insufficient data: Case study of the Aranayake disaster 

in Sri Lanka 
Kiyotaka Suzukia, Taro Uchidab, Naoki Matsumotob, Kana Nakatanic, and Gamini 

Jayathissad

aPASCO Corporation, 1-1-2 Higashiyama Meguro-ku, Tokyo 153-0043, Japan 
bNational Institute for Land and Infrastructure Management, 1 Asahi Tsukuba, Ibaraki 305-0804, Japan 

cKyoto University, Kitashirakawaoiwakecho Kyoto Sakyo-ku, Kyoto 606-8502, Japan 
dLandslide Research and Risk Management Division, National Building Research Organization, 99/1, Jawattha Road Colombo -05, Sri Lanka 

Abstract 

In Sri Lanka, landslide disasters and floods occur frequently and have caused much damage. So, landslide susceptibility has been 
mapped and published as the Landslide Hazard Zonation Map (LHZM). Although the LHZM shows the susceptibility of 
landslide initiation, it does not show the potential inundation zone of landslides. As a characteristic of land use in Sri Lanka, 
plantation farms for cultivating Ceylon tea, natural rubber and other products are located on slopes. And, many people live on 
slopes. Therefore, it is necessary to assess the potential inundation zone not only in the deposited area but also the runout area 
below hillslopes. Recently, diverse numerical simulation models have been developed for describing landslides and debris flows. 
These numerical simulations are effective tools for addressing landslide problems in Sri Lanka. However, to use numerical 
simulation, we have to input and validate a variety of environmental variables and, unfortunately, adequate information on past 
disasters and environmental conditions is still lacking. Therefore, we studied methods for assessing the potential sediment 
disaster inundation zone in regions where empirical methods cannot be applied due to insufficient past disaster records. We 
applied the "HyperKANAKO" debris-flow model for describing inundated zone due to recent debris flow in Sri Lanka. We tested 
the sensitivity of input conditions such as the (1) percentage of fine grains (fluid density and sediment concentration), (2) 
landslide volume, (3) input hydrograph (peak flow rate and duration), and (4) representative sediment particle diameter. We 
confirmed that, for regions with insufficient disaster records, the potential inundation zone due to debris flow can be assessed 
using numerical simulation. However, we also found that the calculation result is strongly controlled by (1), (2), and (4), so it is 
necessary to set these parameters appropriately. 

Keywords: debris flow; numerical simulation; input condition; hazard map; Aranayake disaster 

1. Introduction

1.1. Background and study objective 

In Sri Lanka, landslide disasters and floods occur frequently and have caused much damage. Moreover, these 
landslides often turned into debris flows and run out long distance. Landslide susceptibility has been mapped and 
published as the Landslide Hazard Zonation Map (LHZM) by the National Building Research Organization (NBRO, 
Sri Lanka). Although the LHZM shows the susceptibility of landslide initiation, it does not show the potential 
inundation zone caused by landslides. In Sri Lanka, it is considered that disasters risk is increasing as lowland 
development and slope excavation are carried out without conscious of disasters. Furthermore, there is a 
characteristic that farmland for cultivating Ceylon tea, natural rubber and other products is on the slope. And, many 
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people live on slopes. Therefore, it is necessary to assess the potential inundation zone not only in the deposited area 
but also the runout area on hillslopes. Recently, diverse numerical simulation models have been developed for 
describing landslide and debris flow (e.g., O’Brien et al., 1993; Iverson and Denlinger, 2001; Rickenmann et al., 
2006; Frank et al., 2015; Suzuki et al, 2016). These numerical simulations are effective tools for addressing 
landslide problems in Sri Lanka. To use numerical simulation, we have to input and validate a variety of 
environmental variables. However, unfortunately, adequate information on past disasters and environmental 
conditions is still lacking. Therefore, we tested the applicability of numerical simulation using “HyperKANAKO” to 
assessing the potential sediment disaster inundation zone due to debris flow in regions where empirical methods 
cannot be applied due to insufficient records of past disaster. 

2. Study site

A large-scale landslide occurred in Aranayake, Kegalle District, Sri Lanka, on May 17, 2016 (Fig. 1). This 
landslide occurred due to heavy rain caused by tropical cyclone. In terms of human loss, 31 people died and 96 went 
missing in Aranayake (Handa et al., 2018). Fig. 1a is an aerial photograph taken during a helicopter survey on May 
22, while Fig. 1b shows a spatial pattern of elevation change due to landslide. The elevation change was calculated 
by subtracting the elevation value of the topography model of the LiDAR survey before the disaster from the 
elevation value of the DSM (Digital Surface Model) created by the SfM (Structure from Motion) method from the 
photograph taken from the helicopter after the disaster (Handa et al., 2018). The landslide occurred in the upper part 
of the hillslope. The width of the landslide was about 200 m, the length of the landslide was about 200 m, and the 
landslide sediment volume was roughly estimated to be about 200,000 m3. The landslide sediment turned into a 
debris flow, and the debris flow branched to the east and west just below the landslide initiation area and flowed 
down. The sediment deposits were approximately 1 to 5 m thick on the middle reaches of the hillslope (under 
exposed rock). At the lower reaches of the hillslope (Narrow part), the deposited sediment was about 2 to 5 m thick. 
At the valley exit, the thickness of the sediment deposit was about 10 m, and the maximum particle diameter was 
about 5 m. At the lower flat part of the inundation zone, the sediment was mainly composed of fine grains, and the 
deposit was about 0.5 to 1.5 m thick (Handa et al., 2018).  

Fig. 1. Aranayake disaster (a) Aerial photograph just after disaster; (b) Elevation change due to landslide 
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3. Numerical methods

In this study, we applied the “HyperKANAKO” debris-flow model to describe the inundated zone due to the
Aranayake disaster. The “HyperKANAKO” is a two-dimensional debris-flow model, developed by Horiuchi et al 
(2012). It is based on the concept of stony debris flow, sediment sheet flow and bedload proposed by Takahashi and 
his colleagues (Takahashi et al, 2009). The “HyperKANAKO” can use LiDAR data. We prepared the terrain model 
using LiDAR survey data (measured in December 2015 before the disaster occurrence, 2m*2m grid size). 

We assumed that the potential landslide initiation area was identified by the existing LHZM. Then, we addressed 
a situation in which information other than the landslide position and topography data could not be obtained 
sufficiently before debris-flow occurrence. Additionally, we examined how to set various input conditions and how 
much the difference in input conditions affects the predicted inundation zone. Specifically, we examined the 
influence of the (1) percentage of fine grains (fluid density and sediment concentration), (2) landslide volume, (3) 
input hydrograph (peak flow rate and duration), and (4) representative sediment particle diameter (Table 1). 

3.1. Percentage of fine grains (Fluid density and sediment concentration) 

It is thought that fine grains together with the pore water in the debris flow constitute the pore fluids, because fine 
grains can be suspended in the fluid (Fig. 2a). Furthermore, it has been shown that the percentage of fine grains 
constituting the pore fluid has a large influence on the calculation result (e.g. distance to the end of deposit zone, 
distance to the end of erosion zone of the river bed) (Nishiguchi et al., 2011). However, as information on the 
percentage of fine grains constituting the pore fluid is insufficient, in many cases, it is based on past disaster records 
(e.g., Nakatani et al, 2018). Therefore, we changed the percentage of fine grains constituting the pore fluid to 0%, 
20%, and 30%, to evaluate the influence of the percentage of fine grains constituting the pore fluid on the 
calculation results. 

3.2. Landslide volume 

The landslide volume should greatly influence not only the deposited area but also the runout area. However, it is 
difficult to accurately predict the landslide volume before a landslide occurs. So, we tested the influence of the 
landslide volume on the calculation results, by halving and doubling the landslide volume. The landslide volume 
was based on the 200,000 m3 actually measured by Handa et al. (2018). 

3.3. Input hydrograph 

The input hydrograph (water and sediment supply situation) is a parameter that affects the calculation result. 
Therefore, we set three different input hydrographs at the upper end of calculation section (Fig. 2b). In these cases, 
the total input water and sediment volume were the same. The shape of the input hydrograph was assumed to be an 
isosceles triangle with a peak flow rate at 1/2 of the duration, which is based on Public Works Research Institute 
(2012). 

3.4. Representative particle diameter 

The representative sediment particle diameter is also a parameter that affects the calculation result. Although 
information on the representative particle diameter of landslide sediment can be set by field survey, etc., perhaps 
sufficient information might be difficult to obtain in advance due to problems, such as investigation cost. We 
measured the sediment particle diameter by field survey on January 25, 2018 (Fig. 3a). Unfortunately, the date of the 
survey was about 1 year and 8 months after the Aranayake disaster. We measured the coarse sediment particle 
diameter at 0.5 m intervals, and we obtained data from 82 points. Also, we sampled the fine sediment for laboratory 
tests. In addition, we confirmed the sedimentary condition, and we quantified the ratio of fine sediment (< 30mm) in 
a cross-section of deposited sediments (Fig. 3a) and found that the ratio was 31%. From these survey results, we 
obtained the particle diameter distribution diagram (Fig. 3b). And, we set the representative particle diameter to 13.6 
cm as the average value of coarse sediment diameter (Fig. 3b). Therefore, we changed the representative sediment 
particle diameter by 1/3 times and triple. We tested the influence of the representative sediment particle diameter on 
the calculation results. 
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3.5. Other input conditions 

Other input conditions are as shown in Table 2. The one-dimensional calculation area was set as the landslide 
portion, and the river width of the one-dimensional calculation area was set to 200 m, which is the actual landslide 
width. The two-dimensional calculation area was set as a rectangle on the downstream side of the landslide (red 
frame in Fig. 1a). The unstable sediment thickness in the two-dimensional calculation area was set as 5 meters depth. 

3.6. Evaluation of calculation results 

To compare measured and calculated elevation changes, we divided the lower part of the hillslope into five 
sections (blue frame in Fig. 1b) by erosion deposition pattern. We accumulated the final deposited amount of the 
calculation result in each divided area. The grid size was 10 m2, and we included grid cells that had a final 
deposition depth of 0.1 m or more. 

Table 1. Changed input conditions 

Case 
No. 

Percentage of 
fine grains (%) 

Fluid density 
(kg/m3) 

Sediment 
concentration

Landslide 
volume (m3) 

Duration of 
debris flow (s) 

Peak flow 
rate (m3/s) 

Representative sediment 
particle diameter (m) 

01 30 1,625 0.469 232,000 8 58,000 0.137 

02 0 1,000 0.585 232,000 8 58,000 0.137 

03 20 1,477 0.536 232,000 8 58,000 0.137 

04 30 1,625 0.469 116,000 8 29,000 0.137 

05 30 1,625 0.469 464,000 8 116,000 0.137 

06 30 1,625 0.469 232,000 80 5,800 0.137 

07 30 1,625 0.469 232,000 300 1,547 0.137 

08 30 1,625 0.469 232,000 8 58,000 0.046 

09 30 1,625 0.469 232,000 8 58,000 0.413 

Table 2. Fixed input conditions 
Item Unit Value 

Calculation time Sec 1,440 

Time interval of calculation Sec 0.005 

Mass density of sediment kg/m3 2,650 

Gravity acceleration m/s2 9.8 

Minimum flow depth m 0.01 

Concentration of movable bed - 0.65 

Manning’s roughness coefficient - 0.1 

Coefficient of erosion velocity - 0.0007 

Coefficient of deposition velocity considering inertial force - 0.05 

Internal friction angle deg 35 

Thickness of 2-D plane unstable sediment m 5.0 

Interval of 1-D calculation points m 5.0 

Interval of 2-D calculation points m 10.0 
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Fig. 2. Model framework, (a) Concept of pore fluid; (b) Input hydrograph 

Fig. 3. Survey of the representative particle diameter, (a) Photograph of field survey; (b) Particle diameter distribution diagram 

4. Comparison of measured and modeled deposits

Fig. 4 shows the calculation results with varying the percentage of fine grains, that is, Case No. 01 to 03 in Table
1. Fig. 5 shows the calculation results with varying the landslide volume, that is, Case No. 01, 04, and 05 in Table 1.
Fig. 6 shows the calculation results with varying the input hydrograph, that is, Case No. 01, 06, and 07 in Table 1. 
Fig. 7 shows the calculation results with varying the representative sediment particle diameter, that is, Case No. 01, 
08, and 09 in Table 1. Figs. 4a-7a show the deposition depth at the end of the calculation in each calculation case. 
Also, Figs. 4b-7b show the total deposited amount of sediment at the end of the calculation in each divided area 
indicated by the blue frame in Fig. 1b. And, "Measured" in Figs. 4-7 is the difference of the elevation values before 
and after the disaster by Handa et al. (2018).The direction of the debris flow of the calculation results shown in Figs. 
4a-7a describe the downward flowing process where the debris flow branches to the east and west flow path, similar 
to disaster. On the other hand, since the debris flow erodes the hillside slope, the total deposited amount in Figs. 4b-
7b is generally larger than the landslide volume in each case of Table 1. In a few cases (e.g., Case 02 in Fig. 4b), the 
total deposited amount is smaller than the supplied amount, because collapsed sediment is accumulated just below 
the landslide initiation area. The disaster record ("Measured") and each sensitivity analysis results were compared 
based on Figs. 4-7. The calculation result of Case 01 in Fig. 4 is most suitable result for the disaster record in terms 
of the downward flow range, the deposition range, and the deposited amount of sediment. However, the total 
deposited amount in the divided area 01 and area 02 in Case 01 is smaller than the measured amount of sediment.  

5. Sensitivity analysis results

5.1. Influence of the percentage of fine grains (Fluid density and sediment concentration) 

Fig. 4 shows the calculation results with varying the percentage of fine grains, that is, Case No. 01 to 03 in Table 
1. In Case 02 where the percentage of fine grains constituting the pore fluid is 0%, most of the sediment deposit is
on the hillslope, and the amount of sediment reaching downstream (especially the divided areas 03-05) is extremely 
small. In Case 03 where the percentage of fine grains constituting the pore fluid is 20%, the deposited sediment 
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amount in the divided area 01 and area 02 is about the same as the measured amount. However, the deposited 
sediment amount in the divided areas 03-05 is smaller than that of the measured. In addition, the deposited sediment 
amount in the divided areas 01–05 in Case 02 is about 20% that of Case 01, and the deposited sediment amount in 
the divided areas 01–05 in Case 03 is about 60% that of Case 01. From the above, we found that the percentage of 
fine grains (fluid density and sediment concentration) greatly influences the calculation result. 

Fig. 4 Calculation results with varying the percentage of fine grains, (a) The deposition depth; (b) Quantitative evaluation of calculation results 

5.2. Influence of landslide volume 

Fig. 5 shows the calculation results with varying the landslide volume, that is, Case No. 01, 04, and 05 in Table 1. 
Comparing Cases 01, 04, and 05, both the width and distance of the debris flow area become greater and the 
deposition depth increases, as the amount of landslide volume increases. In Case 04 (landslide volume set to 1/2 that 
of Case 01), the deposited sediment amount in the divided areas 01 and 02 is not so different than that of Case 01, 
but the deposited sediment amount in the divided areas 03-05 is smaller than the corresponding data in Case 01. In 
addition, the deposited sediment amount in the divided areas 01–05 in Case 04 is about half the corresponding data 
in Case 01. In Case 05 (landslide volume set to 2 times that of Case 01), the deposited sediment amount in the 
divided areas 01 and 02 is not so different than that of Case 01, but the deposited sediment amount in the divided 
areas 03-05 is larger than the corresponding data in Case 01. In addition, the deposited sediment amount in the 
divided areas 01–05 in Case 05 is about twice the corresponding data in Case 01. Thus, the sediment deposited 
amount changes according to the set amount of landslide volume. The variation in the deposited sediment amount in 
the divided area 04 is especially large. 

Fig. 5 Calculation results with varying the landslide volume, (a) The deposition depth; (b) Quantitative evaluation of calculation results
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5.3. Influence of the input hydrograph 

Fig. 6 shows the calculation results with varying the input hydrograph, that is, Case No. 01, 06, and 07 in Table 1. 
In Case 06, the duration of the input hydrograph was set to 10 times that of Case 01, and the peak flow rate was set 
to 1/10 that of Case 01. In Case 07, the duration of the input hydrograph was set to 37 times that of Case 01, and the 
peak flow rate was set to 1/37 that of Case 01. Comparing Cases 01, 06, and 07, the larger the peak flow rate, the 
larger the debris flow area. However, the deposited sediment amount in each divided area is little different than that 
of Case 01. 

Fig. 6 Calculation results with varying the input hydrograph, (a) The deposition depth; (b) Quantitative evaluation of calculation results 

5.4. Influence of the representative sediment particle diameter 

Fig. 7 shows the calculation results with varying the representative sediment particle diameter, that is, Case No. 
01, 08, and 09 in Table 1. In Case 08, the representative sediment particle diameter was set to 1/3 times that of Case 
01, and in Case 09, the representative sediment particle diameter was set to 3 times that of Case 01. Comparing 
Cases 01, 08, and 09, both width and distance of flow area of debris flow become greater, as the representative 
particle diameter decreases. Also, the larger the representative particle diameter, the smaller the deposited sediment 
amount in each divided area. The deposited sediment amount in the divided areas 01–05 of Case 08 is about 130% 
that of Case 01. The deposited sediment amount in the divided areas 01–05 of Case 09 is about 60% that of Case 01. 
Therefore, we found that the representative particle diameter has a large influence on calculation results. 

Fig. 7 Calculation results with varying the representative sediment diameter, (a) The deposition depth; (b) Quantitative evaluation of calculation 
results 
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6. Discussion and Conclusion

In this study, we used the "HyperKANAKO" debris-flow model to describe area inundated by a recent debris 
flow in Sri Lanka and propose a method for assessing sediment disaster inundation zone in regions where empirical 
methods cannot be applied due to insufficient records of past disasters. As a result, we found that it is possible to 
describe sediment disaster inundation zone with a certain degree of accuracy, based on the limited information, i.e., 
topographical data and landslide location. However, the calculation result is strongly controlled by the percentage of 
fine grains, landslide volume, and representative particle diameter. Therefore, when assessing the sediment disaster 
inundation zone in Sri Lanka, it is necessary to pay attention so as not to underestimate the inundation zone. 
According to the results of this study, setting the percentage of fine grains between 20% and 30% was generally 
consistent with the disaster record. However, we need to test another data about disasters and grasp the suitable 
value range for the percentage of fine grains. Also, we need to set the amount of landslide volume appropriately. 
Previous studies show a variety of empirical relationships between landslide area and landslide volume (e.g., 
Guzzetti et al, 2009; Larsen et al, 2010). So, landslide volume might be roughly predicted according to the LHZM 
and area-volume relationship. Moreover, since particle diameter had a large effect on the simulation results, it is 
important to revise our information based on it. Therefore, it is desirable that we conduct particle diameter surveys 
at many disaster sites, and accumulate survey results. Since the particle diameter might be affected by the bedrock 
geology, we can set the probable range of particle diameter for bedrock geology based on accumulated survey 
results.  
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Abstract 

A modified moving particles simulation model (MPS-DF) to simulate inundation and sediment deposition of debris flows is 
presented. This model is based on the moving particles semi-implicit (MPS) method, which was originally used for incompressible 
viscous fluid flows with free surfaces. In the MPS-DF model, the constitutive equations of Egashira is introduced to the MPS 
method. In Egashira’s theory, debris flows are treated as a continuum and sand grains are expressed using sediment concentration. 
Thus, each particle has a variable sediment concentration value. In this study, we tested the applicability of the MPS-DF model for 
the formation process of alluvial fans. For this purpose, flume experiment was conducted. The experimental flume consisted of a 
straight channel 6.0m long and 0.1m wide, with an inclination of 15°, connected to an outflow plain. The inclination of the outflow 
plain decreased gradually from 12° to 3°. At the straight channel, 5.0m long erodible bed with a thickness of 0.2m was present. 
Water was supplied from upper end for 60 s. at the rate of 3,000 cm3/s and debris flow was generated by entraining the erodible 
bed. Debris flow inundated and deposited sediment at the outflow plain and an alluvial fan was formed. Numerical simulations 
were also performed with the MPS-DF as well as a depth-integrated method based on the shallow water equations (2D simulation). 
2D Simulation results of alluvial fan shape and flooding area were laterally spread and significantly different from those of 
experiment. The results of the MPS-DF were more similar to experimental results. Natural channels and lateral levees were formed 
as well as experiment. However, the alluvial fan shape of MPS-DF was slightly wider than that created during the experiment. This 
is thought to be due to the behavior of pore water of deposi  layer, such as the seepage of water out of the deposited layer once
the deposition process has been completed. 

Keywords: numerical simulation; particles method; alluvial fan formation process 

1. Introduction

Debris flows cause enormous damage. To mitigate the damage, it is important to predict their range of influence.
Numerical simulation is an effective tool for predicting debris-flow inundation (e.g., Liu et al., 2012; Pastor et al., 
2014). In Japan, residential areas are sometimes built on alluvial fans at valley exits of steep mountain rivers. An 
example that illustrates this situation is a debris-flow disaster that occurred in Hiroshima in August 2014 (Nakatani et 
al., 2017). In this disaster, it was suggested that houses and other structures that existed in the alluvial fan area at the 
exit of the valley impeded the flood and deposit of debris flow. It is also shown that when debris flow occurs 
continuously in multiple streams, the fan formed by preceding debris flows affects the fan formation process of 
subsequent debris flows (Chen et al., 2016). In numerical simulations based on shallow water equations, it is necessary 
to average flow velocity distribution and sediment concentration distribution in the vertical direction, and it is therefore 
considered difficult to reproduce such complicated behaviors (Suzuki and Hotta., 2015, 2016). 

In recent years, there have been advances made in research on particle simulation methods for debris flow based on 
Smoothed Particle Hydrodynamics (SPH) (Monaghan, 1988) or Moving Particle Simulation method (MPS) 
(Koshizuka and Oka, 1996). Most of these studies treat debris flow as one viscous fluid (e.g., Laigle et al., 2007; Wang 
et al., 2016). With these methods, separation of sand grains and water is not reproduced. Suzuki and Hotta (2015, 
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2016) developed a particles simulation method for debris flow (hereinafter referred to as MPS-DF) that introduced the 
constitutive law for flow resistance and sediment concentration of debris flow (Egashira et al., 1989, 1997) to the MPS 
method. With this method, it has been shown that the erosion and deposition process can be reproduced in constant 
width flumes (Suzuki and Hotta, 2015, 2016). Conversely, the process of debris-flow deposition on alluvial fans 
involves transverse spreading. In this study, we tested the applicability of the MPS-DF model for the deposition process 
on alluvial fans. For this purpose, flume experiments were carried out using gravel of uniform grain size and numerical 
simulations were also performed. The numerical simulations were performed using the MPS-DF method as well as a 
method based on the shallow water equation, and the results of both methods were then compared. 

2. Experiment

2.1. Experimental flume and materials 

connected to an outflow plain (Fig. 1). The gradient of the outflow plain changes by 3 degrees every 1 m, and the 3-
degree area only has a length of 2 m. The transverse direction is horizontal. In the straight channel part, sand grains 
with a depth of 20 cm were deposited in the 5 m downstream part. The height of the sediment surface was equal to 
the height of the connecting outflow plain. The average grain diameter was 0.265 cm while the specific gravity was 
2.6. 

2.2. Method and measurement 

Water was supplied at 3,000 cm3/s from the upstream end for 60 sec, while debris flow was generated through the 
erosion of sediment in the straight channel. The sediment concentration was about 32% at the beginning and about 
16% at the time of 60 sec, when it was measured using the erosion depth roughly estimated from the side-view videos 
of the flow. The debris flow separated into water and sand grains at the outflow plain, forming an alluvial fan. The 
formation process was photographed using three digital cameras from the top of the outflow plain. The photographed 
images were analyzed using SfM software (Photoscan Professional, Agisoft LLC) to create point clouds. Elevation 
data was then created by processing the point clouds and known coordinates, while the deposition depth was calculated 
as the difference from the original altitude data (De Haas et al., 2014). 

3. Numerical Simulation

3.1. Outline of MPS-DF method 

Suzuki and Hotta (2015, 2016) developed the MPS-DF method by introducing the constitutive equations developed 
by Egashira et al. (1989, 1997) into the MPS method (Koshizuka and Oka, 1996). The outline is as follows. 

Fig. 1  Experimental flume
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In the MPS-DF method, in order to treat the debris flow as a one-fluid model, the debris flow itself is divided into 
aggregates of particles that possess parameters of sediment concentration. First, Suzuki and Hotta (2015, 2016) 
modified the resistance law of debris flow as follows, so that it can be introduced into the framework of the MPS 
method. 

(1) 

(2) 

(3) 

where c represents the shear stress, cy represents the yield stress, w =1.0 is the density of water, c represents the 
sediment concentration, u represents the flow velocity, z represents the axis in the depth direction perpendicular to the 
flow direction of the debris flow, Kd is the coefficient of particle collision, Kf is the coefficient of pore water turbulence,, 
c* is the sediment concentration in the bed,  =2.65 is the gravel density, s = 38.5  is the friction angle, d is the
diameter of the sediment particles, e = 0.775 is the coefficient of restitution, and where kg = 0.0828 and kf = 0.16 are 
empirical constants (Egashira et al., 1989, 1997). The first term of Eq. (1) is the yield stress, and the second and third 
terms show the dynamic stress for each differential order.  is an angle formed by the flow velocity vector of the 
particle and the horizontal vector. c that was obtained by converting c into a vector in the rectangular coordinate 
system was introduced instead of the viscous term used in the MPS method. 

Next, a model was constructed in which the value of the sediment concentration moves among neighboring particles. 
First, the equilibrium concentration gradient, gce is calculated by substituting the above parameters of a focused 
particle (its number is defined as i) into the concentration distribution formula developed by Egashira et al. (1989, 
1997). Then, a concentration gradient with neighboring particles, gc is calculated. Fig. 2 shows the concept of the 
variable sediment concentration model. The change in the sediment concentration of a focused particle was calculated 
for the underlying particles, because the concentration distribution was obtained by integrating the concentration 
gradient from the riverbed to the water surface. The particle shown in Fig. 2 tends to result in an increase in c because 
gce > gc. Therefore, ccp(i), which expresses the magnitude and direction of the change in c, is defined as follows: 

(4) 

Here, l0 is the standard particle distance. The time-derivative of c is derived using the kernel function, w(r), 
assuming that c changes in proportion to the difference in ccp(i) between neighboring particles. Here, w(r) is defined 
by Koshizuka and Oka (1996). 

(5) 

Here, n0 is the standard particle number density and is a constant parameter of the MPS method (Koshizuka and 
Oka, 1996), r is the inter-particle distance, and T is the relaxation time. Notably, T needs to be small enough to satisfy 
the local equilibrium of sediment concentration (Suzuki and Hotta, 2015, 2016). Therefore, we adopted the method 
proposed by Suzuki et al. (2016) to link the relaxation time with the increment time. 

With the MPS-DF method, for example, when debris flow moves from a steep slope to a gradual slope, the sediment 
concentration for the upper layer particles moves to the lower layer particles. This is because the equilibrium 
concentration, calculated using a low gradient, is lower than the current value. The sediment concentration moves to 
reduce the difference between the current high sediment concentration and equilibrium concentration. When the 
sediment concentration of the lower layer particles exceeds a certain level, the yield stress term represented by Eq. (2) 
becomes larger than the shearing force, and the particles are in an immovable state; that is, they become deposited 
particles (a state in which vibration is slightly repeated). This process corresponds to a deposition process, while the 
opposite process corresponds to an erosion process. 
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Fig. 2. A schematic diagram illustrating the concept of the variable sediment concentration model (Suzuki and Hotta, 2016). 

3.2. Treatment of momentum in the concentration change model 

Moving the sediment concentration is equivalent to exchanging gravel with water. Because gravel and water have 
different specific gravities, moving the sediment concentration alone cannot satisfy the momentum conservation law. 
In previous studies, the influence on the calculation result was small, so we ignored the non-conservation of 
momentum. However, there is a possibility that it may affect the planar deposition process. Therefore, when 
calculating the change in sediment concentration using Eq. (5), the change in momentum corresponding to a movement 
in sediment concentration was calculated simultaneously (hereafter it is called the modified MPS-DF). In this study, 
numerical simulations were performed using a method that does not consider the change in the momentum   (called 
MPS-DF in this study) and the influence of momentum conservation was verified. 

3.3. Two-dimensional simulation based on shallow water equations 

For comparison, a two-dimensional simulation based on the standard shallow water flow equations (Hereafter, it is 
called the two-dimensional simulation) was also performed. This method adopted Egashira's constitutive law for flow 
resistance (Egashira et al., 1989, 1997). Eq. (1) - (3) are obtained by differentiating the resistance law used in this 
method with z. This method also adopted erosion rate formula as follows (Miyamoto and Ito, 2002). 

 (6) 

(7) 

Here, E is the erosion rate, and e is the equilibrium gradient corresponding to the sediment concentration. 
According to Eq. (6) and Eq. (7), erosion and deposition are determined only by the relationship between the 
equilibrium gradient corresponding to the average sediment concentration in the vertical direction and the bed gradient. 

3.4. Calculation condition 

In the MPS-DF method, the particle diameter was 0.5 cm. In the two-dimensional simulation, an orthogonal grid 
with a width of 5 cm was used. These values were determined from the relationship between resolution and calculation 
time. The other parameters mentioned above are material properties or empirical constants. 

4. Results

4.1. Alluvial fan formation process 

The experimental results and calculation results of the alluvial fan formation process are shown in Fig. 3, while the 
final deposition depth is shown in Fig. 4. In Fig. 3 and 4, the outlet of the straight channel was set as the 0 m point.  
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Fig. 3. Alluvial fan formation process. The yellow broken line indicates a region with no surface flow. 

Fig. 4. Final deposition depth  
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The time at which the front of the debris flow arrives at the outlet of the straight channel was set to 0 sec, and the 
results are shown every 15 sec. 

In the experiment, the deposit expanded linearly in the downslope direction for approximately 3 m without 
spreading horizontally. After that, the flow direction changed to the right side. Then, when the deposition on the right 
side progressed to a certain extent, the flow changed to the left side direction. The final result was the formation of an 
almost symmetrical alluvial fan. A waterway was formed near the outlet of the straight waterway.  A waterway was 
formed near the outlet of the straight waterway, similar to the result obtained by De Haas et al, in which a waterway 
and a natural levee were formed near the outlet of the straight waterway (De Haas et al., 2015). 

In the result obtained from the two-dimensional simulation, deposition began immediately from the outlet of the 
straight channel that gradually spread in the downstream side and transverse direction. Compared to the experimental 
results, the spread in the transverse direction was large and the distance covered in the downward flow direction was 
short. It can be said that the deposition process/shape from the two-dimensional simulation was significantly different 
from that obtained from the experimental results. 

In the result obtained using the MPS-DF method, a linear deposition shape was formed in the initial process, but it 
expanded in the transverse direction from around the point beyond the 1 m point. The flow direction did not change 
and a symmetrical fan was formed. Similar to the experimental results, a waterway and natural levee were also formed. 
The final fan shape spread in the transverse direction, in contrast to the trend obtained from the experimental results. 

In the result of the modified MPS-DF, the lateral spread was suppressed to some extent due to the movement of 
the momentum. However, as time passed, it expanded in the lateral direction, and its deviation from the experimental 
results increased. 

4.2. Final deposition depth 

Fig. 4 shows the result of the final deposition depth and Fig. 5 shows the longitudinal section of the final deposition 
depth at the center of the outflow plain. The experimental result shows only the region analyzed using the SfM software. 
Comparing the results of the MPS-DF and modified MPS-DF models, it was observed that the result of MPS-DF 
model showed a slight downstream deposition. Regarding the point with the largest deposition depth, the results 
obtained from the two-dimensional simulation were significantly different from the experimental results. Conversely, 
the MPS-DF and modified MPS-DF results generally agreed with the experimental results. In particular, the result of 
the modified MPS-DF was nearly quantitatively consistent with the experimental results. 

Fig. 5.  A longitudinal section of the final deposition depth at the center of the outflow plain 
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5. Discussions and Conclusions

In the two-dimensional simulation, deposition occurred immediately near the outlet of the straight channel and
spread laterally. In the experiment, deposition gradually progressed linearly from the straight channel outlet. Only the 
water in the upper layer of the flow spread sideways. In the two-dimensional simulation, the movement of sand grains 
between meshes was calculated using the sediment discharge, obtained by multiplying the flow rate by the transport 
concentration (Miyamoto and Ito, 2002). The flux sediment concentration which is obtained by dividing sediment 
discharge by total discharge is a mesh-specific value; that is, it is the same value in the downward flow direction and 
the lateral direction in the two-dimensional simulation. Therefore, it is believed that the situation in which the upper 
layer of water selectively spreads sideways was not reproduced, and instead, that the deposition widely spread in the 
lateral direction. In the MPS-DF and modified MPS-DF methods, since the direction of movement and sediment 
concentration of each particle was calculated, it is possible to automatically evaluate sediment transport in the 
downward flow and lateral directions. Therefore, the evaluation was greatly improved from the two-dimensional 
simulation. 

Furthermore, in the two-dimensional simulation, the deposition distance in the downward flow direction was short. 
Additionally, in the two-dimensional simulation, an erosion/deposition rate equation was used, but the momentum 
change process was not considered. Therefore, the fact that the deposition occurs suddenly corresponds to the sudden 
loss of momentum by the sand grains. The absurdity of momentum accompanying erosion/deposition in the calculation 
using shallow water flow equations was pointed out by Iverson and Ouyang (2015), and is a difficult problem to solve. 
Since the motion equation was solved for each particle in the MPS-DF method, the deviation from the experimental 
results was small. However, the non-conservation of momentum occurs when the momentum transfer accompanying 
concentration movement is ignored. In the case of the deposition process, the concentration moved from the upper 
layer with a large momentum to the lower layer with low momentum, implying that the momentum was gradually lost. 
As a result, this may have allowed for the easier deposition of sediment. The modified MPS-DF that solved this 
problem yielded results that more closely matched the experimental results, especially in the early stage of deposition. 

In the early stage, the deposition was formed in the upper stream in the MPS-DF model, more so than in the 
modified MPS-DF model, while final deposition was formed in the most downstream side. This is considered to be 
the effect of sediment re-erosion by subsequent debris flow with low concentration, because the eroded sediment 
becomes easy to move for the reason opposite that of the deposition process. However, the longitudinal deposition 
results of the modified MPS-DF model were almost in agreement with the experimental results. 

As described above, the modified MPS-DF model has the highest reproducibility for the longitudinal deposition 
results. To accurately reproduce the erosion/deposition process, it is important to strictly evaluate the sediment 
concentration distribution, flow velocity distribution, and momentum conservation law. The particle method is 
effective for conducting this evaluation. However, in the later process, the results obtained using the modified MPS-
DF model deviated from the experimental results in terms of lateral spreading. One of the reasons for this was that 
bedload was generated from the edge of the deposit and continued to flow downstream. As the size of the calculation 
particles was larger than the average particle size of the sand grains, it proved impossible to represent the movement 
of individual sediment particles. Although reducing the size of the calculation particles could solve this problem, it is 
not realistic in terms of the calculation load. Therefore, other solutions need to be considered. 

Another reason for the deviation of the results is due to the behavior of seepage flow in the deposited sediment. 
Fig. 3 shows the region where surface flow did not occur. The vicinity of the surface in this region is unsaturated. In 
other words, water moves differently than sand grains. Even in the saturated region, seepage flow seemed to occur in 
the deposited sediment. Since water selectively flowed out from the pore, it was believed that sand grains were difficult 
to spread laterally. It is difficult to reproduce the behavior of seepage flow using the particles method based on the 
one-fluid model. However, it is possible to reproduce unsaturated seepage flow by giving parameters of water content 
ratio to particles and moving them among neighboring particles. Based on this model, it is necessary to improve the 
calculation model so as to reproduce the seepage of water out of the deposited layer. 
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The relationship  the depth ratio and riverbed gradient is plotted in Fig.3. The figure shows that 
when the density of flow increases, the depth-ratio of the moving sediment layer to the flow depth also 
increases.  
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For example, when  is 1.0 and the riverbed gradient is 6 , the depth ratio is 0.4. In this situation, the 
flow type can be classified as a sediment-laden flow. When  increases to 1.3, however, the depth-ratio 
reaches 0.8 and the type of flow is a debris flow. Furthermore, note that the lowest possible riverbed gradient 
for debris flow decreases as the density of flow increases. In Fig.3, when  increases to 1.5, a debris flow 
can occur with a gradient as low as 5 degrees, on the other, the debris flow could occur at more downstream. 
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Abstract 

In Japan, Typhoon Talas (T1112) induced many rapid deep-seated landslides in the Kii Peninsula. A landslide is one of main 
processes associated with debris flow initiation. In particular, deep-seated catastrophic landslides can lead to large-scale debris 
flows that seriously impact human welfare. Previous studies have explored the roles played by geology and geological structure. 
However, no single, widely used physical model is employed to analyze such landslides. Here, we focus on slope scale and 
gradient, and explore the relationship between height and gradient for several slopes. We found that the height of slopes 
exhibiting various gradients was limited, where the greater the gradient, the lower the height; the relationship was amenable to 
slope stability analysis. We developed a physical model of deep-seated landslides and identified regions at risk. We focused on 
slopes where typhoon Talas caused such landslides and used detailed topological (LiDAR) data collected before and after the 
typhoon to measure slope gradients and relative heights. Our model effectively localized deep-seated landslides, although we 
assumed that the strength of weathered rock was uniform throughout the study area, based on data on the side-slope gradients and 
relative heights of land abutting the Totsugawa River. 

Keywords: deep-seated catastrophic landslides, slope stablity analysis, Typoon Talas, Kii paninsula

1. Introduction

In Japan, typhoon Talas caused many large-scale, deep-seated catastrophic landslides in 2011, principally in the
Kii Peninsula. The Shimanto Belt (a paleo-accretionary prism) is widely distributed throughout the Kii Peninsula and 
is well known for its deep-seated landslide events. In addition, many of the deep-seated landslides caused by 
Typhoon Talas occurred in “dip slope” formations; this type of geological structure is considered to be a precursor to 
that responsible for deep-seated landslide occurrences.  

Shallow landslides have been physically modeled by combining slope stability analysis with a model of 
underground water flow; many previous studies have evaluated landslide risks (e.g., Montgomery and Dietrich, 
1994). However, only a few models of deep-seated catastrophic landslides are available, although slope risk 
evaluation methods based on geological structure and small-scale slope deformations have been suggested to be 
important in this context. 

Schmidt and Montgomery (1995) focused on slope size, height, and inclination, and explored the relationship 
between the latter two variables. For a particular inclination, slope height is limited, where the steeper the slope, the 
smaller the limit; this relationship is amenable to slope stability analysis. Matsushi et al. (2014) used detailed 
topographical data collected pre- and post-landslide to estimate soil parameters; it was possible to explain landslides 
by reference to height limits for slopes of various inclinations, as proposed by Schmidt and Montgomery (1995). 
Korup and Schlunegger (2007) similarly analyzed bedrock collapse in the Swiss Alps. Previously, we assumed that 
widening of water channels caused by erosion when landslides were triggered by dam overflows reflected repetitive 
side-bank collapse triggered by changes in the soil mechanical balance attributable to riverbed erosion; we 
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formalized this balance by reference to the internal soil stress and strength (Yoshino et al., 2013). Thus, we explored 
changes in soil mechanical balance when the relative height of a slope increased because the riverbed was lowered 
by erosion, using the method of Schmidt and Montgomery (1995). However, other studies considered that deep-
seated catastrophic landslides occurring near rivers were attributable to loss of soil and rock mechanical balance 
when the relative height was increased by elevation of the slope (e.g., Matsukura, 1987a and 1987b). On the one 
hand, landslides caused by dam overflows trigger erosion that widens water channels, while on the other hand deep-
seated catastrophic landslides create valleys. The processes involved differ in terms of both genesis (riverbed 
lowering and ridge upheaval, respectively) and speed. However, if Matsukura (1987a and 1987b) is correct, both 
processes could be described using a model similar to that of Yoshino et al. (2013). Therefore, we explored the 
relative heights of slopes that participated in deep-seated catastrophic landslides after typhoon Talas (2011), and of 
slopes that remained stable. We used detailed topographical data collected both before and after the event. We then 
determined whether the side-bank collapse model that we had earlier developed could be realistically applied to 
typhoon-triggered landslides. We suggest that our approach can be used to predict the location, scale, and shape of 
deep-seated catastrophic landslides, and the challenges they pose.   

2. Methods

2.1. Working hypothesis 

Previous works on the development of mountain topography considered that the rates of upheaval and erosion of 
channels with large drainage areas were generally uniform, thus varying little with elevation (e.g., Kaizuka, 1978). 
However, in mountain streams with shallow slopes and small drainage areas, the rate of erosion is lower than the 
upheaval rate, and elevation will thus increase. Specifically, for ridges, erosion caused by running water is zero. If 
the valley and ridge positions are considered to remain constant, the valley elevation does not change but both the 
slope relative height and inclination increase over time. Yoshino et al. (2013) formalized the collapse of water 
channel side-banks, which sometimes occurs when landslides caused by overflowing dams trigger erosion. The 
analysis was based on the relationship between slope inclination and the relative height limit developed by Schmidt 
and Montgomery (1995). Although the time scales of landslides triggered by dam overflow erosion and mountain 
topographic development vary greatly, they share the feature that the valley and ridge, corresponding to the side-
bank shoulder of a landslide caused by dam overflow, do not change. Both the inclination and relative slope height, 
i.e., the slope and relative height of the side-bank, increase with time, and the slope (side-bank) ultimately becomes
physically unstable, collapsing when the relationship between the relative height and inclination reaches a critical 
point. Therefore, we assumed that, considering that the horizontal positions of the valleys and ridges does not 
change, deep-seated catastrophic landslides are more likely to occur in a slope that became unstable due to a time-
dependent elevation of the ridge, even though the elevation of the valley remains constant.. We verified this 
hypothesis using the concept of water channel side-bank collapse, as caused by erosion when dam overflow triggers 
a landslide [Yoshino et al. (2013)]. It can be thought that the underground structures, likes bedding angle and so on, 
should be affected heterogeneity of bedrock strength and groundwater movement. However, in this study, we did not 
consider heterogeneity of underground condition. So here we tested effects of topography on deep-seated 
catastrophic landslide occurrence. 

2.2. The model 

Figure 1 shows a schematic diagram of the landslides studied. The model assumes that the relative slope height 
(H) increases because of slope upheaval and valley bottom erosion, while L remains constant; when the slope 
becomes unstable, it collapses over width Di, creating a wedge-shaped landslide front of inclination βi, thus 
increasing the slope width (L). The slope safety ratio is derived via stability analysis: 

ii

iiii
S W

UWC
F

sin
tancos (1) 

Here, Wi=Hi Di γ /2, Ci=c{(Li+Di)
2+Hi

2}1/2

,
, Ui=u{(Li+Di)

2+Hi
2}1/2

,
, βi=arctan{Hi/(Li+Di)}, where c, φ, γ and u

are the adhesiveness of soil, internal friction angle, unit weight, and pore water pressure, respectively. The subscript 
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Fig. 1. Schematic of side-slope collapse. 

i refers to the number of landslides, and is thus initially zero. The minimum relative height HC yielding FS = 1 can be 
expressed by the relationship between the limit of the relative slope height and the inclination, as determined by 
Culmann (1875); this is Eq. (2): 

(2) 

where θ is the slope inclination. Assume that the conditions prevailing when the first landslide is triggered are as 
shown in Figure 1(b). Then, the relative height of the slope at collapse, HC, and the landslide width Di, are given by 
Eqs. (3) and (4): 
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where 

iCiiCi HcLHA 4tan222 2222 168tan cLcL ii
(5) 

Thus, the slope shape after the first landslide is shown in Figure 1(b)', and Li+1 can be expressed as: 

iii DLL 1 (6) 

We assume that, as long as the slope continues to satisfy the stable conditions (FS > 1) of Eq. (1), Li does not 
change; only H increases. The relationship between θ and H is:  

iL

Htan (7) 

When L0, c, φ, and γ are defined as above, the relationship between H and θ(H) can be calculated. Figure 2 shows 
the process in graphical form. If the slope relative height, H, increases because of slope upheaval, θ also increases 
when Li is held constant (thick solid line). Later, when H attains HC0, the first landslide occurs, causing θ to decrease 
as shown in Figure 1. Later, if upheaval continues, H and θ increase once more [Eq. (7)], and a second landslide 
develops similarly. We assume that the width of the riverbed does not change either when the relative height of the 
slope increases or when the slope collapses. 
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(a) (b) (b)’ (c) (d)

(a): The relative height of the slope H increases because of slope upheaval and valley bottom erosion. As L0 remains constant, the slope 
inclination (tan θ) is H/L0.

(b),(b)': When H = Hc0, the slope collapses over a width D0 and a wedge-shaped landslide front of inclination β0  forms. 
(c) As in (a): When H = Hc0, the relative height of the slope (H) increases because of slope upheaval and valley bottom erosion. As L1 remains 
constant, the slope inclination tanθ is H/L1.

(d) When H = Hc1, the slope collapses over a width D1 and a wedge-shaped landslide front of inclination β1 develops.
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3. Sites and methodology

3.1. Deep-seated catastrophic landslide sites 

We selected three (among many) deep-seated catastrophic landslides that occurred in the Kii Peninsula after 
typhoon Talas in 2011, i.e., those at Akadani, Akadani-higashi, and Nagatono (Figure 3). All three slopes have “dip 
slope” type configurations. 

Fig. 3. The study area

3.2. Data 

We used 1-m digital elevation model (DEM) data collected by airborne lasers. The pre- and post-landslide data 
were obtained in 2009 and between December 2011 and February 2012, respectively. For Akadani, a few re-slides 
and landslide expansions occurred after the deep-seated catastrophic event (Sakurai et al., 2015); the data did not 
encompass these later events. 

3.3. Analysis 

We evaluated areas to 500 m up- and down-stream from each landslide, as follows. First, using pre-landslide data, 
we set reference points at 20-m intervals along the ridges. Then, we drew lines from these points toward the points 
in the region of the slope toes (where the slope bottoms and the flats between the banks intersect) where the 
inclinations were steepest. We then divided the cross-sections into those associated with landslides (termed CSLs 
below) and not associated with landslides (termed NCSLs below) (Figure 4). When at least 66% of the lines were 
included in the landslide, the cross-sections were considered to be CSLs, and the relationship between relative 
height (H) and slope inclination (θ), from the slope foot to the ridge, was examined with respect to all lines. Then, 
ground strength  parameters (c, φ, and γ) were repeatedly varied within specific ranges (c: 5 to 300 kN/m2, φ: 10 to 
40°, γ: 15 to 25 kN/m3) and entered into Eq. (2) to optimize landside prediction by HC (the percentage of cross-
sections correctly identified as landslide sections among the actual CSLs) and the cover rate (the percentage of 
actual CSLs among cross-sections with FS < 1.) We then derived the combination of parameters that optimally 
predicted landslide occurrence/non-occurrence. 

Akadani

Akadani-higashi

Nagatono

Kii Peninshula

θ

Falling width

Eq.(2)
Hc0 Hc1 Hc2

H/L0

Eq.(7)

Collapse occurs at point 
(Hc), at which the curves 
of Eq. (2) and Eq. (7) 
intersect, and the 
“falling width” of (θ) is 
determined by Eq. (4)

Fig. 2. Graphical presentation.
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Although many landslides commenced from the slope foot, the entire slope did not necessarily collapse. Thus, 
using pre-landslide data, we set measurement points every 10 m along each line running horizontally from the slope 
foot, and explored the relationship between the relative height and inclination according to those of the slope foot 
(Figure 5). We thus extracted unstable regions in the middle of slopes, and not only in the ridges; this was especially 
important when the slope was convex. Next, using the post-landslide data, we performed a similar analysis to 
determine whether the landslides had eliminated unstable slopes. If our hypothesis was correct, it would be possible 
to calculate the decrease in slope inclination caused by a landslide (arrows in Figure 2), in turn allowing calculation 
of the size and shape of the wedge-shaped landslide front. We compared the shape before and after a landslide; we 
now show how to estimate the shape and the front size. 

4. Result

4.1. Longitudinal slope shapes 

 The longitudinal lines drawn in the three landslide sites are shown in Figure 6. Figure 7 shows the shape of the 
principal longitudinal line of each slope, i.e., that located in the central CSL. In the longitudinal direction, the slope 
of the Akadani-higashi terrain prior to the landslide [Fig. 7(b)] is linear or (downward) convex. However, the pre-
landslide terrains of Akadani [(Fig. 7(a)] and Nagatono [Fig. 7(c)] are steepest from the bottom to the middle of the 
slope, gradually becoming gentler from the middle to the top, and trending (upward) convex. In Figure 7, the 
Akadani-higashi trend differs from those of Akadani and Nagatono, attributable to the fact that the 2011 landslide at 
Akadani-higashi was a re-slide of the internal region (at the top of the slope) of the landslide produced by the major 
Totsugawa flood of 1889. 

4.2.  Relationship between slope relative height and inclination 

Figure 8 shows the pre-landslide relationship between the relative slope height (H) and inclination (tanθ) (from 
the foot to the ridge) relative to the longitudinal lines drawn at the three sites (Fig. 6). In the graph, CSLs and 
NCSLs are represented by and , respectively. At Akadani [Fig. 8(a)] and Nagatono [Fig. 8(c)), the NCSLs 
downstream from the landslide, i.e., those within the dashed frames were in areas of low relative height but with 
large inclinations; the upstream NCSLs were in areas of large relative height and small inclinations. For Akadani-
higashi [Fig. 8(b)], the CSLs were in areas of large relative height and pronounced inclination. Thus, although the 
Nagatono data are not as clear as those from the two other sites, most CSLs are in the upper right corner of the 
graphs, i.e., in areas with large relative heights and slope inclinations). Also, as indicated in Table 1 and Figure 8, 
the calculated ground strength parameters were relatively high (φ: 10 to 15 , γ: 18 to 22 kN/m3, c: 200 kN/m2 in 
all cases), and the sites were similar. There are differences in best-fitted ground strength parameters although these 
three landslides underlain by same bedrock geology. While, Schmidt and Montgomery (1995). evaluated ground 
strength in the Chuckanut Formation in the northern United States as of 17 to 21° and c of 120 to 150 kN/m2

Fig.5. Topographical features of a slope
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using similar method. The degree of variation of this study is similar to that of Chuckanut Formation, suggesting 
that ground strength controls landslide occurrence might be varied in space even in the same bedrock type  

5. Discussion

5.1.  Estimation of landslide slope 

As shown in Section 4.2, in most upstream and downstream slopes, landslides developed in the upper right 
corners of Figure 8, i.e., in areas with large relative height and slope inclination. Hence, our method identifies slopes 
located along high-risk mountain streams that are at relatively high risk of landslides. It was possible to distinguish 
landslide from non-landslide slopes by the bedrock strength. In Akadani, one point in an area of large relative height 
slightly exceeded the relationship described by Eq. (2). Akadani noted multiple re-slides and landslide expansions 
after the landslide caused by typhoon Talas but, as our data were obtained prior to these events, and as an expanding 
landslide later developed in the upper region of the landslide site, it is possible that this was a component of the 
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Table.1. The most appropriate values for parameters predicting landslide occurrence/non-occurrence

Parameters cover 
rate

Correct prediction 
(1=100%)c (kN/m2) φ (°) γ (kN/m3)

Akadani 250 15 18 0.58 1.00
Akadani-higashi 263 10 20 0.92 0.70

Nagatono 230 15 22 0.65 0.68
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landslide caused by typhoon Talas. Thus, the presence of a point with a relative height that slightly exceeded the 
relationship given by Eq. (2) is not unreasonable. In other words, this suggests that the landslide caused by typhoon 
Talas may have eliminated unstable slopes to some extent. 

5.2. Estimation of landslide scale and shape 

Here, we discuss landslide scale in terms of the relationships between the real and calculated data. Figure 9 shows 
the relationship between the relative height and inclination of the principal slope cross-section, calculated every 20 
m horizontally from the slope foot; we used both pre- and post-landslide data in this analysis. Except for a few 
points with steep inclinations in areas of low relative height, the pre-landslide Akadani inclination was maximally 
tanθ = 0.79 (H = 380 m), but became relatively uniform after the landslide, ranging from H = 200–600 m with tanθ
= 0.6. Similarly, at Akadani-higashi, the post-landslide inclination became near-uniform at H ≥ 300 m and tanθ =
0.6. At Nagatono, the maximum inclination pre-landslide was tanθ = 0.75 (H = 200 m), but reduced markedly post-
landslide, to tanθ = 0.56 (H = 180 m); the relative height increased, as did the slope inclination. The shape 
differences post-landslide are evident in Figure 7; at Akadani and Nagatono, the inclinations fell particularly sharply. 
However, the actual decreases were about 40–60% of the calculated values. In other words, the actual falls were 
smaller than those calculated. The region that we analyzed experienced multiple deep-seated catastrophic landslides 
after the heavy rains of 2011; many originated on northwest-oriented “dip slope-type” slopes, indicating that 
geological structure plays a major role in the development of such landslides (Hiraishi and Chigira, 2011). Thus, it is 
possible that landslides develop over structurally soft surfaces, such as bedding planes. In addition, recent studies 
suggest that such soft surfaces may have been earlier deformed by the long-term effects of gravity; the extent of 
deformation may determine the landslide scale (Chigira et al., 2013). It is also possible that such geological 
structures are associated with high local pore water pressures (Jitozono et al., 2004). Our model assumes that 
geological strength is uniform and does not consider underground water. This may be why the model did not
accurately predict post-landslide decreases in inclination; thus, further refinement is required. 
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6. Summary and future tasks

In areas with similar geological structure and soil strength, our model successfully reproduced the relationship 
between the side slopes and their relative height along the course of the Totsugawa River. This does not contradict 
the hypothesis wherein, considering that the horizontal positions of the valleys and ridges does not change, deep-
seated catastrophic landslides are more likely to occur in a slope that became unstable due to the time-dependent 
elevation of the ridge, even though the elevation of valley remains constant. Thus, we used measurable physical 
parameters to identify slopes that might trigger deep-seated catastrophic landslides. However, when we explored 
whether the model estimated landslide shape and scale in slope cross-sections, we found that, for Akadani and 
Nagatono, although inclinations were significantly reduced after the landslides, the extent of the reduction was less 
than predicted.  

We modeled slope shape and landslide formation in a relatively simple manner. However, although many 
landslides commence at the slope foot, the entire slope does not necessarily collapse. Therefore, when our model is 
further applied to actual phenomena, such as landslides developing in the mid-sections of uniform or concave slopes, 
inconsistencies are to be expected.  

In this study, we only focused on dip-slope. Thus, to use this method as "a predictive tool in other locations or at 
a larger scale", it would be necessary to consider roles of underground characteristics, such as underground structure 
and spatial variability of ground strength controls landslide occurrence. Thus, further work is needed. In future, we 
will analyze slope topographical characteristics in greater detail and underground condition and evaluate more actual 
landslide sites; we will also consider terrain changes caused by the Totsugawa disaster of the Meiji era. 
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Abstract 

Process analysis and hazard assessment are essential for the prevention and mitigation of debris-flow hazards in mountainous 
areas. Many villages and ongoing infrastructure projects in China are vulnerable to large debris flows during heavy rainfall or 
glacier lake outbursts. Without emergency management planning, such contingencies can lead to extensive loss of life and 
egregious property damage. In the eastern Qinghai-Tibet Plateau area, debris-flow disasters are a common phenomenon. In this 
article, we analyzed the spatial distribution, activity and hazard characteristics of debris flows and established a debris-flow 
database by using geographic information technology. Moreover, we comprehensively analyzed the dynamic process of debris 
flow at a local scale, the compound effects of debris flows along riverside section and the disaster environment factors of debris 
flows  overall  scale  of  Sichuan-Tibet  highway  respectively.  Accordingly, we built  an  applicable  factor  system  and  a 
comprehensive framework to quantitatively evaluate debris-flow hazard degree, and then proposed a multi-scale debris-flow 
hazard assessment method by analyzing typical large-scale debris-flow hazard, debris flows along riverside highway and debris 
flows in whole traffic corridor, respectively. Especially, with respect to typical large-scale debris-flow disaster, we proposed a 
dynamic process-based method to analyzed debris-flow hazard by using numerical simulation of debris flow, flood analysis, RS 
and GIS technology. In view of debris flows along riverside highway, we analyzed debris flow process and determined the 
hazard evaluation indexes and proposed a quantitative method of hazard assessment for debris flow along riverside highways. 
Regarding to debris flows along whole road, we proposed a quantitative method to analyze the hazard of debris flows and 
classified hazard levels in the debris- flow prone area along highways. Finally, these proposed methods were applied in 
case studies in a local scale (K3404 of G318), Xiqu river section and Sichuan-Tibet highway respectively. The results showed 
that the calculated risk zones consist with the actual distribution and severity of damage of the debris- flow events, which can 
provide scientific reference for debris-flow risk management and disaster prevention and mitigation of arterial traffic lines.  
Keywords: Debris flow; Dynamic process; Hazard prediction; Multi-scale assessment; Qinghai-Tibet Plateau 

1. Introduction

The Qinghai-Tibet Plateau, with an average elevation of over 4000 m a.s.l. is often referred to as the roof of our 
earth, and its mystic and beautiful landscapes have attracted worldwide attention. However, in this region, strong 
uplift of the Earth’s crust creates a complex natural environment, which presents active crustal stress, tremendous 
elevation difference and dramatic climate change (Dhital, 2015). Large-scale natural disasters commonly occur in 
the eastern area of the Qinghai-Tibet Plateau. In particular, the formation conditions of debris flows are prevalent, 
including appropriate lithologic structures and loose materials, and water resource conditions; thus, an increasing 
number of debris flows seriously devastate local villages and lifeline engineering projects. Therefore, it is vital to 
develop an accurate evaluation method of debris-flow process and associated hazard in the eastern Qinghai-Tibet 
Plateau area. 

Hazard assessment of debris flow is one of the hottest topics in disaster forecast and disaster prevention, which 
has gradually being got worldwide attention. Scholars recently have explored various models and methods to 
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prevent or reduce debris-flow hazard. In 1957, Scientist C.M. Fowlie Cashman analyzed the jacking force of viscous 
debris flow body and the relations between initial shear strength and the viscosity in his book Debris Flow and Road 
Design in Debris Flow-affected Area. He did deep research about dynamic experiment and movement mechanism of 
debris flow (C.M. Fowlie Cashman, 1957). From 1977 to 1988, Scientists in the United States did a cataloging work 
about road debris flow in California Saratoga, Switzedard area and its northern forest logging area (Ellen and 
Wieczorek, 1988). Since the 1990’s, spatial information technology and computer science provide a powerful 
technical support in collecting transportation network debris-flow data, which greatly improved the efficiency of 
analyzing debris flow information and mapping (Carrara et al., 1991). To date, the debris flow investigation and 
cataloging statistics (Hollingsworth and Kovacs, 1981; Zhong et al., 1988), formation mechanism and experimental 
observations (Saito, 1969), debris flow physics (Iverson, 1997), the mechanism of debris-flow movement 
(Takahashi, 1988; Chen, 1988), debris-flow evaluation (Hunger, 1987) and the control technology have made great 
progress. Some scientists mainly focused on analyzing parameters of debris-flow watershed, which is suitable for 
hazard analysis of regional debris flow (Hollingsworth and Kovacs, 1981; Smith, 1988; Olivier, 1998). This method 
has advantages of convenience and strong operation, but is difficult in determining accurate hazardous range of 
debris flow. Some analyzed debris-flow hazard based on actual field investigation and model test, relationships 
between debris-flow deposition area and its characteristic parameters, e.g. debris-flow volume, disturbance area of 
debris-flow watershed (Hunger, 1987; Adachi et al., 1977; Takahashi, 1980; Liu, 1995). This is suitable to analyze 
debris-flow hazard in areas with the same or similar environmental conditions. Furthermore, through a detailed 
survey of terrain conditions and physical parameters of debris flow in a debris-flow watershed, scholars simulated 
movement process of debris flow and identified risk zoning of debris flow (Cui et al., 2011; Hu and Wei, 2005). 
This method has a better practicability and veracity, but several precise parameters are hardly acquired for 
determining the debris-flow process. However, the multi-scale hazard assessment of debris flows has not established 
due to the lack of comprehensive debris-flow theory and method.   

In this article, we analyzed complicated debris-flow formation conditions in eastern Qinghai-Tibet Plateau area, 
and proposed a systematic hazard assessment method of debris flows by combine GIS technologies, mathematics 
and geosciences models in analyzing the debris-flow hazards at different scales. 

2. Methods for regional hazard assessment along Sichuan-Tibet transportation corridor

Debris flow hazard assessment is an important step in debris-flow prevention and risk management. We analyzed 
the hazard of debris flows on basis of systematic indexes including hill slopes, elevation difference, rocks’ shear 
strength, angle of internal friction, weathering degree of rock stratum, distances to faults, earthquake magnitude, 
land use types, annual mean temperature, and maximum daily rainfall. Through adopting information acquisition 
analysis method for the above selected factors, we evaluated the hazard degree of debris flow, and completed debris-
flow hazard mapping of Sichuan-Tibet highway with support of GIS technique. 

According to the definition of information quantity (Aldo et al., 2002), the occurrence of disaster (Y) is affected 
by various factors (Xi, i=1, 2, •••, n), which can be expressed as: 

1 2
1 2

( ... )
( , ... ) n

( )
n

n

P Y x x x
I Y x x x l

P Y
= (1) 

1 1 2 -11 2 1 2 ...( , ... ) ( , ) ( , ) ...+ ( , )
nn x x x x nI Y x x x I Y x I Y x I Y x= + +   (2) 

where, I (Y X1X2, Xn): the amount of information provided by the disaster (Y) is determined by a 
combination of factors X1X2 ••• Xn; 

P (Y X1X2, Xn): the probability of disaster occurrence under the condition of factor combination; 
P (Y): the probability of disaster occurrence. 
In the study of mountain disasters, the simplified single factor information model is adopted (Ding, 2013): 

1 1

/[ ]
/

n n
i

i
i i i

I
A AI In
S S= =

= =∑ ∑  (3) 

where,  I: the prediction value of one unit information in the study area;  
Ii: Factor Xi provides information on disaster occurrence (km2);  
A: the total area of the study area (km2); Ai : the total area of the unit containing factor Xi (km ); 
S: the total area of disaster unit has occurred (km2); 
Si : the sum of the unit area of the disaster that occurs in the unit of factor Xi (km ). 
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3. Methods for sub-regional hazard assessment along riverside section of highway

Through analyzing the hazard effect modes and damage process along highways, we developed three key indexes,
scale of debris flows, deposits on highways and river blockage, to describe the highway disasters quantitatively. 
These three indexes can be easily quantified and divided into four grades respectively: extreme low hazard, low 
hazard, middle hazard, and high hazard. Moreover, each grade can be evaluated between 0 and 1 based on their 
characteristics and survey data from historical events (Table 1). 

Table 1 Hazard indexes and hazard grading of highway damage caused by debris flows 

Grade Values of
each index 

Indexes 

The total runoff of 
debris flow (104m3) 

Deposit extent of debris flow River blockage 
due to debris 

flow 
Subgrade 
deposition 

bridge headroom 
deposition 

Ⅰ 0.0-0.25 <1 0-1/3 0-1/3 <0 
Ⅱ 0.25-0.50 1-10 1/3-2/3 1/3-2/3 0-1/2 
Ⅲ 0.50-0.75 10-100 2/3-1 2/3-1 1/2-1 
Ⅳ 0.75-1.0 >100 >1 >1 >1 

Accordingly, we developed a new method to determine the hazard degree and mapping of debris flow. And the 
hazard degree of debris flow can be calculated 

1 2 3+H H H H= +  （4） 

where, 𝐻is the total hazard degree of debris flow, 𝐻1is the total runoff of debris flow, 𝐻2 is the deposit extent of 
debris flow, 𝐻3is the river-blockage due to debris flow. 

3.1. Scale of debris flow 

The Scale of debris flow is usually indexed by total runoff of a single debris flow which can be calculated by the 
peak discharge of the water flow and the peak discharge of debris flow. 

The peak discharge of the water flow ( BQ ) in debris flow gully is calculated through the Eq.(5) which is 
widely used in Sichuan province (Water Resources Department of Sichuan Province 1984): 

0.278B n
SQ F

T
ϕ=  （5） 

where,QB  is peak discharge of the water flow (m3/s); ψ  is the runoff coefficient; s is the rainstorm intensity
(mm/s); τ is flow concentration time (h); n is the rainstorm attenuation coefficient; F is the catchment 
area(km2). 

The peak discharge of debris flow is calculated by combining the peak discharge of water flow and the soil 
supplement, especially channel blockage by debris, as following equation (Zhou et al.1991): 

(1 )c c B UQ Q Dϕ= + × ×  （6） 

where, cQ    is the peak discharge of debris flow (m3/s); BQ   is the peak discharge of the water low (m3/s); UD
is the blockage coefficient, shows the quantity of landslide deposits in the channels, normally taken 1~3; cϕ is 

correction coefficient of debris-flow peak discharge, ( ) / ( )c c w s cϕ γ γ γ γ= − − , and cγ  is debris-flow density

(t/m3);  wγ  is water density (t/m3); sγ  is solid matter density (t/m3).
The total runoff of a single debris flow is calculated by applying the empirical Eq.( 7) (Ou et al.2006). 

1.266=152.97t cQ Q  (7) 

where, tQ is total runoff of a single debris flow (m3) and cQ  is peak discharge of debris flow (m3/s).

905

http://dict.cnki.net/dict_result.aspx?searchword=%e5%a0%b5%e5%a1%9e%e7%b3%bb%e6%95%b0&amp;tjType=sentence&amp;style&amp;t=blocking%2Bcoefficient


Zou / 7th International Conference on Debris-Flow Hazards Mitigation  (2019) 

3.2. Debris-flow deposition parameters 

The mud depth and deposition range of debris flow are critical parameters to indentify debris-flow hazard. 
Applying debris-flow hazard prediction method (Liu, 1995), the parameters the deposition area, the maximum 
deposition length, and the maximum deposition depth can be calculated by using the following models (Liu, 1995; 
Chen et al. 2011): 

2
3

1
3

12 3

38.41( / ln )

8.71( / ln )

0.017[ / ( ln )]
( ) / ( )

d c c c

d c c c

d c c c

c c w c s w

S V G

L V G

h V G
V Q

γ γ

γ γ

γ γ
γ γ γ γ

=

=

=
=

 （8） 

where, 𝑆𝑑is the deposition area of single debris flow (m2), 𝐿𝑑  is the maximum deposition length(m)，ℎ𝑑is the 
maximum deposition depth (m)，𝑉𝑐is the maximum volume of supplementary loose debris(m3), CQ  is the peak 
discharge of debris flow (m3/s), 𝐺is the deposition slope(°)，𝛾𝑐is the density of debris flow (t/m3), 𝛾𝑤 is water 
density (t/m3); 𝛾𝑠 is solid material density (t/m3) 

3.3. Degree of river blockage 

According to deposition parameters of a single debris flow, river blockage degree can be calculated by the 
following equation: 

3 =( ) /H L l B−  （9） 
where, 3H is the river blockage degree of debris flow, if 3 1H ≥ , debris flow completely blocks the river, 3H is 

equal to 1. L is the maximum deposition length of debris flow (m), l  is the distance between river bank and the 
mouth of debris flow gully(m), B  is the river width (m), the parameters B , l  can be calculated from topographic 
data.

4. Methods for local hazard assessment of debris-flow inundation

4.1. Numerical approach for modeling debris-flow processes 

Flow velocity is a key parameter for identifying the impact force of a debris flow, while the flow depth can 
reflect the silting hazard (O'Brien et al., 1993; Kienholz, 1999; Rickenmann, 2001; Wei et al., 2006). When 
discussing debris-flow deposits, the debris-flow motion equation includes three important variables: mud depth, the 
x-velocity component, and the y-velocity component, 

sx fx

sy fy

Du gS gS
Dt
Dv gS gS
Dt

= −

= −

 (10) 

where, u and v are𝑥  -component and y  -component velocities respectively (m/s), g  is acceleration due to 
gravity(m/s2), sxS is the bottom slope of the deposition area in the x  - direction (°), syS is the bottom slope of the 
deposition area in the y - direction(°), fxS is the friction gradient of the debris flow in the x - direction (°)and fyS  is 
the friction gradient of the debris flow in the 𝑦 - direction(°). 

The model treats debris-flow masses as aggregates of many small particles, each of which has its own mass and 
velocity. To solve Eq. (2) numerically, Hu et al. (2005) improved the particle model originally developed by Wang 
et al. (1997), while Cui et al (2011b) discussed the method and approximated the debris-flow movement by using 
the forward difference for each particle. The difference equations can thus be expressed as 
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1
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t
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+

=
∆

=
∆

 (11) 

where, 1n
ku + , 1n

kv + are the values of u and v  for the k-th particle at time 1n + , respectively, and n
ku , n

kv , ,n k
sxS ,

,n k
syS , ,n k

fxS , and ,n k
fyS are the values of u , v , sxS , syS , fxS , and fyS for the k-th particle at time𝑛. 

4.2. Method for local hazard analysis 

Hazard analyses of debris flows provide information on the hazard activity. This analysis assesses the debris- 
flow hazard degree which is useful in land utilization, urban planning, road-line selection and disaster mitigation 
management.  With  the  development  of  debris  flow  motion  equations  and  computer  technology,  numerical 
simulation provides an efficient and quantitative approach for such hazard analysis. 

Besides the impact and silting hazards caused by individual debris flows, large-scale debris flows also have the 
following particular characteristics: a) Debris flows occurring upstream of a township may cause a river blockage, 
resulting in a dam-breaking flood. b) A debris flow blocking a river downstream area will create a barrier lake that 
will cause inundation loss. 

In order to analyze the hazard characteristics of debris flows, we propose a systematic and quantitative hazard 
analysis method supported by numerical simulation of debris-flow movement. 

Considering the compound characteristics of debris flow and it’s following hazards including burying hazard by 
debris flows, inundating hazard by dammed lakes and scouring hazard by outburst flood and torrent flow, the model 
of hazard assessment was established and the proposed model is expressed as 
In order to analyze the hazard characteristics of debris flows occurring in a group around mountain townships, we 

propose a systematic and quantitative hazard analysis method supported by numerical simulation of debris-flow 

movement and flood analysis. The proposed model is expressed as 

+e h i fH H H H H= + +  (12) 

where, H is the total hazard degree, eH is the hazard caused by the impact force of the debris flow indexed to the 
maximum kinetic energy value in each grid during the whole debris-flow movement process, hH is the hazard 
caused by debris flow silting indexed to flow depth, iH is the inundating hazard of the barrier lake indexed to the 
inundated backwater depth, and

fH is the dam-breaking flood hazard indexed to the highest water level of the 
flooding.  

5. Results

5.1. Study site 

In this article, the Sichuan-Tibet transportation corridor, which is the most significant transportation corridor in 
the western mountain areas of China and connects the provincial capital cities of Sichuan and Tibet, is severely 
affected by debris flows. The Xiqu River section of the Sichuan-Tibet Highway is located in the Hengduan 
Mountain area of the eastern Qinghai-Tibet Plateau and is taken as a study area to analyse the hazard characteristics 
of debris flows. In this section, Haitong Watershed is located at right bank of Xiqu River. The highway from 
Chengdu to Lhasa is situated at the left bank of Xiqu River in this site. Haitong Watershed is characterized by the 
shape of quasi- rectangle and has 5 major gullies with V-shape and the mountain slope of 20~40°. 

5.2. Regional hazard assessment along the Sichuan-Tibet transportation corridor 

Through adopting information acquisition analysis method in session 2.1, the hazard degree of debris flow was 
evaluated, and debris-flow hard mapping of Sichuan-Tibet highway was completed with support of GIS technique 
(Figure 1). The proposed method divides the hazard degree along the highway into 5 levels: very low, low, medium, 
high and very high. The high hazardous areas along G318 Sichuan-Tibet highway are mainly located in the medium, 
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high, very high levels, which account for 71.99% of the whole highway area. They are located in the canyon area of 
Dadu River, Jinsha River, Lanchang River, Nu River and Palongzangbu River. Referring to these areas, the debris - 
flow prevention project should be strengthened in road construction and land designing. While the very low 
hazardous areas are relatively small, accounting for only 4.21%, which are located in the sections of Chengdu plain 
area and Tibetan plateau area. The analyzed results above are consistent with results from the actual debris flows 
situation along Sichuan-Tibet highway. Thus, this hazard evaluation results are suitable for providing debris-flow 
risk analysis and line selection for new road. 

Figure 1 Hazard zonation map of debris flows along G318 Sichuan-Tibet Highway 

5.3. Sub-regional hazard assessment along the Xiqu section of the Sichuan-Tibet highway 

Applying Eq.(4), hazard degree is calculated in Xiqu section of Sichuan-Tibet highway. The calculated hazard 
values fall in the range of 0.75 ~2.75. According to the natural divided points as data analysis for zonation mapping 
with support of natural breakpoint method, the hazard degrees are graded into 3 grades as low hazard, medium 
hazard and high hazard. The results are shown in Figure 2. After analyzing debris-flow hazard for the whole 
highway, the total length of highway in high hazard area is 11.35 km, 24.34 km in medium risk area, 21.91 km in 
low hazard area, respectively. Furthermore, the length of highway in high hazard area is accounted for 19.7% of 
total length of highway, located in the No.6 highway maintenance squad and the section from the No.4 highway 
maintenance squad to Haitong army service station where the advantageous conditions (major faults pass through, 
loose mass and large longitude) give privilege to form large-scale debris flows; the total length of highway in low 
low area is located in the west section of the No.6 highway maintenance squad, the section between Xiqu River 
power station and Dongla Mountain, and the exit area of Xiqu River, where debris flows bring little damages for 
highway. 

Figure 2 The hazard map of the Xiqu section of Sichuan-Tibet highway 

5.4. Local hazard assessment of debris flow in the Haitong watershed 

The large-scale debris flow occurs on June 23th, 2012 and its following hazards seriously destructed G318 
Highway. Debris flows delivered about 10,000m3 sediments and formed a deposition fan with the length of 230m 
along river, the width of 100m and the average depth of 7~8m, the peak depth of 11m. The highway at the opposite 
bank was directly buried about 230m by debris-flow deposits. Moreover, debris flow blocked Xiqu River and 
produced a dammed lake of 100 000 m3 reservoir volume with the length of 300m, the average width of 60m and the 
mean depth of water 8-10m. The water of dammed lake submerged about 160m highway at the upper of the dam.  

Legend
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City

River
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Figure 3 Landscape of Haitong Watershed after 6.23 large-scale debris flows 
(a. Taken in June 2012, Deposition dam:200m length, 100m width and 6-8m depth; b.Taken in Sept. 2013 ） 

The parameters of the debris flow on June 23，including velocity and discharge which were obtained from the 
cross-section at the outlet and material components from deposit sample test, were input into a dynamic movement 
model of debris flow to simulate and analyze deposition process and result(Figure 4). Then hazard of debris flow 
was implemented using the formulae (12). The result showed that the influenced and endangered highway was about 
820m, and 380m, 330m and 110m was in high-danger zone, middle-danger zone and low-- danger zone, 
respectively (Figure 5), and those in middle--danger zone and high--danger zone covered 86.5%. The destructed 
highway on site was about 860m and the total of the buried and submerged highway was about 650 m, which agreed 
with those from simulated model. Therefore, the models for movement simulating and risk assessment strongly 
benefits to prediction and prevention and reduction of risk and mitigation of debris-flow hazards. 

Figure 4 Dynamic simulation result of debris flow in the outlet Figure 5 Risk map of debris flow in Haitong Watershed 

6. Summary and Conclusions

The Sichuan-Tibet highway and railway are the main traffic trunks line in the western mountain areas of China.
Unfortunately, this road has long been severely affected by debris flows. The steep terrain, numerous unconsolidated 
soil  produced  by  complex  lithology  and  hydrologic  meteorological, and  the  high  intensity  rainfall  are  very 
conducive to the formation of large scale debris flow. Various types of debris flow are widely spread along the 
major road, which strongly affect road safety. 

We have analyzed the spatial distribution, activity and hazard characteristics of debris flows. Moreover, we 
comprehensively analyzed the dynamic process of debris flow at a local scale, the compound effects of debris flows 
along riverside section and the disaster environment factors of debris flows overall scale of Sichuan-Tibet highway 
respectively. Accordingly, we built an applicable factor system and a comprehensive framework to quantitatively 
evaluate debris-flow hazard degree, and then proposed a multi-scale debris-flow hazard assessment method. 

The high hazardous areas along G318 Sichuan-Tibet highway are mainly located in the canyon area of Dadu 
River, Jinsha River, Lanchang River, Nu River and Palongzangbu River. Referring to these areas, the debris-flow 
prevention project should be strengthened in road construction and land designing. Among them, the Xiq u-River 
section of Sichuan-Tibet highway was seriously affected by debris flow. The large-scale debris flow on June 23, 
2012 at Haitong Watershed was composed by the hazard chain including flash flood, debris flow, dammed lake and 
outburst flood. The risk assessment based on dynamic model indicated that the high-danger zone and middle-danger 

a b 
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zone occupied 86.5%, where were buried by debris-flow deposits or submerged by the following dammed lake, 
which agreed with the actual. According to the characteristics, hazards and risk of 6.23 debris flows, the protection 
measures, including dangerous debris-flow identification, risk assessment, rational route, highway protection, 
integrated control and emergency plan, were recommended to reduce highway hazards. 
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Abstract 

Debris-flow hazard and risk assessments require reliable estimates of inundation area, velocity and flow depth to 
evaluate spatial impact and impact intensity. Semi-empirical numerical runout models that simulate bulk flow 
behavior with simple rheological models are useful in forecasting these parameters, however, they require calibration 
by back-analyzing past events. This paper presents the back-analysis of six debris flows in southwestern British 
Columbia using a novel automated calibration approach that systematically optimizes the Dan3D runout model to fit 
field observations. The calibration method yielded good simulations of runout length, but under-predicted flow depths 
in some cases, and over-predicted velocities in all cases. The best-fit Voellmy rheology parameters for the studied 
cases ranged from 46 to 531 m/s2 for the turbulence coefficient and 0.08 to 0.18 for the friction coefficient. There is a 
potential inverse correlation between friction coefficient and event volume. Calibrated parameters were compared to 
morphometric parameters for the study sites, which may be useful for guiding parameter selection once a larger dataset 
is calibrated. Ongoing work is focused on refining the calibration technique, including standardization of input 
parameters more relevant to debris flows. The long-term goal is to apply the technique to a larger dataset of debris-flow 
cases and provide practitioners with better guidance on the selection of model input parameters for forecasting 
purposes.  

Keywords: debris flows; runout analysis; numerical modeling; automated calibration; rheology parameter selection 

1. Introduction

Estimating the spatial impact of debris flows is an important part of hazard mapping, risk assessment and mitigation
design. A variety of tools and techniques have been developed for estimating potential inundation areas and flow 
velocities, including semi-empirical numerical models that simulate bulk flow behavior using simple rheological 
relationships (e.g. O’Brien et al., 1993; Hungr, 1995; McDougall and Hungr, 2004; Pirulli, 2005; Kwan and Sun, 2007; 
Pastor et al., 2009). Although these models do not necessarily simulate the complex mechanics of debris flows, they 
can capture the bulk behavior required for runout forecasting (McDougall, 2017). One of the main challenges with 
applying these types of models is the selection of appropriate rheologies and rheological input parameters. These inputs 
must be calibrated by back-analyzing past events, which requires sufficiently detailed documentation of a number of 
debris flows that have already occurred, as well as reliable pre-event topographic data. Further, an objective, efficient, 
and repeatable calibration method is needed. 

In this study, we applied a recently developed automated calibration technique to systematically back-analyze six 
debris flows in southwestern British Columbia using the semi-empirical runout model Dan3D. We examine the 
performance of this calibration technique in the context of debris-flow behavior and discuss ways it could be refined 
prior to more extensive calibration efforts. Potential useful links between observable morphometric parameters and 
rheological input parameters are also briefly discussed. 
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2. Methodology

2.1. Data Collection 

Geomorphic mapping was conducted at six case study locations (Fig. 1) to collect event-specific field observations 
for back-analysis. Historical airphotos, orthophotos and satellite images were used to identify source areas, delineate 
inundation areas and constrain the event date for undocumented events. Planet (2018) provided access to an archive 
of satellite imagery dating back to 2016 for Planetscope (3 m resolution) and 2009 for RapidEye (5 m resolution). 

Field work was conducted by the authors over the period of July to September, 2018, for all locations except Bear 
Creek, which was studied by BGC Engineering Inc. in 2017. The objective of the field work was to map the deposit 
extents, delineate the active channel, take deposit and flow depth measurements, measure superelevation at channel 
bends for velocity estimates (Prochaska et al., 2008), measure channel cross-section areas at bedrock controlled 
reaches for peak discharge estimates, and collect information about debris composition (grain size, sorting and 
lithology). 

Likely source areas were identified using pre- and post-event Planet (2018) satellite imagery, however, initial 
volumes were not known. Deposit volumes were mostly estimated by multiplying a range of representative estimated 
deposit depths from field observations by the mapped impact area. At Neff Creek, Lau (2017, Chapter 5) used pre- 
and post-event LiDAR data provided by BC Hydro to estimate erosion and deposition volumes within the transmission 
corridor.  

Fig. 1. Case study locations. (a) Neff Creek; (b) Bear Creek; (c) Mt. Currie B; (d) Middle Lillooet Fan; (e) Pavilion Lake Fan; (f) Cheam Fan E. 

2.2. Numerical Modeling 

The numerical model used in this study was Dan3D, a semi-empirical, depth-averaged, Lagrangian model that 
simulates landslide motion over 3D terrain (McDougall and Hungr, 2004 and 2005). The model is based on the 
Smoothed Particle Hydrodynamics (SPH) numerical technique, in which the moving mass is discretized into particles 
that interact with each other and are free to split apart to simulate flow around obstacles. The model treats the landslide 
as an “equivalent fluid”, whose behavior is governed by simple internal and basal rheologies (Hungr, 1995). The model 
features an open rheological kernel, and the parameters that govern these rheologies must be calibrated. Calibration 
typically relies on well-described past events at the study site, or cases that are deemed to be similar based on 
professional judgement. In this preliminary study, the Voellmy rheology (Hungr, 1995) was used for all cases.  
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The goal of model calibration is to determine the set of model parameters that best reproduce field observations for 
a case history of interest, and ultimately identify patterns within a set of calibrated cases that can be applied to 
prediction. 

We used a method developed by Aaron et al. (2019) originally for rock avalanches, to calibrate the model. The 
method treats model calibration as an optimization problem, where the following least squares objective function is 
minimized: 

Φ =∑ (wi · ri)2 n
i=1  (1) 

ri = ci - oi (2) 

where Φ is the value of the objective function, wi is a user-specified weight given to observation i, ri is the difference 
between the simulated and actual value of observation i (e.g. the difference between simulated and observed velocities 
at a point), ci is the simulated value of observation i, oi is the measured value of observation i, and n is the number of 
simulation constraints. The user-specified weight is selected based on the standard deviation of the simulated feature 
(Aaron et al., 2019).  

Equation 1 is minimized using the Gauss-Marguart-Levenberg (GML) algorithm (Nocedal and Wright, 2006). This 
algorithm uses the derivative of Equation 1, taken with respect to the calibrated parameters, in order to minimize the 
misfit between observed and simulated landslide features. The main advantages of the GML algorithm are that it is 
computationally efficient and can be used to calibrate more than two parameters. The GML optimization analyses 
were implemented using the Parameter Estimation Package (PEST) (Watermark Numerical Computing, 2010). 

The following model constraints were used: trimline, runout length, deposit volume, and point estimates of velocity, 
maximum flow depth and deposit depth. For the trimline constraint, the modelled maximum depth greater than 0.3 m 
(a cutoff value is necessary due to the SPH method used in Dan3D) is compared to a gridded representation of the 
impact area, where a value of 1 in a cell indicates that the debris flow has impacted that location, and a value of zero 
indicates otherwise. The runout length is defined as the furthest straight-line distance from a user specified origin point 
(fan apex used this study), and the fitness is calculated by comparing this constraint to the median final position of a 
user-specified number of particles (25 used in this study). Due to uncertainty with estimating the initial volumes and 
entrainment rates (McDougall and Hungr, 2005), the initial volume was estimated, and the entrainment rate was 
included as a calibration parameter to simulate the final deposit volume constraint.  

Four of the six cases had pre-event LiDAR coverage of the fan area, except Mount Currie B and portions of Neff 
Creek with post-event LiDAR available. The Neff Creek grid was merged with pre-event grid and manually adjusted 
to represent pre-event conditions, while Mount Currie B was left unaltered. Five-meter gridded topography with 
Gaussian smoothing was used for all cases. 

3. Case Studies

The case studies consist of six recent debris flows in southwestern British Columbia (Fig. 1) with reasonably well-
preserved field evidence and LiDAR coverage of the fan area. Fig. 2 shows Google Earth imagery of the fan and 
watershed areas, and Fig. 3 shows representative field photographs of the deposits. Table 1 provides a summary of 
morphometrics and event characteristics. A brief summary of each case study is provided below. 

Neff Creek is located in the Birken-D’Arcy Valley, 25 km northeast of Pemberton, BC. The watershed is underlain 
by Jurassic to Cretaceous sedimentary rocks of the Cayoosh Assemblage, consisting of siltstone, sandstone, shale and 
argillite (Cui et al., 2015). On September 20, 2015, a large debris flow occurred at Neff Creek during a high intensity 
rainstorm, likely initiating as a rockfall or rockslide from the steep bedrock cliffs in the western part of the upper 
watershed. This event is well described by Lau (2017, Chapter 5). The debris flow eroded a channel up to 14 m deep 
through the upper portion of the fan. The debris avulsed upstream of the highway bridge and inundated the distal reach 
of the fan, depositing material up to 10 m thick. It is estimated about 40% of the deposit volume is sourced from the 
upper fan (Lau 2017, Chapter 5). Eyewitness reports suggest that the debris flow occurred as multiple surges. 

Bear Creek is located at Seton Portage between Anderson and Seton Lakes. Bedrock geology consists of marine 
sedimentary and volcanic rocks of the Bridge River Complex, including chert, argillite, and basalt (Cui et al., 2015). 
Bear Creek is one of two creeks that form a large half cone fan. The channel is deeply incised at the upper portion of 
the fan, losing confinement by mid-fan. The fan complex has a legacy of fine-grained debris flows with high mobility 
(BGC, 2018b). On July 30, 2016, a thunderstorm triggered a debris flow that travelled past the fan toe. 
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Fig. 2. Google Earth satellite images of the six case study locations. White line delineates the fan boundary. (a) Neff Creek; (b) Bear Creek; (c) 
Mount Currie B; (d) Middle Lillooet Fan; (e) Pavilion Lake Fan; (f) Cheam Fan E. 

Fig. 3. Photographs of debris-flow deposits for the six case studies. (a) Neff Creek; (b) Bear Creek (photo courtesy of Matthias Jakob); (c) Mount 
Currie B; (d) Middle Lillooet Fan; (e) Pavilion Lake Fan; (f) Cheam Fan E. 
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Table 1. Summary of case study morphometrics and event details. 

Site Bedrock 
Geology 

Watershed Fan Fan Channel Event 

Area 
(km2) 

Relief 
(km) 

Melton 
Ratio 

Area 
(km2) 

Average 
Gradient 
(°) 

Length 
(km) 

Average 
Gradient 
(°) 

Estimated 
Deposit 
Volume 
(m3) 

Impact 
Area 
(m2) 

(a) Neff 
Creek1,2 Sedimentary 3.29 1.87 1 0.36 15 0.83 11 220,000 ± 

30,000 136,300 

(b) Bear 
Creek3 

Marine 
sedimentary 
and volcanic 

2.18 1.81 1.2 1.27 12 1.03 10 60,000 ± 
10,000 98,000 

(c) Mount 
Currie B1 Intrusive 2.69 2.14 1.3 0.32 13 0.85 9 500,000 ± 

150,000 269,100 

(d) Middle 
Lillooet Fan2 Intrusive 2.69 1.81 1.1 0.55 15 0.84 14 45,000 ± 

10,000 25,400 

(e) Pavilion 
Lake Fan2 

Marine 
sedimentary 
and volcanic 

1.45 1.02 0.9 0.11 13 0.37 14 7,500 ± 
1,500 9,200 

(f) Cheam 
Fan E Sedimentary 1.87 1.9 1.4 0.27 14 1.1 10 45,000 ± 

15,000 49,800 
1Average gradient measurements derived from post-event LiDAR data. 
2Watershed measurements derived from the TRIM Digital Elevation Model for British Columbia (1:250,000) 
3Geomorphic mapping and deposit volume provided by BGC Engineering Inc. 

Mount Currie B is the western-most of three active debris-flow fans from the steep north facing slopes of Mount 
Currie, a mountain range immediately south of Pemberton, BC. The Pemberton Diorite Complex forms the bedrock 
of the upper watershed (Cui et al., 2015) and is subject to frequent rockfalls, rock slides and debris slides that fill the 
watershed gullies with colluvium (BGC, 2018a). A debris-flow deposit of approximately 500,000 m3 is visible in 
satellite imagery, occurring sometime during the late fall of 2016. This debris flow traveled along a gully in the western 
part of the upper watershed, flowed down through the channelized bedrock reach at the fan apex, and spread out well 
beyond the previous fan limits to the Green River floodplain. Part of the flow avulsed from the main channel at the 
channel bend downslope of the apex. Debris from this event varied in size from boulders and cobbles at the upper 
portion of the fan, boulders and cobbles in a sandy matrix in the lower half of the deposit, and a finer-grained sediment 
plume at the distal end visible in the Green River. 

The Middle Lillooet Fan is a small and steep fan on the left bank of the Lillooet River downstream of Meager Creek 
approximately 50 km northeast of Pemberton. The bedrock consists of granodiorite and debris flows on this fan are 
characteristically coarse-grained (Jordan, 1994). Upstream of the fan apex, massive rockfall boulders >10 m in 
diameter fill the bedrock-controlled channel. Sometime in September or October of 2015, a coarse debris 
avalanche/debris flow ran out past the forest service road. The bulk of the material deposited on the mid fan as bouldery 
levees.  

Pavilion Lake Fan is a small half cone fan on Pavilion Lake 25 km northeast of Lillooet. The Marble Canyon 
Formation (limestone, marble) and the Cache Creek Complex (chert, argillite, limestone, basalt) form the upper and 
lower parts of the watershed, respectively (Cui et al., 2015). On August 20, 2014, a series of debris flows along 
Highway 99 were triggered by an intense storm, forcing road closure and evacuations. The debris flow at Pavilion 
Lake deposited levees at bedrock-controlled channel reaches near the apex, flowed through knickpoints in the paleofan 
surface at the top of the fan, and ran out past the highway reaching the lake.  

Cheam Fan E is located in the Cheam Range of the Cascade Mountains near Bridal Falls and about 20 km northeast 
of Chilliwack. Bedrock consists of folded and faulted rocks of the Chilliwack Group (pelite, sandstone, conglomerate, 
mafic and felsic volcanics, carbonates) (Cui et al., 2015). The site is adjacent to the 5,000 year-old Cheam rock 
avalanche deposit (Orwin et al., 2004). The Cheam fan complex is formed by material from two separate watersheds. 
Following several days of heavy rain and snowmelt, a series of debris flows and floods occurred on November 23, 
2017, temporarily closing the Trans-Canada Highway between Bridal Falls and Hope. The debris flow on the east 
channel at Cheam Fan was used in this study. Material was eroded from talus slopes in the upper east side of the 
watershed. On the fan, the flow avulsed the main channel to the west at three locations occupying paleochannels and 
inundated the highway with mud and debris. 

915



Zubrycky / 7th International Conference on Debris-Flow Hazards Mitigation  (2019)  

4. Results

Model results using optimized parameter values for each complete set of calibration back-analyses are shown in
Fig. 4. A summary of the calibrated parameters and optimized fitness metrics is provided in Table 2. The best-fit 
parameter combinations are shown graphically in Fig. 5, along with information about the source geology and total 
volume of each event. Relationships between the calibrated friction coefficients and fan channel gradients are shown 
in Fig. 6, for further discussion below. 

Fig. 4. Model results using optimized parameter values for (a) Neff Creek; (b) Bear Creek; (c) Mount Currie B; (d) Middle Lillooet Fan; (e) Pavilion 
Lake Fan; (f) Cheam Fan E. Modeled and observed deposit trimlines are shown by the black and red dashed lines, respectively. The locations of 
depth and velocity observations used in the calibration are indicated by black and red crosses, respectively. All units are in meters. 

Table 2. Calibrated rheological parameters for the six case studies. 

Site Friction 
Coeff. 

Turbulence 
Coeff. 
(m/s2) 

Calibration Constraint Performance1 

Runout Distance 
from Fan Apex Deposit Depth Maximum Flow 

Depth Velocity 

(a) Neff Creek 0.10 365 <5% -74% to -100% -71% +83% 

(b) Bear Creek 0.11 531 <5% N/A N/A +72% 

(c) Mount Currie B 0.08 46 <5% <5% to -100% -42% N/A 
(d) Middle Lillooet Fan 0.16 203 <5% +143% -48% +36% 

(e) Pavilion Lake Fan 0.18 105 -25% -56% +30% N/A 

(f) Cheam Fan E 0.15 473 <5% -18% -7% +130% to +186% 
1Calibration performance calculated as (modelled – observed)/observed x 100% 
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Fig. 5. Left: Calibrated best-fit parameter combinations. Right: Event volume vs. calibrated friction coefficient. 

Fig. 6. Left: Relationship between calibrated friction coefficient and average channel gradient for the full length of the fan. Right: Relationship 
between calibrated friction coefficient and average channel gradient for the lower half of the fan. 

5. Discussion

The calibrated parameter values summarized in Table 2 are in the same range as values reported by others based on 
similar debris-flow back-analyses (e.g. Ayotte and Hungr, 2000; Revellino et al., 2004). As shown in Fig. 4 and Table 
2, the best-fit parameter combinations resulted in relatively good simulations of total runout length in every case, 
reflecting the relative weighting/importance assigned to runout length as an input calibration constraint. 

In general, deposit width was under-predicted in cases where significant spreading occurred on the fan. All events 
in the present study were modeled as single surges, which is not realistic in several cases. For debris flows with multiple 
surges, erosion/deposition by earlier surges may significantly alter the topography affecting subsequent surges, which 
could lead to avulsions. Further, heterogeneity within each debris flow was not explicitly modeled, so avulsions caused 
by channel plugging from frictional boulder fronts were not captured either. 

Although the present sample of calibrated cases is very small, some interesting potential trends warrant further 
consideration as the dataset expands. Fig. 5 Right suggests a potential inverse correlation between event volume and 
calibrated friction coefficient. This trend mirrors the inverse correlation between event volume and travel angle 
(“fahrböschung”) observed by others (e.g. Corominas, 1996). A potentially useful relationship between fan channel 
gradient and calibrated friction coefficient is also suggested in Fig. 6. The calibrated friction coefficients for the six 
cases in this study are very close to, or slightly lower than, the average fan channel gradient for the lower half of each 
fan, suggesting that local fan gradient may be a useful metric for selecting friction coefficients for forecasting purposes. 

One of the goals of automated calibration is to make the calibration process more objective and repeatable. 
However, subjective judgement on the part of the modeler is still required to prepare the model inputs. The present 
study has highlighted the importance of standardizing such input as much as possible before expanding the study to 
include other cases. For example, model results were found to be relatively sensitive to down-sampling and smoothing 
of input topographic data (e.g. 5 m vs. 3 m grid spacing) and the number of particles used in the simulation.  
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6. Conclusion

This study has demonstrated the usefulness of a recently developed automated calibration technique for the 
numerical analysis of debris-flow runout. Preliminary relationships between morphometric parameters and rheological 
input parameters have been developed. Ongoing work is focused on refinement of the technique and standardization 
of input. The long-term goal is to apply the technique to a larger dataset of debris-flow cases to examine the 
relationships between morphometric and rheological parameters. The variability in these relationships will provide 
practitioners with better guidance on the ranges of model input parameters used for forecasting purposes.  

Acknowledgements 

We would like to thank the British Columbia Ministry of Transportation and Infrastructure, Squamish-Lillooet 
Regional District and BC Hydro for permission to use LiDAR data. Thank you to Brian Menounos from the University 
of Northern British Columbia, and John Clague and Gioachino Roberti from Simon Fraser University for providing 
LiDAR coverage at the Middle Lillooet Fan, and to BGC Engineering Inc. for sharing Bear Creek field mapping data. 
We would like to acknowledge Erin and Rob Elliott and the Ts'kw'aylaxw First Nation for land access permissions. 
Special thank you to José Pullarello, Stephanie Tarnai, Carie-Ann Lau and Bea Collier-Pandya for assistance in the 
field, and David Bonneau for compiling the original case study database that served as a catalyst for the present work. 
Funding for this research was provided in part by the Natural Sciences and Engineering Research Council of Canada 
(NSERC). 

References 

Aaron, J., McDougall, S., Nolde, N., 2019, Two methodologies to calibrate landslide runout models: Landslides, p. 1–14, doi: 10.1007/s10346-
018-1116-8. 

Ayotte, D. and Hungr, O., 2000, Calibration of a runout prediction model for debris-flows and avalanches, in Proceedings, Second International 
Conference on Debris-Flow Hazards Mitigation, Taipei, Taiwan, p. 505–514. 

BGC Engineering Inc. (BGC), 2018a, Mount Currie Landslide Risk Assessment. Final report prepared for Squamish-Lillooet Regional District 
dated January 16, 2018, Project No. 1358004, 195 p. 

BGC Engineering Inc. (BGC), 2018b, Seton Portage Integrated Hydrogeomorphic Assessment: Final report prepared for Squamish-Lillooet 
Regional District dated April 6, 2018, Project No. 1358005, 355 p. 

Corominas, J., 1996, The angle of reach as a mobility index for small and large landslides: Canadian Geotechnical Journal, v. 33, p. 260–271. 
Cui, Y., Miller, D., Schiarizza, P., and Diakow, L.J., 2017, British Columbia digital geology: British Columbia Ministry of Energy, Mines and 

Petroleum Resources, British Columbia Geological Survey Open File 2017-8, 9 p. Data version 2018-04-05. 
Hungr, O., 1995, A model for the runout analysis of rapid flow slides, debris flows and avalanches: Canadian Geotechnical Journal, v. 32(4), p. 

610–623. 
Jordan, P., 1994, Debris Flows in the Southern Coast Mountains, British Columbia: Dynamic Behavior and Physical Properties [PhD Thesis]: 

University of British Columbia, 272 p.  
Kwan, J.S.H. and Sun, H.W., 2007, Benchmarking exercise on landslide mobility modelling - runout analyses using 3dDMM, in Proceedings of 

the 2007 International Forum on Landslide Disaster Management, Hong Kong, p. 945–966. 
Lau, C.A., 2017, Channel Scour on Temperate Alluvial Fans in British Columbia [MSc Thesis]: Simon Fraser University, 200 p. 
McDougall, S., 2017, 2014 Canadian Geotechnical Colloquium: Landslide runout analysis - current practice and challenges: Canadian Geotechnical 

Journal, v. 54, p. 605–620, doi: 10.1139/cgj-2016-0104. 
McDougall, S. and Hungr, O., 2004. A model for the analysis of rapid landslide motion across three-dimensional terrain: Canadian Geotechnical 

Journal, v. 41, p.1084-1097, doi: 10.1139/t04-052. 
McDougall, S., and Hungr, O., 2005, Dynamic modelling of entrainment in rapid landslides: Canadian Geotechnical Journal, v. 42, p. 1437–1448, 

doi: 10.1139/t05-064. 
Nocedal, J., and Wright, S.J., 2006, Numerical Optimization (Second Edition): New York, Springer, 664 p. 
O’Brien, J. S., Julien, P. Y., and Fullerton, W. T., 1993, Two-dimensional water flood and mudflow simulation: Journal of Hydraulic Engineering, 

v. 119(2), p. 244–261. 
Orwin, J., Clague, J., and Gerath, R.F., 2004, The Cheam rock avalanche, Fraser Valley, British Columbia, Canada: Landslides, v. 1, p. 289–298, 

doi: 10.1007/s10346-004-0036-y. 
Pastor, M., Haddad, B., Sorbino, G., Cuomo, S. and Drempetic, V., 2009, A depth-integrated, coupled SPH model for flow-like landslides and 

related phenomena: International Journal for Numerical and Analytical Methods in Geomechanics, v. 33, p. 143–172. 
Pirulli, M., 2005, Numerical Modelling of Landslide Runout: A Continuum Mechanics Approach [PhD Thesis]: Politechnico di Torino, 204 p. 
Planet Team, 2018, Planet Application Program Interface: In Space for Life on Earth. San Francisco, California (available at https://api.planet.com). 
Prochaska, A.B., Santi, P.M., Higgins, J.D., and Cannon, S.H., 2008, A study of methods to estimate debris flow velocity: Landslides, v. 5, p. 431–

444, doi: 10.1007/s10346-008-0137-0. 
Revellino, P., Hungr, O., Guadagno, F.M., and Evans, S.G., 2004, Velocity and runout simulation of destructive debris flows and debris avalanches 

in pyroclastic deposits, Campania region, Italy: Environmental Geology, v. 45, p. 295–311. 
Watermark Numerical Computing, 2010, PEST Model Independent Parameter Estimation User Manual, 5th Edition, 336 p.  

918

https://api.planet.com/


 
 
 
 
 

Engineering and Mitigation 

919



_________ 
* Corresponding author e-mail address: hychen@imde.ac.cn 

7th International Conference on Debris-Flow Hazards Mitigation

Predicting debris-flow scour depth downstream from a check dam 
Hua-Yong Chena,b,c*, Xiao-Qing Chena,b,c, Jian-Gang Chena,b,c, and Jin-Bo Tanga,b

a Key Laboratory of Mountain Hazards and Earth Surface Process/Institute of Mountain Hazards and Environment, Chinese Academy of 
Sciences, Chengdu 610041, China 

b University of Chinese Academy of Sciences, Beijing 100049, China 
c CAS Center for Excellence in Tibetan Plateau Earth Sciences, Chinese Academy of Sciences (CAS), Beijing, 100101, China 

Abstract 

Debris flows often pose great threats to people’s lives and property in mountainous regions. For example on August 8, 2010, a 
debris flow with a volume of 220×104 m3 occurred in ZhouQu county, Gansu province, China. The debris flow resulted in not 
only significant loss of farmlands, but also in 1,248 deaths and 496 people missing. The construction of check dams in debris-
flow valleys is a useful way to mitigate deaths and damages. Herein, we investigate scour downstream from check dam spillway 
structures. We propose that the main parameters which determine scour depth of a scour hole downstream from check dams, 
include flow density, flow depth, flow discharge per unit width, and acceleration due to gravity. Physical experiments were also 
carried out to investigate debris flow movement and scour characteristics. In addition, a theoretical expression was deduced to 
predict the maximum scour depth downstream from check dams. There was a good correlation between experimental data and 
results predicted from theory. The results obtained in this paper can provide constraints for the design of check dams in 
mountainous areas. 

Keywords:Check dam, Debris flow; Energy dissipation; Scour depth prediction, Discharge per unit width 

1. Introduction

Debris flows are poorly sorted, fast-moving mixtures of sediment and water that mobilize in upstream region of a 
valley, surge down slopes in response to gravity (Iverson, 1997). Excessive rainfall (Chen et al., 2014; Zhou et al., 
2015; Melo et al., 2018), snowmelt (Decaulne et al., 2008; Decaulne et al., 2010), or glacier lake outburst floods 
(GLOF) (Breien et al., 2008) can all generate debris flows. When abundant loose soil particles are available along a 
valley, they can be eroded and entrained by flood waters and transformed into large debris flows. In China, debris 
flows are considered one of the most serious natural hazards in mountainous areas, especially after the occurrence of 
the May 12, 2008 Wenchuan Earthquake. Many large scale debris flows were triggered by intensive rainfall 
following the earthquake, such as September 24, 2008 Wenchuan debris flow (Huang, 2011), and the August 13, 
2010 Qingping debris flow (Xu et al., 2012; Ma et al., 2013). Additionally, on 8 August, 2010, a large debris flow 
occurred in the Sanyanyu and Luojiayu gullies, north of ZhouQu county, Gansu province. This debris flow blocked 
the Bailongjiang River, resulting in the formation of a lake that inundated over half of ZhouQu (Cui et al., 2013). 
Many countermeasures have been applied to mitigate debris-flow hazards and reduce the risk to people and 
structures. Counter structures include check dams, discharge drainages or debris basins. A closed-type check dam 
with a rectangular or trapezoid spillway is one of the most effective structural countermeasures for debris-flow 
control. These dams are commonly installed to stabilize channel side-slopes, to reduce scour, to capture sediments, 
and to reduce debris-flow velocities (Shrestha et al., 2008; Shrestha et al., 2009; Zeng et al., 2009; Hsieh et al., 2013). 

Experimental and theoretical studies have been carried out to investigate local scour under different conditions. 
Sheppard and Miller (2006) conducted pier scour experiments and compared their results with local scour equations. 
Ballio et al. (2010) studied the temporal scales for scour at abutments. Local scour experiments were performed with 
four different uniform cohesionless sediment diameters, then a design equation is proposed based experimental data 
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and existing live-bed scour data (Barbhuiya and Mazumder, 1997). Manes and Brocchini (2015) derived a new 
predictive formula to calculate the scour depth at piers, which merges the theory of turbulence with empirical 
observations. The validity of the proposed approach for local scour around bridge piers was tested for vertical-wall 
bridge abutments (Coscarella et al., 2018). Much previous attention was paid to the clear-water scour and sediment-
laden water scour. However, relatively little attention has been focused on debris-flow scour, especially, the local 
scour downstream from check dams. Lenzi and Comiti (2003) examined local scouring characteristics downstream 
from 29 drop structures in a steep mountain river. Their results indicated that drop height, flow depth, and step 
spacing affect scouring dynamics in a complex way. Pan et al. (2013a) conducted flume experiments to investigate 
the laws governing a scour hole’s shape downstream of a debris-flow check dam under different circumstances. 
Results demonstrated that the position of the maximum depth point moved downstream with an increase in flume-
slope angle. Pan et al. (2013b) gave a theoretical formula to calculate the depth of a scour hole downstream of a 
debris-flow check dam in 2D physical experiments. Results indicated that the scour hole mainly depended on 
channel slope, flow density, flow depth, mud and sand characteristic coefficients, and a scour-hole formation 
coefficient. Chen et al. (2016) investigated four different lateral contraction ratios of spillways and proposed an 
empirical model to predict the scour depth downstream of a check dam. 

In this paper, experiments were conducted to investigate the characteristics of a debris-flow nappes downstream a 
check dam. For each experimental test, video cameras were employed to record the trajectory of debris-flow nappes 
from the spillway to the debris-flow surface downstream. The characteristics of scour holes downstream from 
different spillway structures were analyzed in relation to nappe characteristics. Additionally, we employed 
momentum conservation theory to predict the depth of scour holes formed by debris flows. The results presented in 
this paper can provide information for the structure design of check dams in mountainous areas.  

Our experimental flume consisted of a hopper, a sluice gate, a rectangular channel, a check dam with a spillway, 
and a downstream erodible bed composed of the loose soil material with the maximum diameter no more than 20.0 
mm (Fig.1a). The gate was used to control the discharge of debris flows passing through the spillway. In each 
experimental run, a volume of debris flow was held in the hopper. The sudden remove of the sluice gate was used to 
simulate a debris-flow event. The rectangular channel was about 4.0 m long, 0.4 m wide and 0.4 m high, with a 
slope of i=8° (Fig.1b). The mean velocity of the flow front in the channel was estimated by video after it ran out 
from the hopper. The spillway shapes of the check dam in our experiments are rectangular and Y-type, respectively. 
The check dam was made of steel material was set at the end of the rectangular channel (Fig.1).  

(a) Photograph of the experimental setup 

(b) Schematic diagram (unit: cm) (c)  The rectangular and Y-type spillway of 
check dams 

Fig.1. The experimental setup 
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The hopper of the check dam was filled with the sediment from Jiangjia ravine, with a slope of s=3° (Fig.1b). 
Particle size distribution of sediment may affect the debris-flow density and flow motion along the channel. In the 
prototype, the particle sizes of the debris flows change from clay to boulder. In the experimental model, the particle 
sizes of the debris flows should be relative small due to the limited model dimensions. The sediment used in this 
experiment was equivalent to a sample of typical debris flows and excluded particles larger than 20.0mm. The 
diameter of the sediments in the erodible bed was also smaller than 20.0 mm. In addition, the clay and fine particles 
(smaller than 1.0 mm) were excluded to avoid the effects of matric suction on the development of the scour hole. 
The particle size distribution of sediments for both debris flows and erodible bed is shown in Fig.2. In our 
experiments, the flow rate can be obtained by monitoring the flow velocities and flow depths at the outlet of 
spillway. Debris flow density can also be measured by monitoring the weight and volume of debris-flow samples 
taken at the end of the spillway. Although the experimental setup and sediments used in experiments were not 
strictly follow the similarity theory, dimensions of our physical model, debris flow volume, and particle sizes were 
roughly set based on the natural debris-flow events. Therefore, the results obtained in our experiments can reflect the 
dynamic evolution process and basic mechanism in prototype. 

Fig. 2. The particle size distribution of the sediments 

2. Experimental results and analysis

2.1. Typical flow pattern downstream form the check dam 

When debris flows pass a check dam a lot of debris flow materials are retained in the channel, forming an 
obvious elevation difference downstream and upstream from check dam site. In our experiments, we saw that debris 
flows overflowed the spillway of check dams and then plunged into the dissipation pool with erodible bed (Fig.1). A 
debris flow nappe, which represented the debris flows from spillway outlet to downstream water level, was observed 
downstream from the check dam under different spillway structures. However, for different spillway structures, the 
profiles of the debris-flow nappe can be different. For example, when debris flows overflow the spillway of the 
rectangular cross-section, the flow nappe is relatively thin (no more than 60.0 mm) and the flow turbulence is 
relatively weak. But when debris flows overflow the spillway of the lateral contraction (Y-type spillway), the flow 
nappe is relatively thick and the flow turbulence is relatively strong, as shown in Fig.3.  

(a) Debris flows passing through spillway with rectangular cross-section  
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(b) Debris flows passing through spillway with "Y-type" cross-section 

Fig. 3. Typical debris flow patterns downstream from the check dam with different types of spillway 

2.2. Plunging velocity analysis 

During the plunging process of the debris-flow nappe, the debris-flow velocity increases when it plunges to the 
downstream flow surface due to gravity. Actually, the spillway velocity, v1, is easily estimated by a float method 
(testing the average velocity covering certain distance by floating a marker on flow surface) but this method cannot 
be used to estimate the plunging velocity due to strong turbulence at the end of the flow nappe. Fortunately, we can 
predict the plunging velocity based on the projectile motion theory as shown in Fig.4 (Hayen, 2003). 

If we suppose debris flows overflow the spillway at velocity,v1 (v1 is composed of vx1 and v1z components, Fig.4) 
and debris flows plunge into the dissipation pool at v2 (v2 is composed of v2x and v2z components), where x means 
the  movement distance of the debris flow mass in the horizontal direction and z means the movement distance in the 
vertical direction, then we have 
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where  x is distance in the x direction, z is distance in the z direction, v1 is flow velocity at spillway outlet,vx1 is 
flow velocity in the x direction, vz1 is flow velocity in the z direction, α is flow direction at the spillway outlet, t is 
time,  and g is the acceleration gravity. 

Plunging velocity v2 of debris flows can be expressed as 
2 2 2
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Fig. 4. Diagram of debris flow trajectory 

2.3. Debris-flow scour downstream from a check dam 

When debris flows plunge into the dissipation pool at relatively high speeds, the debris flows can mobilize 
sediments in the erodible bed and transport them downstream. A scour hole can been found in the erodible bed as 
shown in Fig.5. When the impact stress of the debris flows which flow over the erodible bed is greater than the 
resistance of the erodible bed, the scour hole will develop further. The scour hole will reach an equilibrium status 
when the debris flows can’t initialize and transport the particles in the erodible bed. When the scour hole reaches its 
equilibrium status the slope of the scour hole is equal to the angle of repose because the erodible bed is formed by 
the non-cohesive particles. Debris flows can mobilize and transport much more sediments from the erodible bed 
with increasing flow velocity at spillway. Meanwhile, according to Equation (4) and Equation (6), the movement 
distance of the debris-flow mass in the horizontal direction and the plunging velocity will also increase. Therefore, 
with increasing the debris-flow volume, not only the maximum scour depth, but also the distance between the check 
dam site and deepest scour location will increase as shown in Fig.6. 

Fig. 5. The shapes of scour hole downstream from the check dam 

Fig. 6. The profiles of scour hole at different debris flow volumes: V1=0.16 m3; V2=0.10 m3; V3=0.06 m3; V4=0.03 m3. 
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3. Prediction of debris-flow scour depth

Definitely, besides the debris flow volumes, the scour depth can been determined by some other factors such as 
the sediment concentration or debris-flow density, debris-flow velocity, particle-size distribution, and the maximum 
diameter of sediments. Obviously if all the factors are considered in our study, it will become very complex. So we 
fix the particle-size distribution and maximum diameter of sediments, and pay more attention to the dynamic 
parameters of debris flows such as flow density, velocity, and volumes. The diagram of scour dynamic processes in 
the erodible bed is shown in Fig.7. Herein, we considered a spillway with rectangular cross-section and a "Y"-type 
spillway. For each spillway structure, four different discharges were considered to measure the key parameters of 
debris flows and predict the maximum scour depth in the erodible bed. The values of key parameters measured are 
shown in Table 1. 

The study area is chosen as shown in Fig.7. The momentum equation between section 1 and 2 is expressed as 
follows 

1 2 0 2 1sin (V V )m mP P G L q        (8) 

where P1 and P2 are the hydrostatic forces at section 1 and section 2 respectively, G is the gravity force of the 
debris flow, θ is downstream slope angle of the scour hole, τ0 is the shear stress, ρ is debris flow density, q is unit 
flow discharge, V1 and V2 are the average velocity at section1 and section 2 (Fig.7), respectively. 

P1 can be expressed as 
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G can be expressed as 
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where φ, h are the angle of repose and the water depth downstream, respectively. 
When a debris-flow nappe reaches the bottom of the scour hole, the flow velocity changes its direction roughly 

parallel with the erodible bed. We assumed that the flow velocity V1 was the average velocity and also considered it 
as the boundary velocity which caused the shear stress 0 . 

Drag force F can be expressed as 
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where, C is the Chezy parameter (C=60.0), L is the downstream slope length of the scour hole,  is constant (
=2.28), d0 is the thickness of the debris flow nappe, θ is the recipient angle of the debris flow nappe. 

From Equation (7) to Equation (11), then we have 
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In Equation (13), every parameter can be obtained based on the experiments except the erosion depth hc. 
Therefore, we can calculate the erosion depth by trial and error method. The value of each parameter and the results 
of the erosion depth hc are shown in Table 1. Fig.8 showed the results of the predicted scour depth and the 
experimental data. It indicated that the scour depth calculated by Equation (13) was in good agreement with the 
experimentally calculated scour depth. 
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Fig. 7. Diagram of scour dynamic process 

Table 1. The values of key parameters under different spillway operating conditions 

Spillway types 
Parameters 

Error ρ 
(kg/m3) 

q 
(m3/s) 

φ 
(°) 

V0 
(m /s) 

d0 
(m) 

θ 
(°) 

ht 
(m) 

hce 
(m) 

hc 
(m) 

V1 
(m /s) 

V2 
(m /s) 

Spillway with Rectangular 
cross-section 

1500 0.0893 40 3.30 0.025 71.54 0.035 0.164 0.142 1.02 1.80 -13.41% 
1500 0.0735 40 3.27 0.022 72.60 0.030 0.145 0.164 0.98 1.73 4.88% 
1500 0.0592 40 3.23 0.017 73.56 0.025 0.123 0.129 0.92 1.55 -2.78% 
1500 0.0484 40 3.00 0.015 74.50 0.020 0.110 0.138 0.85 1.46 18.52% 

"Y"-type Spillway 

1500 0.0893 40 3.30 0.05 51.85 0.035 0.145 0.164 1.50 1.90 13.10% 
1500 0.0735 40 3.27 0.042 53.00 0.030 0.123 0.129 1.48 1.80 25.45% 
1500 0.0592 40 3.23 0.035 53.40 0.025 0.110 0.138 1.43 1.74 27.96% 
1500 0.0484 40 3.00 0.030 52.30 0.020 0.108 0.105 1.30 1.53 -1.08% 

Fig. 8. Comparison of predicted data and experimental scour depths 

4. Conclusion

In this paper, we described experiments that we conducted to investigate the characteristics of debris-flow nappe 
downstream from a check dam. A theoretical analysis for predicting the maximum scour depth is also presented. The 
following conclusions were drawn from this analysis: 
1) The geometry of debris-flow nappes are mainly determined by the type of spillway. For rectangular spillways,

debris flows overflow with shallow flow depths, and the nappe is wide and thin. However, for Y-type spillways
with lateral contraction, the nappe is relatively narrow and thick.

2) Scour holes formed when the debris-flow nappe plunged into the erodible bed and the deepest point of the
scour hole occurred at the tip of the debris-flow nappe. With increasing debris-flow volume, the maximum
scour depth increased and the deepest position of the scour hole extended further downstream.

3) Based on the momentum conservation law, a theoretical expression was proposed to predict the maximum
scour depth downstream from the check dam. The predicted results exhibited good agreement with the
experimental results. The maximum relative error of the predicted results was always smaller than 27.96%.
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Abstract 

The Wenchuan earthquake in China (May 12, 2008) triggered numerous debris flows, some of which caused serious 

secondary disasters, such as in Wenjia gully (Sichuan Province) and Sanyanyu gully (Gansu Province). To solve this problem, a 

planning method for debris-flow mitigation engineering measures was proposed based on watershed and river sediment transport 

characteristics. This method aids in the selection of engineering measures to effectively prevent secondary disasters and control 

unconsolidated soil and debris-flow movement from upstream to downstream. Several measures are considered in the proposed 

method, including check dams and transverse structures built across gullies, which are important engineering measures in debris-

flow hazard mitigation. Based on the developed planning method, new types of check dams were proposed, the regulation effect 

of sediment particle size in slit check dams was qualitatively analyzed, and the design parameters (e.g., deposition slope, 

deposition length, and dam height) of the check dams were deduced. Moreover, a series of drainage channels was proposed to 

cross highways and discharge debris flows into the river or debris-flow deposition basin below. Finally, an engineering 

application case in Xiaogangjian gully, Sichuan Province, China, was examined using the proposed watershed planning method, 

in which a series of check dams with different orifices sizes was constructed. The engineering application results provide useful 

data for developing check dams as a restoration tool and hazard mitigation technology in small watersheds. 

Keywords: Debris flow; mitigation measures; small-scale watershed; check dam; drainage channel 

1. Introduction

Debris flows are sediment movements that can travel several kilometers as a series of surges; they are common 

on steep terrain and in deep gullies within mountainous areas (Iverson, 1997; Hungr et al., 2001; VanDine and Bovis, 

2002; Godt and Coe, 2007; Cui et al., 2013). They can scour channel banks and gully beds, enhancing the debris-

flow discharge due to the effects of the blockage and subsequent outbreak process in watersheds (Cui et al., 2013). 

The Wenchuan earthquake in China (May 12, 2008, Sichuan Province) triggered numerous debris flows, some of 

which caused serious secondary disasters, such as in Wenjia gully (Sichuan Province) and Sanyanyu gully (Gansu 

Province) (Zhou et al., 2013; Zhang and Matsushima, 2018). Subsequently, numerous large-scale debris flows 

occurred during the rainy season from 2008 to 2018, when portions of hillslope deposits were transferred to channel 

deposits, and the source materials in the channel were carried to the outlet of the watershed. Based on a study of the 

debris-flow activities along a highway in China, the debris flow volume, runout distance, and deposition width 

decrease over time due to the decreasing source material volume and a possible change in debris-flow type (Zhang 

and Zhang, 2017). Whereas 665 debris-flow events per year occurred from 2001 to 2008, the average number of 

debris-flow events per year reached 1153 from 2009 to 2016 in China (Fig. 1). This trend suggests that debris-flow 

hazard prevention and mitigation will remain an urgent issue in the coming decades, as stated by Stoffel et al. (2014). 

Debris-flow mitigation measures can be classified as structural measures (e.g., check dams, drainage systems, 

flexible barriers, and debris-flow basins) or nonstructural measures (e.g., warning and evacuation systems, 

appropriate land use, and building improvements) (Armanini and Larcher, 2001; Takahisa, 2008; Hassanli et al., 
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2009; You et al., 2011; Canelli et al., 2012; Chen et al., 2014; Chen et al., 2015; Liu et al., 2017; Wang et al., 2017; 

Chen et al., 2018; Wang et al., 2018). Although debris-flow mitigation measures have been constructed in a few 

watersheds in the Wenchuan earthquake area, China, large-scale debris flows have still occurred, proving that 

existing mitigation measures are inadequate (Wang et al., 2012; Wang et al., 2013). In addition, the dual impacts of 

the Lushan earthquake (April 20, 2013, Sichuan Province, China) and the Jiuzhaigou earthquake (August 8, 2017, 

Sichuan Province, China) are expected to further increase the incidence of debris-flow disasters (Cui et al., 2014; 

Chen et al., 2018). Therefore, developing new planning methods and techniques based on debris-flow characteristics 

in this earthquake-stricken region is a critical issue. 

This paper presents a new planning method for debris-flow hazard prevention and mitigation measures, and 

describes several corresponding engineering technologies. The proposed debris-flow hazard prevention and 

mitigation method was tested based on several medium-sized debris flows, and a related case study of a small, steep 

watershed is described. The results indicate that this method is effective in regulating debris-flow hazards; therefore, 

this planning method and related engineering technologies may provide a new process for debris-flow hazard 

mitigation.  

Fig. 1 Debris-flow events in China from 2001 to 2016 

2. Debris-flow hazard mitigation engineering planning method and new technologies

2.1. Planning method 

The early planning method for debris-flow hazard mitigation engineering, in 1980s in China, is primarily based 

on the target objects intended to be protected, which is effective for small debris flows, but not large debris flows. 

For instance, several large debris flows have exited the gully in which they originated and blocked the river below, 

such as in Wenjia gully (Sichuan Province) and Sanyanyu gully (Gansu Province). Therefore, the planning method 

requires reconsideration for large debris flows. Based on the calculation method of the debris flow block the main 

river (He, 2003) and to make full use of the sediment transport capacity of rivers, Chen et al. (2015) proposed the 

use of cascade check dams and deposition basins to regulate the scale of debris flows in gullies. Figure 2 shows the 

specific implementation process of the new planning method for debris-flow mitigation engineering measures, 

which includes consideration of the debris-flow peak discharge with a design standard (QTotal), the debris-flow peak 

discharge through the drainage channel (QDrainage), the debris-flow peak discharge requiring blockage by check dams 

(QBlock), and the debris-flow peak discharge that must be accommodated by the deposition basin (QDeposition). The 

primary steps in designing a mitigation system include the determination of QTotal based on the design standard and 

rainfall data, as well as the transport capacity of nearby rivers based on river discharge data, followed by the 

determination of QDrainage. Why we consider the drainage channel discharge capacity and the sediment transport 

capacity of the river, the reason is that the river can be blocked when the debris flow discharge into the river is large 

than the sediment transport capacity of the river. Based on the block condition of the river, the better process can be 

selected according to the flow chart in Figure 2. The relation between the debris-flow peak discharge with a design 

standard and the total volume Q of a debris flow is Q = 19TQP/72, T stands for the debris flow duration time and QP 

stands for the debris-flow peak discharge. 
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the collapse upstream (10 × 104 m3). An area of 3 × 104 m2 was directly affected by the debris flow in the gully 

outlet, including the road below the gully. Major hazards included the blockage and siltation of the main road and 

river channel, the formation of a dammed lake, the inundation of the upstream road, and the rise in the downstream 

river bed due to high-intensity sedimentation, which resulted in the burial of the road downstream. For example, the 

road was buried by a debris flow that occurred on July 26, 2010, interrupting traffic for 18 days. Another larger-

scale debris flow occurred on August 13, 2010, and blocked the road at the gully outlet to form a dammed lake that 

flooded the upstream road, interrupting traffic until August 20, 2010.  

3.2. Debris-flow mitigation engineering measures in Xiaogangjian gully 

To protect lives, properties, and the road, as well as create favorable conditions for a healthy economy and 

environment and for construction and development in the nearby town, a debris-flow mitigation project in 

Xiaogangjian gully was carried out in 2011. The design standard of the debris flow mitigation measure was to resist 

rainstorm-induced debris flows with a 20-year return period. Geological, geomorphological, hydrological, and 

meteorological conditions were considered in the project design.  

3.2.1 Systematic planning of the debris flow mitigation project 

Based on the planning method for debris-flow hazard mitigation engineering, the debris-flow discharge into the 

river through the drainage channel is large than the sediment transport capacity of the main river, then the river can 

be blocked by the debris flow. Thus, the maximum debris-flow discharge into the river through the drainage channel 

should not exceed the threshold of QDrainage > 17.5 m3/s. Based on the hydrology of the small basin, the debris-flow 

peak discharge with a 20-year return period, QTotal, was 90.3 m3/s. Because QTotal > QDrainage, a drainage channel 

alone would be insufficient in this gully.  

A series of check dams with orifices of various sizes was used to raise the erosion base level and stabilize the 

inner bank slope. Based on an analysis of the geological and geomorphological conditions, it was determined that 

three check dams should be built in the gully. Based on a slope stability analysis, these dams could mitigate a peak 

discharge of QBlock = 31.3 m3/s. Because QTotal > QDrainage + QBlock, a debris flow basin was added to accommodate 

additional debris flow peak discharge. To avoid blocking the river, the debris flow basin should be capable of 

accepting a peak discharge of QDeposit = QTotal  QDrainage  QBlock = 90.3  17.5  31.1 = 41.7 m3/s.  

In summary, the design of the engineering project based on the debris flow peak discharge and the total volume 

of a single debris flow event is as follows: the peak discharge, QDrainage, of the debris flow that can drain into the 

main river is 17.5 m3/s; the reduction in peak discharge, QBlock, that can be produced by check dams is 31.1 m3/s; the 

peak discharge, QDeposit, that can be accepted by the debris flow basin is 41.7 m3/s, with a minimum volume of 

26,414 m3, which can be calculated by the empirical formula Q  = 19TQP/72, T stands for the debris flow duration 

time and QP stands for the debris-flow peak discharge. 

3.2.2 Application of the drainage channel 

Three check dams with orifices of various sizes were constructed in Xiaogangjian gully to mitigate debris 

flows (Fig. 8). In downstream succession, the sequence of dams is as follows: the first dam is 12.5 m high with 7 

orifices, the sizes of the orifices are 0.8 × 5.0 m and 0.8 × 3.5 m (width × height); the second dam is 11.5 m high 

with 7 orifices, the sizes of the orifices are 0.8 × 4.5 m and 0.8 × 3.0 m (width × height); the third dam is 12.5 m 

high with 10 orifices, the sizes of the orifices are 0.8 × 3.0 m, 0.8 × 2.5 m and 0.8 × 1.0 m (width × height). To 

protect the highway at the gully outlet, a drainage channel with prefabricated reinforced concrete boxes was 

constructed to enable discharge of the debris flow into a debris flow basin (Chen et al., 2015). The steps in designing 

the drainage channel are as follows.  

(1) Based on field measurements, the drainage channel slope is approximately i = 35%, and the length of the 

channel is 105 m. The cross-section is rectangular, the width of the channel is B = 6 m, and the height of the 

sidewall is 3.5 m. According to the construction material, the roughness coefficient is approximately n0 = 0.02. 

Based on the velocity characteristics of the scour resistance of the reinforced concrete materials, the admissible 

velocity in the drainage channel ranges from 2.7 to 8 m/s.  

(2) Assuming that the width and length of the energy dissipation section are b = 3.0 m and L = 15 m, 

respectively, the mean diameter of the filled stones is D = 0.4 m. The roughness coefficient of the energy dissipation 

structure section can be calculated using the equation proposed by Chen et al. (2018). 

(3) The debris-flow velocity can be obtained by substituting the parameters into the Manning equation. During 
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mitigation measure and new planning method to small-scale watersheds, which can not only effectively protect 

roadways and minimize losses by debris flows in China, but also it can apply to debris-flow-prone regions 

worldwide.  
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Abstract 

Debris flows can travel at rapid velocities and can cause economic and societal damages. Accordingly, barriers that can dissipate 
the energy of debris flows are frequently installed as a mitigation measure. However, the effect of barriers on debris-flow behavior 
is not fully understood. In this study, we used DAN3D to investigate the interactions between a debris flow and barriers, and 
evaluate the effect of barrier location on debris-flow velocity and volume. We chose a study site in Seoul, Korea, where a debris-
flow event occurred in 2011. At the site, we numerically installed a closed-type barrier at four different locations along the flow 
path in the watershed. We then simulated the debris flow while monitoring debris-flow velocity and volume. The barriers decreased 
the velocity and volume of the debris flow compared to a simulation with no barrier. In particular, installation of the barrier at the 
upstream portions of watersheds resulted in the greatest reduction in velocity. Installation of the barrier at downstream portions of 
watersheds resulted in the greatest deposition of volume. These results contribute to a better understanding of debris-flow behavior 
associated with the installed barriers as a mitigation measure, and can be used for optimum and efficient design of the debris-flow 
barriers.  

Debris flows; Debris-flow barrier; Location; Velocity; Volume; Entrainment 

1. Introduction

Recently, damage caused by landslides has increased due to heavy rainfall. Debris flows, a flow-like type of
landslides can travel at extremely rapid velocities and entrain basal channel materials with scouring. Installing debris-
flow barriers that can dissipate the energy of debris flows is one of the frequently used methods for preventing damages. 

Many researches have conducted small-scale experiments to verify the effect of debris-flow barriers (Wenbing and 
Guoqiang, 2006; Lim et al., 2008; Takahara and Matsumura, 2008; Canelli et al., 2012; Kim et al., 2013; Xie et al., 
2014; Ng et al., 2015; Choi et al. 2018). Also, research on flow patterns of debris flows using numerical analysis has 
been carried out (Remaître et al., 2008; Kwan et al., 2014), but only a little research has been done on analyzing the 
influence debris-flow barriers on debris-flow characteristics (Remaître et al., 2008; Jeong et al., 2015). Therefore, 
there is a need for research on this topic.   

In this study, we explored the influence of a debris-flow barrier on characteristics of a debris flow that occurred 
during heavy rainfall in Woomyeon Mountain, Korea in 2011. A closed-type barrier that traps all of the debris-flow 
sediment and water was numerically installed separately at four locations along the debris-flow channel, and 2011 
debris flow was then simulated. The effect of the closed-type barrier on characteristics of the debris flow was evaluated 
with respect to velocity and volume. In all cases, the closed-type barrier significantly reduced velocity and volume 
compared to the 2011 debris flow without the barrier. Our results contribute to a better understanding of debris-flow 
behavior associated with installed barriers as a mitigation measure, and can be used to determine an optimum and 
efficient design for debris-flow barriers.  
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 Fig. 1. (a) Locations of the numerical barriers and debris-flow initiation area; (b) Schematic description of barrier installation 

2. Numerical code

2.1. Governing equation 

DAN3D (Dynamic Analysis of Landslides in Three Dimensions; McDougall and Hungr, 2004, 2005) is a 
commercially available code that simulates the flow dynamics of viscous, liquid-like debris. This numerical code is 
based on a smoothed particle hydrodynamics (SPH) method that was first developed by Hungr (1995). Changes in a 
complex 3D terrain cause non-hydrostatic, anisotropic internal stresses, which strongly affect landslide dynamics. The 
governing equations of DAN3D are composed of mass conservation equation and momentum conservation equations. 
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Where, h  is the bed-normal flow depth,   is the material bulk density, t  is time, v  is flow velocity, b  is the bed-
normal erosion-entrainment depth, g  is the acceleration due to gravity, k  is the stress coefficients.

DAN3D simulates the local divergence (or convergence) of landslides flowing over complex 3D topography by 
using Rankine’s earth-pressure theory (Rankine, 1857). The DAN3D code can incorporate the increase in debris-flow 
volume based on the effect of momentum transfer between the main flow and the bed materials, assuming that the 
exponential growth in volume is correlated with the displacement of the debris flow. This code can utilize any of five 
different rheology models: Newtonian, Plastic, Bingham, Frictional, or Voellmy.  

2.2. Rheological model 

The volume increases due to entrainment phenomenon at the bottom of the channel can be considered with erosion 
rate and the flow characteristics (velocity and deposition) can be controlled by the rheological models. Among the 
rheology models, many researchers have used the Voellmy model for analysis of the debris flows. The voellmy model 
was originally developed to analysis snow avalanches (Voellmy, 1955; McDougall, 2017). However, the model began 
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to be used for landslide analyses because ranges in the velocity and thickness of snow avalanches are similar to 
landslides (Korner, 1976; McDougall, 2017). The Voellmy model requires frictional and turbulence coefficient values 
as input parameters. The frictional coefficient is related to the deposition characteristics of debris flows, and the 
turbulence parameter is related to the velocity of debris flows (McDougall, 2017). For debris flows, the frictional 
coefficient previously used was in the range of 0 to 0.3 and the turbulence parameter was in the range of 0 to 1000 
m/s2. Most debris flows in Korea have extremely rapid velocity (measured maximum velocity was 28 m/s) due to high 
water content from heavy rainfall. In order to satisfy these high-velocity characteristics, a low frictional coefficient 
and a high turbulence parameter were used in this study.  

3. Case study

3.1. Research area 

The study area was Mt. Woomyeon, located in Seoul, South Korea. Mt. Woomyeon has a maximum elevation of 
293 m above sea level and is surrounded by buildings and roads within an area of 5,104,162 m2 (Park, 2014). Korean 
Society of Civil Engineers (KSCE) reported that 33 debris flows occurred from ~150 landslides on July 26–27, 2011. 
The estimated financial loss was approximately US$15 million, with sixteen lives lost (KSCE, 2012).  

One of the debris-flow events occurred in the Sindonga watershed, Mt. Woomyeon was chosen for this study. This 
event has been previously investigated by KSCE (2012). For the Sindonga debris flow case, the watershed area, runout 
length, average slope angle of the channel were 214,400 m2, 633.6 m, and 17.5°, respectively. The event consisted of 
three debris flow that coalesced in the main watershed channel and had a total combined volume of 45000 m3. All 
input parameters used for the back-analysis were based on the field investigation (KSCE, 2012). The debris flow 
reproduced by the back-analysis had the frictional coefficient of 0.03, the turbulence parameter of 800 m/s2 and the 
erosion rate of 0.0078 m-1. A debris flow that flowed out to the Sindonga apartment complex was selected as a 
reference case (Case REF) for numerical modeling in this study (Fig. 1a).  

3.2. Condition of debris flow barriers 

The effect of location of barrier installation was examined numerically. The distance (L) between the debris source 
and the roadway near to the Sindonga apartment was 596 m (Fig. 1a). Four locations along the debris-flow channel 
were determined; thereby, a barrier was placed at 0.3L (i.e., 179 m far from the debris source; Case 1), 0.5L (i.e., 298 
m far from the debris source; Case 2), 0.7L (i.e., 417 m far from the debris source; Case 3), or 0.9L (i.e., 537 m far 
from the debris source; Case 4). The barriers were created by numerically increasing elevation values in the 
topography file to achieve the desired shape and size using ArcGIS 10.5 (Fig. 1b). The barrier was installed to be 
perpendicular to the debris flow direction. The barrier width was determined to be two times wider than the width of 
the front part of the reference debris flow occurred in 2011; it resulted in 48 m wide (Case 1), 50 m wide (Case 2), 60 
m wide (Case 3), and 110 m wide (Case 4). The height and thickness of all barriers were set to be 7 m and 3 m, 
respectively (Table 1). Surface erosion near the barrier was prevented by setting the no erosion zone which was 50 m 
long and 50 m wide in the upstream and downstream sides of the barrier. Total five simulations, one without the 
barrier (or reference case; REF) and four with the barrier (Cases 1-to-4), were conducted, as shown in Table 1.  

4. Results

Figure 2a shows temporal changes in velocities of the modeled debris flow with respect to the barrier locations,
respectively. Herein, as the SPH method was used, the velocity of moving debris flows was determined from the 
average velocity of all moving particles. When any overflow was observed in some cases, the velocity represented the 
average velocity of the overflowed particles. The results indicate that debris-flow velocity gradually increased to 
approximately 7 m/s due to the steep slope angle in the upper part of the flow path, then gradually decreased as the 
debris flowed downslope. Each time that the debris collided with a barrier, the velocity decreased over time compared 
to the actual debris flow. Particularly, debris flows were not transferred to downstream in Case 1. In Case 4, debris 
flows were almost entirely deposited and only about 131 m3 of material was transferred to downstream locations. 
Immediately after the collision of barriers, velocities decreased to zero in the front part, but debris flows continuously 
come in. When volume of debris flows exceeded allowable deposition of the barrier, overflow was generated and 
velocities increased as it passed downstream due to the steep slope. This tendency occurred frequently in the 
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downstream locations because volume of the debris flow grow further by entrainment to the downstream. In Cases 2 
and 3, the overflowed debris slightly gained their velocities, mainly due to the steep slope after the barriers, and their 
volumes also increased due to the entrainment as those flowed downslope along the flow path. If there was no 
entrainment effect, the overflowed volume is expected to stay constant while the velocity is primarily determined by 
the slope of the channel.  

Table 1. Barrier conditions 

Case name Number of 
barriers 

Width of the 
reference debris 

flow (m) 

Width of the 
barrier 

(m) 

Height of the 
barrier 

(m) 

Thickness of 
the barrier 

(m) 

Distance from 
the source (m) 

1 

1 

24 48 

5 3 

179 

2 25 50 298 

3 30 60 417 

4 55 110 537 

REF 0 - 

Figure 2b shows the volume of the moving segments (or particles). The debris reached a volume of 4100 m3 as it 
approached the downstream roadway at 85 s in Case REF. Upon the barrier installation, the debris volume was 
significantly reduced to less than 1000 m3 in all cases with the barrier. As the debris overflowed the barrier in Cases 
2, 3, and 4, the volume slightly increased.  

Toward the downstream area, the barrier became huge because of the increased debris volume and the widened 
channel width. The volume of the deposited debris (e.g., 200 m3 for Case 1, 600 m3 for Case 2, 1200 m3 for Case 3, 
and 2800 m3 for Case 4) progressively increased as the barrier location became more distant from the source area. 
These results implies that it is better to install a barrier near the source location, if it is predictable, before the debris 
grow further by entrainment. However, it is a daunting task to predict the source location, and thus, either multiple 
barriers along a debris flow channel or one gigantic barrier at the downstream is expectedly required, when the large-
scale debris flow is predicted.  

Fig. 2. (a) Changes of the average velocity; (b) Distribution of the volume of moving debris flows. Dots indicate the time of access to the village 

5. Conclusion

The effects that barrier locations along a channel have on debris-flow behavior have been explored using the
DAN3D numerical code. Temporal changes in debris-flow velocity and volume were observed for scenarios with and 
without barriers. The velocity of the debris flow significantly decreased at barriers and small volume (< 600 m3 in 
Case 4) of the debris flow was transferred to downstream locations. After collision with the barrier, the velocity of the 
overflowed debris flow increased again due to the steep slope after the barrier. Our work shows that it is possible to 
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prevent debris flows from being transferred downstream by installing one barrier in a proper location when the scale 
of debris flow is small (< 200 m3 in Case 1). Because volume of debris flows around the source and the width of the 
channel are small, the debris flow can be adequately blocked by small-sized barrier. However, it is difficult to install 
due to problems with the access road. Large-sized barrier should be installed because the volume increases by 
entrainment and the width of the channel grows as progressed downstream. For this reason, optimum location is 
required. These results can be used for optimum and efficient design of the debris-flow barriers. 
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Abstract 

Flexible debris-flow nets were developed in the frame of a three-year PhD thesis by Wendeler in 2008. Since then, they have been 
used all over the world for debris-flow protection or slope/riverbed stabilization. Some of these installed flexible debris-flow nets 
have already been filled a couple of times and verified the developed load model. Nevertheless, depending on soil properties, most 
problems with debris-flow nets appear to be related to construction, such as channel flank erosion, which exposes anchors, or 
undermines supporting foundations. Both cases lead to instability of the entire system and to increased maintenance costs and 
should therefore be avoided. In this contribution, we present a service ability method for scour and erosion issues on flexible debris-
flow nets. In this context, “service ability method” means a design tool that should help to suggest construction possibilities to 
avoid erosion problems along the barrier in order to guarantee a lifetime of more than 25 years. The results are based on an analysis 
of existing barriers to determine occurring scour and erosion problems. Hence, an approach to calculate scour and erosion length 
and depth respectively around the barrier construction is developed. To validate this approach, a debris-flow simulation with the 
software RAMMS, or equivalent software, is used. In terms of economic efficiency, different construction measures for riverbed 
and flank stabilization are analyzed and implemented into the service ability. This tool will help designers and planning engineers 
to design and calculate their debris-flow protection system in a more economic and safe way. Further, maintenance costs will be 
minimized and a longer lifetime of the entire barrier system, including the anchors as the most cost-intensive parts, can be provided. 
Since the project is still ongoing, the final design tool with its equations cannot yet be discussed in detail in the following paper.  

"Keywords: Flexible ring net, Debris flow, Service ability" 

1. Introduction

Floods, debris flows, and slope failures are the most common natural hazards in Switzerland. In inhabited areas,
material and personal damages occur from time to time. Therefore, investigations about debris-flow dynamics and 
protective structures have been a research topic for many years (e.g. Böll, 1997; Bergmeister, 2009). To increase 
knowledge about debris-flow behavior, several small- to large-scale flume experiments were recently conducted (e.g. 
Weber, 2003; de Haas et al., 2015; Major, 1997) and described (e.g. Iverson, 1997; Kowalski, 2008) worldwide. 
Nowadays, various mitigation structures are available against natural hazards, but erosion around them is a notable 
problem.  

One possible mitigation structure against debris flows is flexible ring nets. Until 2005, flexible nets were mainly 
used for rockfall barriers. Retained slides in these nets were observed, but there was no existing dimensioning concept 
which proved that these nets are capable of retaining large slides. As a result, real-scale experiments with flexible ring 
nets were performed at Illgraben test site in Switzerland between 2005 and 2008 (Wendeler, 2008). At least once per 
year a middle (10’000 – 20’000m3) to large (> 50’000 m3) debris flow naturally occurs in the Illgraben and is suitable 
to test and improve flexile ring nets. Tests showed that a single barrier can retain debris-flow material until its retaining 
capacity is reached, depending on the channel geometry. Afterwards the material can overflow the barrier without 
damaging the system. Therefore, a so-called multi-level system, with several barriers in a row, can be planned and 
constructed. Such a multi-level system was tested at Hasliberg and Merdenson (Switzerland) (Wendeler et al., 2008). 
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Based on these tests, a dimensioning concept was developed by Wendeler (2008) and led with load distribution and 
simulation with the finite-element software FARO (Volkwein, 2004) to standardized flexible ring net barriers. Since 
then, flexible ring net barriers have been installed worldwide. Some of them have already been filled a couple of times. 
Experiences over the past ten years showed that most problems with ring nets appear to be related to construction, 
such as channel flank erosion, which exposes anchors or undermines supporting foundations.  

We present an initial progress on developing a service ability method based on an analysis of existing barriers, 1:1 
field test, an intermediate-scale flume experiment and a debris flow simulation with Rapid Mass Movement Simulation 
(RAMMS) (WSL Institute for Snow and Avalanche Research SLF) to help designers and planning engineers to design 
and calculate their debris flow protection systems in a more economic and safe way. Furthermore, the lifetime of these 
flexible net systems can be optimized by protecting them against erosion and scour processes. 

2. Study site and data

To develop an appropriate service ability method, scour and erosion problems on existing flexible ring nets have
been analyzed. The main database provides 80 installed flexible ring net barriers in Switzerland since 2005 by 
Geobrugg AG. Few debris-flow events occurred in Switzerland since then, and therefore, data from filled barriers in 
Italy, Spain and Peru were additionally used. All installed flexible ring nets in Switzerland will be found on Geobrugg’s 
web page with information about installation year, barrier type, occurred events and problems beginning in May 2019. 

Calculation of possible erosion scenarios are based on commonly used equations in river and hydraulic engineering. 
Developed erosion scenarios are validated by new erosion data collected in an intermediate-scale flume experiment in 
2018/2019. Within the same data set, behavior of a slope stabilization mesh (TECCO®) as erosion protection was 
tested. In addition, 1:1 field data with slope stabilization meshes are collected at Illgraben, Switzerland from December 
2018 until June 2019. Experimental small-scale data from (Speerli, 2009), large-scale data from (Bugnion et al., 2012) 
and observations at Illgraben by WSL were used for comparison. Further data were required to simulate and verify the 
developed service ability with the Rapid Mass Movement Simulation (RAMMS) debris-flow module. These included 
(a) a digital elevation model (DEM), (b) a hydrograph or (c) a release area. 

3. Methods

To develop a service ability concept, major problems have to be identified and their corresponding solutions
designed. First, erosion in a mountain torrent can be triggered by a debris-flow event or normal water flow, for example 
due to rain. The design should cover both cases. Second, important parameters such as channel geometry, barrier type, 
soil properties and soil mechanical properties must be detected. Hence, possible scour areas related to flexile ring net 
barriers were identified upstream and downstream of a barrier construction (Fig. 1). In practice, a barrier overflow can 
lead to erosion and scours downstream of the barrier (Fig. 1c), whereas a construction post behaves as a pile scour and 
can lead to undermining of the foundation (Fig. 1d). In case of the barrier filling process or depending on the flow 
depth, flank erosion occurs at the anchors (Fig. 1a). 

To quantify these erosion and scours, different calculation formulas can be found in the literature. However, none 
of them are directly suitable for mountain torrents. To verify an appropriate approach, 1:1 field test (Section 3.1) and 
an intermediate-scale flume experiment was conducted (Section 3.2). Comparison with experimental data by Speerli 
(2009), Bugnion (2012), natural Illgraben events and RAMMS simulation led to the final design.  
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Fig. 1. Examples of erosion/scour problems on flexible ring net and schematic overview. (a) Eroded anchors; (b) Filled barrier with an overflow; 
(c) schematic overview of erosion problem in case of an overflow; (d) undermined foundations due to riverbed erosion; (e) Schematic overview 
upstream erosion problem of the barrier (anchors due to flank erosion, and foundation due to riverbed erosion). 

3.1. 1:1 field installation 

In rivers, riprap or concrete bolts are commonly used for erosion protection; however, a slope stabilization mesh 
with or without a geotextile layer is another possible option. There are no data or experiences of such a mesh in a 
mountain torrent. To evaluate the effectiveness of stabilization mesh on erosion control, a Geobrugg AG slope 
stabilization mesh was installed at Illgraben (Switzerland) from December 2018 until June 2019 (Fig. 2). Two different 
mesh types G65/3 and G45/2 were chosen and installed. One only the mesh and one with the corresponding geotextile. 
In total, four meshes with a 3.9 m width were anchored with ramming nails (Fig. 2a and 2b). Based on the torrent 
topography, it was not possible to install the mesh in the middle of the torrent bed as well as to cover the mesh edges 
by a rope (Fig. 2a and 2b). In general, the mesh is anchored by a raster system and on all edges by a top, bottom and 
lateral boundary rope to fix the mesh as tightly as possible onto the slope (Fig. 2c).  

Erosion and mesh behavior were observed by a time series of pictures, which were mostly taken after rain events. 
After a significant event, estimation of acting shear force (𝜏) was carried out by a RAMMS simulation and calculation 
according to Equation 1: 

𝜏 = 𝜌 ∙ 𝑔 ∙ ℎ ∙ 𝐽 (1) 

where ρ = density, g = gravitational acceleration, h = flow depth, and J = channel inclination. 
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Fig. 2. (a) TECCO G45/2 with TECMAT (brown) and without (grey); (b) TECCO G65/3 with TECMAT (brown) and without (grey), Arrow 

indicates flow direction; (c) Schematic TECCO erosion protection (d) Study site overview. 

Fig. 3. Schematic flume experiment view. (a) Channel cross section; (b) Side view; (c) Plan view; (d) Flume with force plate (yellow). 

3.2. Flume experiment 

To obtain data on overflow length - distance from the net to the impact of the discharge jet - (Fig. 1c), shear force, 
and erosion behavior of a slope stabilization mesh, an intermediate-scale flume was constructed as shown in Fig. 3. 
Flume geometry was determined by the available space and to be on a scale of around 1:10 to 1:15 (Fig. 3a-c). No 
laser sensors were available, therefore, flow velocity (u) and flow depth (h) were estimated by a high-speed camera. 
Shear (τ) and pressure force (N) were measured with a force plate (Fig. 3d), which was already used by Bugnion 
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(2012). The shear and force plates were calibrated and sampled at a rate of 1 kHz. One flume flank is covered with the 
slope stabilization mesh (G45/2). The used slope material was taken from the Illgraben. The original Illgraben material 
was used for the debris-flow mud mixture. The release of smaller mud mixture amount (0.05-0.2 m3) was done by an 
excavator shovel, and larger amounts by a concrete mixer. 

In the first experiment series, different material volumes were released to identify the relation between measured 
shear force and Froude numbers (Fr). During that, erosion underneath the slope stabilization mesh was observed with 
images. In a second experiment series, overflow length of flows past a ring net barrier that was installed in the flume 
2.5 meters downstream of the release point were evaluated. In these experiments, a single debris-flow release filled 
the net. Additional flows were released and the length of overflow past the net was measured. 

Collected shear force data were transformed from kg into kN/m2 and for each experiment its Froude number (Fr) 
was calculated according to Equation 2:  

𝐹𝑟 =
𝑢

√𝑔∙
𝐴

𝑏

(2) 

where u = flow velocity, g = gravitational acceleration, A = cross-sectional area, and b = water level width. 
To be able to compare our measured shear forces with the measurements made at different scales by Bugnion (2012) 

and measured at Illgraben (McArdell, 2016), the shear stress is converted to be a dimensionless number alpha (α) as 
shown in Equation 3:  

𝛼 =
𝜏𝑐ℎ𝑎𝑟𝑎𝑐𝑡𝑒𝑟𝑖𝑠𝑡𝑖𝑐

𝜏𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑
𝜇

=
𝑢

ℎ
𝜏𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑

𝜇

 (3) 

where τchar = characteristic shear force defined as u/h = flow velocity over flow depth (shear rate), τmeasured = 
measured shear force, and µ = viscosity. 

Overflow length (Fig. 1c) calculation was done according to Equations 4-6 for each overflow event, as well as for 
existing data from Speerli (2009) and video recorded Illgraben events. Calculated lengths were then compared with 
the measured ones in the experiment. The most fulfilling equations were used for the design tool to determine the 
overflow length. 

Equation 4 is used for dimensioning stilling basin length (Bergmeister, 2009): 

𝐿𝑇 = (𝑢 + √2 ∙ 𝑔 ∙ ℎ) ∙ √
𝐻

𝑔
+ ℎ (4) 

where 𝐿𝑇 = stilling basin length, u = flow velocity, g = gravitational acceleration, h = flow depth, and H = construction
height. 

Equation 5 determines the overflow length based on the trajectory parabola with inclination: 

𝐿𝑃 = (𝐻 + ℎ) ∙ 𝑡𝑎𝑛(𝛼) + 𝑢√
2(𝐻+ℎ)

𝑔∙𝑐𝑜𝑠(𝛼)
(5) 

where 𝐿𝑃 = trajectory length, α = slope inclination, g = gravitational acceleration, h = flow depth, and H =
construction height. 

Equation 6 is used to calculate hydraulic jump length for inclined channels (Jirka et al., 2009): 

𝐿𝑤 = (6.1 + 4.0𝐽) ∙ ℎ2 (6) 

where 𝐿𝑤 = hydraulic jump length, J = channel inclination, h2 = flow depth downstream the barrier and ℎ2 =


h1

2
(√1 + 8Fr2 − 1) with h1= flow depth upstream the barrier, and Fr = Froude number. 
Further, other equations can be found in literature such as from Smetana, Rouse, and others (Bollrich, 2013) that 

are used for stilling basin length dimensioning. All of them are based on an empirical number and the h2 term. 
Therefore, an empirical number was determined for the taken flume experiment data to improve the equation. 
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3.3. Service ability design 

The service ability design works as a decision-making tool (Fig. 4). First, parameters, such as channel geometry, 
barrier type, soil properties and soil mechanical properties are added. Based on this input information and the most 
suitable equation identified in Section 3.2, a recommendation according to erosion can be made. Based on that a 
possible mitigation system (slope stabilization mesh, concrete bolts, riprap or a combination of them) can be suggested 
to ensure a long lifetime of the barrier. 

Fig. 4. Schematic overview of service ability tool. 

4. Results and Discussion

Since the project is still ongoing, some first results will be presented here. Note that they are not completed yet.

4.1. Field observation 

Two weeks after slope stabilization mesh installation (3 December 2018) either a debris flow or flood event with 
significant sediment transport occurred at Illgraben. Unfortunately, all installed observation measurement devices 
(geophones, laser sensor etc.) from WSL (Swiss Federal Institute for Forest, Snow and Landscape Research) were not 
operating in December 2018. Figure 5 shows the slope stabilization meshes after the event. Flow depth is clearly 
visible, as well as erosion on the upstream and downstream side of the mesh. Upstream side mesh erosion could be 
expected due to the lack of a lateral boundary rope and the fact that the mesh is not as tight to the slope as it normally 
is when it gets anchored. However, ramming nails were not displaced by the event.  

Fig. 5. Installed slope stabilization mesh (rectangular) after debris flow event of 3 December 2018. Red dashed line shows flow depth, yellow 
ellipse indicates erosion up- and downstream the mesh. Flow direction is indicated by the arrow. 

Table 1 shows calculated shear force for the event on 3 December 2018 based on Equation 1, for granular flow as 
well as mud flow at two Illgraben locations. One at the mesh location with J=0.05, h=3 m and the other at the 
measurement device location with J=0.09, h=1.5 m. Comparison with 2006 recorded data, one can assume that the 
event was approximately the size of 10’000-18’000m3. A comparison with a RAMMS simulation is ongoing. 
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Table 1. Shear force results at Illgraben. 

Shear force (kN/m2) 

 mesh location 
Shear force (kN/m2)  
 measurement device 
location 

Granular flow 
(ρ=2150 kg/m3) 

3.2 2.8 

Mud flow  
(ρ=1900 kg/m3) 

2.8 2.5 

4.2. Flume experiment 

Reliable overflow length determination based on actual overflow events at Illgraben is almost impossible. Some 
overflow events are larger than the recorded video section. Therefore, one can only approximately say the overflow is 
larger than ten meters or smaller than ten meters. However, a first overflow length estimation based on recorded videos 
from Speerli (2009) experiments can be done as well as from our first flume experiments. Besides, overflow length 
according to Equation 4-6 can be calculated for this data as well as for Smetana. Percentage deviation for each trial 
from the calculated value (trajectory parabola with inclination, stilling basin, hydraulic jump, and Smetana) are shown 
in Figure 6. Trial 1-5 are data form Speerli (2009) and 6-15 from realized flume experiments.  

As expected, the length results for the stilling basin (orange dots) underestimate the measured results due to the 
lack of a slope correction factor within the equation. The trajectory parabola (blue dots) fluctuates around the measured 
values and has the lowest deviation from measured lengths. The expectation was that the hydraulic jump (green dots) 
would deviate most. The equation according to Smetana (𝐿𝑆 = 3 ∙ (√1 + 8𝐹𝑟1

2 − 3)) (yellow dots) is basically the
hydraulic jump with additional empirical values and one can see that it already deviates less. However, all of these 
equations have their limitations and are designed for water. Since all of them depend on the flow depth, flow velocity 
and hence, the Froude number, a sensitivity analysis was conducted (not shown in this paper). So far one can state that 
the flow depth uncertainty with respect to measurement error does not account as much as the velocity for the deviation 
from the measured value. To identify the optimal domain to use the equation, the results for each equation will be 
correlated with the Froude number. Consequently, the equations to use for the service ability tool will result out of that 
analysis. These results will be presented at the presentation. 

Fig. 6. Percentage deviation from measured Trial (zero line) to calculated trajectory parabola with inclination (blue), stilling basin (orange), 
hydraulic jump (green), and Smetana (yellow). 
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Some first results of dimensionless numbers (α) and Froude number (Fr) were calculated from available Illgraben 
data. The regression indicates a quadratic behavior, but a final statement cannot be made, since the results from the 
flume experiments are not fully analyzed. 

5. Conclusion and Outlook

So far, no finalized conclusion can be made. The 1:1 field installation is under observation and during the winter 
months no significant event is expected. RAMMS simulation of the observed event is running. Flume experiments to 
determine overflow length are completed and shear force experiments are ongoing. Afterwards, interpretation of the 
data will allow the determination of equations to describe a lower and upper bound for the construction length. 
Measured shear forces will be analyzed and compared with the measured Illgraben data. Finally, the service ability 
design can be programmed and tested. The tool will be presented at the presentation. 

The eventual creation of the tool describes an overall start for guidelines and help to design a sustainable flexible 
ring net barrier. Further tests, experiments and especially experience are necessary to improve service ability on 
flexible ring net barriers. 
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Abstract 

Dense urban development on a hilly terrain, coupled with intense seasonal rainfall and heterogeneous weathered profiles, gives rise 
to acute debris flow problems in Hong Kong. The Geotechnical Engineering Office (GEO) of the Hong Kong SAR Government 
has launched a holistic R&D programme and collaborated with various tertiary institutes and professional bodies to support the 
development of a comprehensive technical framework for managing landslide risk and designing debris flow mitigation measures. 
The scope of the technical development work includes compilation of landslide inventories, field studies of debris flows, 
development and calibration of tools for landslide runout modelling, back analysis of notable debris flows, physical and numerical 
modelling of the interaction of debris flow and mitigation measures, formulation of a technical framework for evaluating debris 
flow hazards, and development of pragmatic mitigation strategies and design methodologies for debris flow countermeasures. The 
work has advanced the technical understanding of debris flow hazards and transformed the natural terrain landslide risk 
management practice in Hong Kong. New analytical tools and improved design methodologies are being applied in routine 
geotechnical engineering practice.    

Keywords: Debris flow mitigation; landslide risk management 

1. Introduction

Starting in 2010, systematic study and mitigation of natural terrain landslide risk has become a core component of
the Hong Kong Government′s Landslip Prevention and Mitigation (LPMit) Programme, which is managed by the 
Geotechnical Engineering Office (GEO). In order to tackle natural terrain landslide hazards, technical development 
work has been in progress by GEO since the late-1990s. Through systematic mapping and studies of notable landslides, 
advances have been made in the understanding of the mechanisms and classification of natural terrain landslides and 
debris movement, together with the formulation of risk management and hazard mitigation strategies.  

Based on the state-of-the-art knowledge, GEO developed a technical framework for evaluating landslide hazards 
(Ho et al., 2015), and implemented R&D studies to advance the strategy and design of mitigation measures in order to 
reduce landslide risk to an as low as reasonably practicable (ALARP) level.  

This paper presents the progressive development of the natural terrain risk mitigation practice in Hong Kong, and 
the advances made by the R&D work. The practical challenges in relation to the design, construction and maintenance 
of landslide mitigation measures are discussed.  

2. Nature of Natural Terrain Landslides

Hong Kong has a population of over 7 million and a small land area of 1,100 km2, only 15% of which is developed
land. The terrain is hilly, with 75% of the land being steeper than 15° and 30% steeper than 30°. Rainfall intensities 
exceeding 70 mm/hour and 300 mm/day are not uncommon. The dense urban development on a hilly terrain, together 
with intense seasonal rainfall and variable weathered profiles, gives rises to acute slope safety problems in Hong Kong. 
This is reflected by a death toll of over 470 fatalities due to landslides since the 1940s.      
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Hong Kong comprises a hilly terrain with dense urban development close to steep hillsides. The natural terrain is 
typically mantled by weak and heterogeneous saprolite or colluvium, which is susceptible to shallow, small to medium-
scale landslides (see Figure 1), usually several hundreds cubic metres, or occasionally more sizeable, due to loss of 
suction or build up of local perched water pressure as a result of intense rainstorms. This can be further complicated 
by ongoing progressive deterioration of the condition of the natural hillside due to successive heavy rainstorms. These 
landslides can develop into debris flows where debris reaches drainage lines with surface water flow resulting in 
increased mobility (i.e. larger velocity and greater runout distance). Based on the landslide inventory, on average about 
one landslide occurs each year for every 2 km2 of natural hillside in Hong Kong. Occasionally, larger scale debris 
flows (see Figure 2) can occur given adverse site setting and intense rainfall.  The inventory, compiled using aerial 
photographs, contains records of more than 100,000 past failures on the natural hillsides in Hong Kong.  

Apart from structural, geological and hydrogeological factors, unfavourable topographical factors can also 
contribute to increased susceptibility to landslide initiation, such as breaks in slope, topographic depression, head of 
drainage line, and presence of regolith downslope of a rock outcrop.  

Channelised debris flows along incised drainage lines or pronounced topographic depressions with concentrated 
surface water flow tend to be more mobile (as compared to landslides on a planar hillslope) with notable velocities (in 
the order of 10 m/s or more). Due cognizance needs to be taken of the nature of channelised debris flows in the design 
of mitigation measures. Debris flows can occur in pulses and may entrain loose materials due to erosion along the 
flowpath.  They can also engulf large boulders, which can be isolated or in clusters occurring as a bouldery front, 
typically with an inverse grading due to reverse segregation (see Figure 3). The complex and transient nature of such 
surge two-phase flows can be further complicated by the presence of large broken tree trunks. Additionally, there is 
the possibility of dam break pulses occurring along the drainage line due to build-up of a temporary debris dam.   

Fig. 1. Landslide-prone natural terrain of Hong Kong Fig. 2. The 1990 channelised debris flow at Tsing Shan 

Fig. 3. Bouldery front of channelised debris flows observed in June 2008 in Hong Kong 

3. Natural Terrain Landslide Risk Management

The Geotechnical Engineering Office (GEO) has launched a holistic R&D programme and collaborated with 
various tertiary institutes and professional bodies to support the development of a comprehensive technical framework 
for managing landslide risk and designing debris flow mitigation measures with more scientific rigour. The scope of 
the technical development work includes compilation of landslide inventories, field studies of debris flows, 
development and calibration of tools for landslide mobility modelling, back analysis of notable debris flows, physical 
and numerical modelling of the interaction of debris flow and mitigation measures, formulation of a technical 
framework for evaluating debris flow hazards, and development of pragmatic mitigation strategies and design 
methodologies for debris flow countermeasures. The work, which spans the last two decades, has advanced the 
technical understanding of debris flow hazards and transformed the natural terrain landslide risk management practice 

 g 

Yi O VillageShek Mun Kap Nam Chung Tsuen
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in Hong Kong. New analytical tools and improved design methodologies are being applied in routine geotechnical 
engineering practice by local practitioners including geotechnical engineers and engineering geologists.  

One of these new tools is an emphasis on risk-based management. Landslide risk can be quantified as follows: 

Risk = Pi × Ci  (1) 

where Pi is probability of occurrence of landslide hazard and Ci is landslide consequence. 

The risk posed to a given facility can be managed by reducing Pi by means of stabilisation works or by reducing Ci 
through mitigation measures, or by doing both. For existing facilities such as buildings or roads subjected to natural 
terrain hazards, slope stabilisation on the steep hillside is often neither practically nor economically and 
environmentally justifiable. Instead, an active mitigation strategy involving the implementation of mitigation measures 
(such as debris-resisting rigid barriers, steel flexible barriers, or boulder fences) is more practicable (Ho, et al., 2015). 
In view of the complexities and uncertainties associated with debris flows, emphasis has been given by GEO in 
developing and adopting pragmatic and suitably simplified barrier design methods. An overview of the advances in 
geotechnology for slope stabilisation and landslide mitigation was given by Ho (2005).   

4. Evolution of Barrier Design Practice

4.1. Phase 1 – Development of Barrier Design Guidelines 

Traditionally, the assessment of natural terrain landslide hazards was undertaken by engineering geologists through 
an engineering geological approach, with a qualitative risk assessment and the necessary risk mitigation measures 
determined largely by experience and judgement. The process was typically not particularly transparent.   

Starting in the late 1990s, significant advances have been made by GEO in developing practical numerical tools 
for debris mobility assessment and calibrating the rheological models and input parameters through systematic back 
analysis of local case histories of the more mobile landslides (Kwan & Sun, 2007). GEO also promulgated guidance 
on the assessment of debris discharge, flow velocity and thickness, debris run-up, retention capacity of barriers, and 
surface drainage provisions (GEO, 2014).   

The technical guidance on mitigation measures promulgated by GEO at that time covers primarily the design of 
rigid barriers against debris and boulder impact. In developing the guidance, a holistic approach was adopted including 
benchmarking against international practice and reviewing relevant laboratory and field studies, back analysis of 
instrumented field data, performance review of barriers upon impact by landslides, etc. In essence, the basis of the 
guidance promulgated at this early stage was largely empirical, supported by literature review and limited field studies. 

4.2. Phase 2 – Rationalisation and Enhancement of Barrier Design Guidelines 

From about 2010 onwards, GEO initiated further R&D work focusing on the use of flexible and rigid barriers to 
arrest natural terrain landslides. 

The advances have led to an improved understanding which enables the guidance on barrier design to be 
rationalised and expanded.  The basis of the enhanced design approaches is multi-pronged, including back analysis of 
field observations, use of physical models (laboratory flume), numerical techniques, analytical solutions, etc. A key 
consideration is to build in sufficient robustness to cater for the uncertainties in the field associated with the complex 
characteristics and variable composition of debris flows. The work culminated in the promulgation of new or improved 
design guidance covering the following areas: 

(a) a design methodology for the impact of debris and boulders on rigid and flexible barriers using a force 
approach (Kwan & Cheung, 2012); 

(b) a design methodology for debris impact on flexible barriers using the energy approach based on insight from 
Discrete Element Model (DEM) analysis and a simplified analytical framework (Sun & Law, 2012); 

(c) a design methodology for debris impact on rigid or flexible barriers using the force approach, including a 
multiple-phase debris impact model which accounts for dynamic impact pressure and static earth pressure of the 
deposited debris , with due allowance made for the variation in debris velocities at different phases of debris impact 
as computed from debris mobility analysis (GEO, 2015), together with allowance for the additional drag force in the 
event the debris overtops the barrier; 
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(d) an analytical framework for the design of multiple barriers (with the upstream barriers acting as check dams) 
based on a newly developed staged mobility analysis (Kwan et al., 2015); and 

(e) a design framework for the use of prescribed flexible barriers in mitigating open hillslope landslides in order 
to streamline the design process (GEO, 2014). 

The current design approaches adopted in Hong Kong are summarised in Figures 4 and 5. 

Fig. 4. Summary of the energy approach for design of flexible barriers 

Fig. 5. Summary of the force approach and key design checks for flexible and rigid barriers 

The concepts of a composite structure comprising a rigid barrier with baffles to dissipate the energy of landslide 
debris and arrest some of the boulders, together with a cushioning layer on the rigid barrier front face to help reduce 
boulder impact load, are promoted to enhance robustness.   

Apart from the promulgation of technical design guidelines, GEO has also published guidance on other related 
design and construction issues as follows: 

(a) suitable detailing of rigid and flexible barriers (e.g. avoiding damage of posts in flexible barrier due to boulder 
impact, improving drainage provisions, and enhancing resilience against scouring of the substrate of the barrier 
foundation, detailing of a deflector at the crest of a rigid barrier to avoid spillage of debris due to debris run-up upon 
impact, etc.);  

(b) improvement of contract specification for new flexible barriers to enhance durability based on a performance 
review of about 100 local barriers, together with retrofitting of deteriorated steel components of existing barriers; and 

(i) Calculate energy loading for pile-up mechanism (Ep) (ii) Calculate energy loading for run-up mechanism (Er)
Step 1

Step 3
Design energy loading E = min {max(Ep, Er), max(Ek1, Ek2)}
Step 4
Check if design energy loading ≤ 0.75 × energy rating of flexible barrier certified by ETA full-scale rockfall test.
Notes: (1) For other design checks, see (ii), (iii) & (iv) of Figure 5.

(2) If Step 4 cannot be satisfied, then use force approach for design. 

Step 2
(i) Calculate kinetic energy of landslide debris when the 

debris front reaches the design location of flexible barrier (Ek1)
(ii) Calculate kinetic energy of landslide debris that 

pass through the design location of flexible barrier (Ek2)

𝐸𝑝 =
𝛼𝜌𝑄0(𝑈0)3

4(𝜇 cos𝜃 − sin𝜃)𝑔 𝐸𝑟 =
𝜌𝑄0(𝑈0)5cos(𝜃+ 𝛾) sin(𝜃 + 𝛾)

48ℎ0𝑔2 (µcos𝜃 − sin 𝜃)2

where α is dynamic coefficient (taken to be 2.0 for flexible barrier); ρ is debris density; Q0 is discharge rate; U0 is debris impact velocity; µ is basal friction 
coefficient (i.e. tan φ); φ is debris friction angle; θ is inclination of channel base; γ is inclination of ramp formed by debris behind the barrier; and g is gravity
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(c)  guidance on slope landscaping and use of bioengineering techniques to improve the aesthetics and 
biodiversity of the plants on or close to the barriers (GEO, 2011). 

GEO is currently also using Building Information Modelling (BIM) model to examine buildability issues and 
construction sequencing in order to optimise the design layout of barriers and minimise cut and fill operations. 

4.3. Phase 3 – Optimisation of Barrier Design 

To validate or calibrate the various design approaches and improve the understanding of barrier behaviour with a 
view to optimising barrier design, GEO has continued to undertake in-house development work and collaborate with 
practitioners and with local tertiary institutes and overseas experts in pursuing various R&D initiatives. These include 
the use of state-of-the-art physical modelling (centrifuge as well as laboratory and field flume tests) to study 
mechanisms, application of advanced numerical modelling, and development of new analytical approaches.   

i. Displacement-based approach for assessing geotechnical stability and flexural response of rigid barriers
Conventional force-based design approaches often result in over-design of rigid barriers subject to debris

impact which is transient in nature. The newly proposed displacement-based approach could provide a more 
realistic evaluation of the performance of rigid barriers subject to boulder impact. Based on fundamental principles 
of dynamic analysis, Lam & Kwan (2016) developed closed-form formulae for estimating the translational and 
rotational movements, as well as the flexural deflection and tensile reinforcement strain of rigid barriers, due to 
boulder impact. A series of small scale impact tests were carried out to verify the predictions using this 
displacement-based approach (Lam et al., 2017) and good agreement was obtained. A comparison was made 
between the displacement-based approach and the conventional limit equilibrium analysis. Based on  the impact 
scenarios that are typically encountered in routine design (i.e. a 1 m diameter boulder with a velocity of 10 m/s 
impacting onto a typical 6 m high, 10 m long rigid barrier), the predicted translational and rotational movements 
of the barrier were found to be insignificant based on the displacement-based approach. Large-scale tests were also 
carried out to investigate the structural response of a rigid barrier subject to impact by a solid steel impactor, which 
successfully validated the enhanced flexural stiffness method. The above have demonstrated that substantial cost 
savings could potentially be achieved in barrier designs by accounting for the inertia effect of a rigid barrier.  

ii. Field testing of cushioning materials for reducing boulder impact load on rigid barriers
Field monitoring and observations together with recent centrifuge tests indicate that impacts due to hard

inclusions (i.e. boulder front) of a debris flow can result in high magnitude and transient loads on a rigid barrier. 
With a view to damping out these force spikes, a systematic study on the use of different cushioning materials to 
shield the barrier was initiated by the GEO. In general, the cushioning materials are deformable and thus capable 
of prolonging the impact process and attenuating the impulsive forces due to the hard inclusions. A large-scale 
instrumented pendulum impact test facility involving a 1.16 m diameter concrete ball (2,000 kg in weight) with a 
maximum impact velocity of 8.4 m/s and a kinetic energy of up to 70 kJ was set up. Four types of cushioning 
materials, namely rock-filled gabions, recycled glass cullet, ethylene-vinyl acetate (EVA) foam, and cellular glass, 
were tested. The results show that the cushion layer could effectively reduce the maximum impact forces although 
it would become less effective after successive impacts (Ng et al., 2018). The test data were also used to calibrate 
numerical models for further parametric studies.   

Recent large-scale impact tests have also shown the effectiveness of a gabion cushioning layer in preventing 
localized structural damage (such as cracking, penetration, perforation and scabbing) in a reinforced concrete 
barrier, and in substantially reducing the flexural deflection at barrier crest (by 67% to 90%). 

iii. Study on use of baffles to dissipate energy of debris flow
Baffles are flow-impeding structures installed along the flow path to dissipate the energy of debris flows and

screen out large boulders. A series of instrumented flume tests and back analyses were carried out to investigate 
dry sand flow impact on an array of baffles (Choi et al., 2014). The influence of baffle height, number of rows, and 
transverse and longitudinal spacing of baffles was systematically examined. These small-scale tests with dry sand 
indicate that increasing the baffle height from 0.75 to 1.5 times the approaching flow depth would lead to a more 
effective development of subcritical flow condition which promotes energy dissipation of the debris. Increasing the 
number of rows from a single row to a staggered three-row array results in about 70% additional energy loss. 
Energy loss is attributed to the deflection of granular jets and backwater effects. 
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iv. Advanced coupled analysis of debris-barrier interaction
Advanced numerical modelling has been adopted to simulate debris-barrier interaction using the computer

program LS-DYNA. Various researchers (e.g. Kwan et al., 2015, Koo et al., 2018) have demonstrated that the use 
of Arbitrary Lagrangian-Eulerian method in LS-DYNA appears to be a promising tool for modelling debris flow 
and debris-barrier interaction. Such modelling has been benchmarked against laboratory flume tests and actual 
landslide cases in terms of debris runout characteristics. In the conventional approach, landslide mobility analyses 
and structural analyses of the barrier are carried out separately. The landslide mobility is first simulated under a 
free-field condition to obtain design parameters such as flow velocity and depth (e.g. 3d-DMM by Kwan & Sun, 
2007), which are then converted into a pseudo-static impact force as input to a separate structural model (e.g. 
computer program NIDA-MNN by Sze et al., 2018).  This latter approach however neglects the dynamics of debris-
barrier interaction.   

Coupled analyses can be carried out using LS-DYNA, with the landslide mass modelled as a continuum in a 
finite element formulation (see Figure 6). The results successfully reproduced the deformation and forces in various 
structural components as observed in instrumented case studies (Cheung et al., 2018). The coupled analyses also 
provided insight on the energy dissipation of landslide debris in the debris-barrier interaction process. The 
preliminary findings are that the overall strain energy absorbed by the flexible barrier upon debris impact only 
amounted to a fairly small portion (generally less than 35% based on parametric studies) of the total debris impact 
energy, as due to internal distortion of the debris and changes in momentum flux direction under a debris run-up 
mechanism upon impact. It is noteworthy that the continuum model adopted in LS-DYNA has certain limitations 
as it may not fully simulate particle-fluid interaction and the presence of hard inclusions at the debris front. Other 
research tools such as coupled analysis using discrete element models and computational fluid dynamics models 
are being used to examine the potential effects of particle-fluid interaction (Li & Zhao, 2018).   

v. Parametric study of varied debris composition and different barrier configurations using physical tests
Centrifuge and/or flume tests were conducted for various types of mitigation structures (e.g. flexible barrier,

curved rigid barrier, slit barrier, etc.) to examine the effects of impact mechanisms and influence of different debris 
composition under controlled conditions (Choi et al., 2016; Ng et al., 2016; Song et al., 2017). During the frontal 
impact of a two-phase debris flow without hard inclusions, the measured dynamic pressure coefficient in the 
hydrodynamic approach is close to unity (which confirms the principle of conservation of momentum), for both 
rigid and flexible barriers that are upright (note that the coefficient is less than unity for a curved rigid barrier 
subject to impact by coarse granular flow). Increasing the solid fraction of a debris flow was found to promote 
transition from run-up to pile-up mechanisms. Furthermore, test results indicate that the presence of large hard 
inclusions (boulders) in the debris flow are liable to induce transient force spikes reflecting significant impulse 
loading on a rigid barrier.     

Fig. 6. LS-DYNA simulation of debris 
 impact on flexible barrier 

Fig. 7. Smart rigid barrier system 

5. Way Forward

The above studies have provided useful yardsticks for calibrating or bracketing existing design approaches.  They 
further highlight that there is potential scope for further rationalising and optimising the design, e.g. the numerical 
coupled analyses suggest that the impact energy transmitted to a flexible barrier could be much lower than that 
assessed by the current design approach because of internal distortion of the debris and change in momentum flux 
direction. Similarly, the displacement approach, corroborated by laboratory model tests, suggests that the dynamic 
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force exerted on a rigid barrier would be much lower than conventional elastic theory taking due account of the inertia 
effect. Notwithstanding the above, it should be borne in mind that the physical models are constrained by the use of 
idealised materials as compared to real life debris flows, and potentially by uncertainties involved in scaling up the 
observed behaviour. As a basis for validation of the observed insights from the latest R&D work with a view to 
optimising the design methods, large-scale field tests are planned with a failure volume up to about 500 m3. Class A 
predictions could be made, which would be calibrated by large-scale field tests using a material composition that 
resembles real debris flows as much as possible. 

6. Ongoing Challenges

Some ongoing challenges and pertinent issues faced by the practitioners are highlighted below: 
(a) Behaviour of energy dissipation (or brake) elements – brake elements are an essential component of a flexible 

barrier in dissipating the impact energy. However, there is as yet no internationally recognised testing standard to 
check their stress strain characteristics at an appropriate strain rate and assess their degree of variability. Based on 
limited site observations following debris impact (e.g. Kwan et al., 2014), there is an element of uncertainty regarding 
the actual behaviour of different types of brake elements, particularly when they become buried by landslide debris 
(as some of them apparently were not activated following debris impact and barrier deformation).     

(b) Potential for under-estimation of landslide hazards due to climate change – recent local experience with 
extreme rainfall events has shown that the response of natural hillsides in Hong Kong is highly sensitive to more 
severe rainfall in that the number, scale and mobility of landslides are much elevated. The assessment of the landslide 
hazard to be designed for during the design life of the mitigation measure is fraught with considerable uncertainty and 
difficulty, given that the relatively short time window available for compiling the landslide inventory may not have 
captured the extreme rainfall events. This is exacerbated by the increased likelihood of occurrence of more frequent 
and intense weather events associated with potential climate change. The possibility of barriers being under-designed 
and overwhelmed by more sizeable and/or more mobile landslide hazards than those anticipated by designers based 
on prior knowledge and experience calls for a paradigm shift in the strategy for managing the associated landslide risk. 
A recent initiative by the GEO is the development of smart barriers incorporating the use of real time wireless sensors 
and Internet of Things (IoT) and cloud computing technology to provide early warning of landslide impact and 
facilitate timely emergency response (see Figure 7). Other recent advances in the management of landslide risk 
associated with extreme weather events in Hong Kong entailed refinement of the landslide warning system (Ho et al., 
2017), development of rainfall-based landslide susceptibility zoning (Ko & Lo, 2018), and innovative approaches in 
enhanced public education. The above are some of the non-structural measures of landslide risk management under a 
systems approach in addressing landslide risk in a holistic manner.   

(c) Durability and long-term maintenance of flexible barriers – a cost effective long term strategy for 
maintenance of flexible barriers is needed, given that the steel components are subject to progressive deterioration in 
hot and humid climates like Hong Kong. It is also necessary to have improved knowledge on the rate of corrosion of 
steel components and various forms of treatment in corrosive environments.   

7. Concluding Remarks

 The design of landslide risk mitigation measures for debris flows and other flow-like landslides is highly 
challenging in light of the many uncertainties involved. A holistic and progressive approach has been adopted in Hong 
Kong to improve our fundamental knowledge of debris flows and to provide scientific insight into the behaviour of 
debris-resisting landslide barriers as a result of debris-structure interaction (e.g. effect of Froude number of debris 
flows on impact behaviour, influence of debris impact mechanisms, presence of a dead zone associated with debris 
deposition upon initial impact, effect of varied debris composition including solid fraction, postulated effect of suction 
on debris mobility and impact behaviour, influence of compressibility of debris flow on impact behaviour, etc.). The 
systematic technical development work carried out on landslide mitigation measures has led to an improved 
understanding of the related mechanisms and the controlling parameters. Nevertheless, it is important to remain 
pragmatic and to strike a suitable balance in translating research findings into practice with due account taken of the 
simplifications made in the model testing and computational analyses as opposed to the complex and random nature 
of real debris flows in the field. Due allowance should also be made in the design for enhanced robustness and 
redundancy in managing the uncertainties.   
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Apart from the consideration of appropriate technical standards and improved design methodologies, it should be 
borne in mind that there are other pertinent issues that are of relevance to practitioners, including guidance on proper 
detailing of the works, consideration of buildability, the structural form to be adopted (e.g. post-supported flexible 
barrier versus side-anchored flexible barriers), an appropriate acceptance system for flexible barrier products for 
quality assurance and quality control, landscaping works, etc.   
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Abstract 

Slit dams are designed to mitigate debris-flow hazards. However, according to field surveys and past experimental studies, slit 
dams constructed using currently prescribed design methods usually become blocked, which then leads to the loss of capacities of 
the slit dam’s capability to mitigate debris-flow hazards. In this study, a series of flume tests were conducted to investigate the 
interaction mechanisms between debris flows and slit dams. This work aims to contribute to the design of slit dams more reliable. 
The influence of debris-flow water content (w) and the slit-dam relative post spacing b/dmax (b: post spacing; dmax: maximum 
particle diameter) were examined. Experimental results reveal that when w<22%, dead zones and pile-ups occur during the 
interaction processes. When w≥22% and b/dmax≤2.3, run-up, overtopping, and backwater effects can be observed, and with no 
apparent formation of dead zones. Moreover, when w≥26% and b/dmax>2.3, majority of the granular-water mixtures pass through 
the slit dam in the form of jet flows with no obvious overtopping.  

Keywords: Debris flow; slit dam; interaction mechanisms; flume tests; 

1. Introduction

Slit dams, as one type of open-type dams, designed with one or several vertical opening(s) (Chanson, 2004), are
initially designed to retain large particles and weaken the peak discharge (Lien et al., 2000; Choi et al., 2018). The 
relative post spacing (b/dmax, b: post spacing, dmax: maximum particle diameter) is the key parameter (Johnson and 
McCuen, 1989; Lien et al., 2003), which directly affects the trapping or regulation function of a slit dam. Mizuyama 
et al. (1988) and MLR (2004) recommended that b/dmax should be between 1.5 and 2.0 for design of slit dams. 

However, experimental results from Lin et al. (1988) revealed that slit dams have notable effect on trapping 
debris materials when b/dmax≤1.7. Furthermore, Han and Ou (2006) reported that when b/dmax<1.5, the slit dams 
become prone to blockage. In addition, field investigations (Shima et al., 2016) showed that slit dams are more likely 
to be filled up by granular materials contained in debris flows when the relative post spacing is narrower (b/dmax≈1.5). 
This effectively diminishes the trapping capacity of a slit dam (Fig.1a and Fig.1b). The results from both engineering 
practice and past experimental studies have shown that slit dams will be blocked with condition of b/dmax≤1.5~2.0, 
and it will trap granular materials contained in debris flows until the trapping capacity is lost. Ideal behavior of slit 
dams is to weak the peak discharge of debris flow while is not to be blocked rapidly. Accordingly, the interaction 
mechanisms between debris flows (with different water contents) and slit dams (with different post spacings) are 
investigated, which contributes to improving the reliability of slit dams designing. 

Fig. 1  Slit dam filled up by granular materials (the pictures from Shima et al., taken in Rishiri island, Japan, 2016) 
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2. Flume model tests

2.1. Scaling 

Small-scale flume modelling is widely adopted to investigate the complex flow interaction between mass 
movement and structures (Choi et al., 2014; Ng et al., 2015), since it can provide a controlled and systematic manner 
to study mechanisms of flow-structure interaction (Choi et al., 2015). The Froude number (Fr), which 
macroscopically quantifies the ratio of the inertial to gravitational forces, is widely adopted to characterize the 
dynamic similarity between channelized granular flows (Chehata et al., 2003; Hauksson et al., 2007) and 
geophysical flows (Hübl et al., 2009; Choi et al., 2015). It can be expressed as (Choi et al., 2015): 

cos

v
Fr

gh
(1) 

where v is the frontal velocity, g is the gravitational acceleration, h is the maximum approaching flow depth (because 
the damage of structures usually appeared when debris flows approach with maximum flow depth), and θ is the 
inclination of the channel. 

2.2. Model setup and instrumentation 

The experiments were carried out using a flume model with an overall length of 7.0 m, a channel width of 0.3 m, 
and depth of 0.35 m. Figure 2a shows the flume, which consists of a storage tank, a channel with two different 
inclinations, and a deposition section. The upper part of the channel with has a steeper angle and is usually regarded 
as the transportation zone. The lower part is the deposition zone. A model of the slit dam was installed 2.8 m 
upstream of the outflow plain (Fig. 2b). The slit dam consists of three posts. The post spacing of the modelled slit 
dam varies from 27 mm to 72 mm by decreasing thickness of the posts.  

To measure the flow depth of the debris flows, three laser sensors (Leuze, ODSL 30/V-30M-S12, named Lasers 
A to C) with a resolution of 1 mm were used at the monitoring sections A, B, and C. Meanwhile, three cameras 
(SONY FDR-AX40, named camera A to C) with a resolution of 1440×1080 pixels and a frame rate of 25 frames per 
second (fps) were fixed to capture the kinematics of the tests. Three grid lines, with intervals of 0.01 m, were drawn 
at the base of the channel at sections A, B, and C to approximate the frontal velocity of the flow using the high-speed 
cameras. In addition, a fourth camera (Nikon D 610, named camera D), with a resolution of 1280×720 pixels and a 
frame rate of 60 fps, was positioned at the side of the flume to capture the interaction process between debris flows 
and slit dams. One differential strain-gauge pore pressure transducer (PPT, model KPSI 735, 0 ~ 18 kPa) was used to 
record the variation in the pore water pressure of debris flows. 

Fig. 2  Setup of flume model tests. (a) side view of flume model; inset  on the left: model slit dam; inset on the right: a natural debris flow channel 
in Kangding county, Sichuan, China; (b) plan view of flume model; (all dimensions in m) 

2.3. Experimental materials and program 

The granular materials used in the tests were obtained from the debris-flow deposition fan of the Jiangjia Ravine, 
in the Dongchuan District of Yunnan Province, China. The granular material with diameters larger than 20 mm were 
removed to make sure that all particles flow smoothly in the flume (Cui et al., 2015). Figure 3 shows the topographic 
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map of Jiangjia Ravine, the sample collecting site, and the grain-size distribution of the granular material used for 
the tests. The bulk density of the granular materials was measured to be 2680 kg/m³ in the laboratory. Sixty-five kg 
dry granular material was used in each test. 

Fig. 3 (a) The topographic map of Jiangjia Ravine in Yunnan province and the sample collecting site; (b) particle size distribution of the granular 
material 

The water content of the debris flows and the relative post spacing were varied to discern their influence on the 
flow-dam interaction. The range of water contents that were used in the experiments was selected based on trial and 
error. When the water content of debris flow is less than 18% (15% adopted), the granular-water mixture is not yet 
considered to be saturated. The velocity of the flow is very low and the debris stops upslope of the slit dam. On the 
other hand, when the water content of debris flow is greater than 38% (40% adopted), the Fr of the approaching flow 
becomes higher than 8.5, exceeding the common Fr range of natural debris flows. Therefore, the water content is 
varied from 18% to 38% with an interval of 4%. Narrow relative post spacings were set to be b/dmax < 2.0 (i.e., b/dmax 
= 1.4 and 1.8) while wide relative post spacings varying from 2.3 to 3.6. Details of the modelling tests were 
summarized in Table 1. 

Table 1. Test program of debris flow-slit dam interaction 

Test ID 
Relative post 

spacing 
b/dmax 

Water 
content 
W (%) 

Bulk 
density 
(kg/m³) 

Solid 
concentration 

(Cs) 

Degree of 
liquefaction 

w t

Approach 
velocity

m/s  

Flow 
depth 
(m) 

Froude 
number 

Fr 
w18-1.4 1.4

18 2160 0.69 0.17 

1.56 0.056 2.11
w18-1.8 1.8 1.62 0.056 2.19
w18-2.3 2.3 1.42 0.070 1.72
w18-2.7 2.7 1.39 0.073 1.65
w18-3.1 3.1 1.70 0.061 2.21
w18-3.6 3.6 1.65 0.070 2.00
w22-1.4 1.4

22 2010 0.63 0.45 

3.00 0.045 4.53
w22-1.8 1.8 3.25 0.035 5.57
w22-2.3 2.3 3.25 0.035 5.57
w22-2.7 2.7 3.00 0.039 4.87
w22-3.1 3.1 3.00 0.040 4.81
w22-3.6 3.6 3.08 0.043 4.76
w26-1.4 1.4

26 1970 0.59 0.55 

3.25 0.043 5.02
w26-1.8 1.8 3.38 0.040 5.42
w26-2.3 2.3 3.50 0.036 5.92
w26-2.7 2.7 3.38 0.036 5.71
w26-3.1 3.1 3.38 0.040 5.42
w26-3.6 3.6 3.33 0.040 5.34
w30-1.4 1.4

30 1920 0.56 0.59 

3.50 0.049 5.07
w30-1.8 1.8 3.62 0.050 5.19
w30-2.3 2.3 3.88 0.044 5.93
w30-2.7 2.7 3.75 0.041 5.94
w30-3.1 3.1 3.88 0.040 6.22
w30-3.6 3.6 3.50 0.046 5.23
w34-1.4 1.4

34 1880 0.53 0.65 

4.00 0.040 6.41
w34-1.8 1.8 3.88 0.046 5.80
w34-2.3 2.3 4.00 0.043 6.18
w34-2.7 2.7 4.00 0.044 6.11
w34-3.1 3.1 4.12 0.036 6.96
w34-3.6 3.6 4.00 0.046 5.98
w38-1.4 1.4

38 1830 0.50 0.83 

4.12 0.049 5.97
w38-1.8 1.8 4.25 0.045 6.42
w38-2.3 2.3 4.12 0.036 6.96
w38-2.7 2.7 4.25 0.039 6.90
w38-3.1 3.1 4.25 0.042 6.65
w38-3.6 3.6 4.00 0.043 6.18

967



Hu/ 7th International Conference on Debris-Flow Hazards Mitigation  (2019) 

3. Observed interaction process between debris flow and slit dam

In this study, two typical water contents (i.e., w=18%, w=30%) and two typical relative post spacings (i.e., b/dmax

=1.4, b/dmax=3.1) were chosen to illustrate the interaction processes between debris flows and slit dams, which 
contributes to the understanding of the interaction mechanisms between slit dams and debris flows. 

3.1. Interaction process between slit dam and debris flows with low water content 

Debris flows with low water contents (low Fr condition), such as those in w18-1.4, approach the slit dam with 
narrow relative post spacing. The debris-flow front is thin and wedge-shaped. It approaches slit dam at t =0 s (Fig. 4a) 
and impacts the slit dam at t = 0.22 s. The measured frontal velocity is 1.56 m/s (Fig. 4b). When the front of the 
debris flow impacts the slit dam, few debris are observed to pass through while the majority of the debris are 
retained. Sediments depositing behind the slit dam form a dead zone (a region in which the debris are static). At t = 
0.35 s, the trajectory of the flow started to change as a thin layer of run-up (the debris layer keep running while its 
height increasing) develops before the slit dam (Figs. 4c&d). As the interaction proceeds, more debris pile up (debris 
accumulation) on top of the dead zone (Fig. 4e). The pile-up stops when the sediments reach the highest point of the 
flow (Fig. 4f). Afterwards, the deposited mass begins to propagate upstream along the surface of dead zone (Fig. 4g). 
The deposits eventually reach a static state at t = 1.33 s (Fig. 4h). 

Figure 5 shows the interaction between debris flows with a low water content w=18% (low Fr condition) and a 
slit dam with wide relative post spacing b/dmax = 3.1. The interaction process observed in this test was similar to that 
observed in test w18-1.4 (Fig. 4) as previously discussed, including the tapered approaching debris flow with a 
measured frontal velocity of 1.70 m/s, impacting on the slit dam (Fig. 5a&b), runs-up (Fig. 5c&d), and piles-up on 
top of the dead zone (Fig. 5e), backflows (Fig. 5f), and eventually assumes a static state (Fig. 5h). When the debris 
flow impacts on the slit dam, much more of granular material-water mixture pass through the posts of slit dam. In 
addition, a weaker backflow was observed in this test as compared to that of w18-1.4. 

Fig. 4 Interaction process between debris flow with 
low water content (w=18%) and slit dam with 
narrow relative post spacing (b/dmax=1.4): test w18-
1.4. DZ represents “dead zone”. 

Fig. 5 Interaction process between debris flow with low water content (w=18%) and slit 
dam with wide relative post spacing (b/dmax=3.1): test w18-3.1. DZ represents “dead 
zone”. 

3.2. Interaction process between slit dam and debris flows with high water content 

Debris flows with high water contents (high Fr condition) were set to impact the slit dams with narrow relative 
post spacings. Taking the test w30-1.4 as an example, a thinner debris-flow front with a larger velocity of 3.5 m/s 
approaches the slit dam at t = 0 s (Fig. 6a). Upon impacting the slit dam, part of the debris flow, the main of the 
slurry, passes through the slit dam and develops a distinct run-up along the face of the slit dam (Figs. 6b&c). 
Overtopping is observed at t = 0.26 s (Fig. 6c) and t = 0.43 s (Fig. 6d). Run-up continues to overtop the slit dam and 
the run-up region becomes thicker (Fig. 6d). Meanwhile, backward rolling occurs in the run-up region, where part of 
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debris flow hits the posts of the slit dam and is bounced backward (Fig. 6d). The vertical jet begins to fall down 
towards the channel base (Fig. 6e). At t = 0.93 s, more distinct falling towards the channel base is observed, as well 
as a bouncing phenomenon which happens when the granular-water mixtures splatter against the channel base (Fig. 
6f). Then the granular material-water mixtures upstream of the slit dam start to flow back, increasing the flow’s 
depth (Fig. 6g). Finally, the slit dam retains the sediments, and the slurry contained in the granular material-water 
mixtures flows through the slit dam (Fig. 6h). 

Debris flows with high water contents (high Fr condition) were also set to impact on the slit dam with wide 
relative post spacings. Taking the test w30-3.1 for example, the measured frontal velocity of a thin debris flow was 
3.9 m/s (Fig. 7a). The debris flow makes impact on the slit dam and more of the granular material-water mixture 
flow through the post spacing. Meanwhile, run-up is observed to develop (Fig. 7b), but was not distinctly thicker 
than that observed in test w30-1.4 (Figs. 7c&d). No apparent overtopping was observed. At t = 0.67 s, backward 
rolling occurs (Fig. 7e), which leads to a bouncing phenomenon upstream of the slit dam and is accompanied by the 
falling of the debris flow down into the channel base downstream of the slit dam (Fig. 7f). Then, the granular 
material-water mixture upstream of the slit dam start to flow back (Fig. 7g). Finally, majority of the sediment flow 
through the post spacing, leaving behind a relatively low fraction of its volume behind the slit dam (Fig. 7h). 

Fig. 6 Interaction process between debris flow with high 
water content (w=30%) and slit dam with narrow relative 
post spacing (b/dmax=1.4): test w30-1.4. 

Fig. 7 Interaction process between debris flow with high water content 
(w=30%) and slit dam with wide relative post spacing (b/dmax=3.1): test 
w30-3.1. 

4. Interaction process influenced by water content and relative post spacing

4.1. Influence of water content on interaction process 

Comparing Fig. 4 with Fig. 6, with the same b/dmax=1.4, the difference in the interaction process is obvious. With 
a water content of 18%, debris flow-slit dam interaction phenomena such as run-up, dead zone, pipe-up, and 
backflow are observed. However, when the water content is increased to 30%, additional interaction processes such 
as overtopping, backwater effect, and bouncing (happens in the form of sediments splash down to the base of the 
flume) are observed. It is also noted that there is no formation of dead zones. Similarly, set-ups with water contents 
of 18% (Figs. 5) and 30% (Figs. 7) with relative post spacing of 3.1 are compared. The main interaction processes 
observed in Fig. 5 are very much similar to those in Fig. 4. The case in Fig. 7 however, shows a much more violent 
interaction process as debris flows impact the slit dam. Most of its content fly through the slit dam with only a small 
portion of the debris flow running up along the posts of slit dam and then falling back down to the base of the flume, 
causing a bouncing phenomenon (Fig. 7f).   
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Figure 8 show the different interaction processes caused by different water contents that are varied from 18% to 
38% and the relative post spacing is 1.8. Here it is observed, that overtopping or run-up are at their highest points. It 
is noted that when the water content of debris flow is 18% (Fig. 8a), no overtopping phenomenon is observed. 
However, when w≥26%, there is distinct overtopping. Moreover, the height of overtopping increases with the 
increasing water content. 

4.2. Influence of relative post spacing on interaction process 

Cases where the debris-flow water contents are both kept at 18%, while the b/dmax is increased from 1.4 (Figs. 4) 
to 3.1 (Figs. 5) are compared to isolate the influence of the relative post spacing. The interaction processes are 
almost identical, except that more debris passes through the slit dam when b/dmax is wider. Similarly, comparing Fig. 
6 with Fig. 7, the water contents of debris flow are kept at 30% and the b/dmax also increases from 1.4 to 3.1. The 
differences in these two tests are obvious. In test w30-1.4, apparent run-up, overtopping, backwater effect, and 
bouncing after the debris flow falls down to the base of the flume are observed. In contrast, in test w30-3.1, due to 
the wider b/dmax, more debris pass through the slit dam in a jet flow manner, and no overtopping phenomenon is 
observed. The run-up and bouncing phenomena are still observed but are not as obvious as compared with those in 
test w30-1.4. 

The different interaction processes caused by different b/dmax are also shown in Fig. 9, where the water contents 
are kept at 30% and the b/dmax is increased from 1.4 to 3.1. In these cases, overtopping or jet flow are at their highest. 
When b/dmax≤2.3, overtopping after the debris flow makes impact on the slit dam dominates. Increasing b/dmax, 
decreases the height of the run-up (he). However, when b/dmax>2.3, majority of the granular material-water mixture 
pass through the slit dam as a jet flow and no obvious overtopping is observed. 

Fig. 8 Snapshots of each test when the overtopping or run-up is at 
its highest point. Relative post spacing is kept at 1.8 while the 
water content is varied from 18% to 38% at an interval of 4%. 

Fig. 9 Influence of the relative post spacing on the interaction 
process between debris flow and slit dam. Water content is kept at 
30% and the relative post spacing ranges from 1.4 to 3.6.  

5. Influence of water content and relative post spacing on the height of run-up

Overtopping phenomenon occurs after the interaction between debris flows and slit dams. This potentially causes
the foundation of dams to be eroded and result in structural instability (Pan et al., 2013). The degree of overtopping 
is determined by the height of run-up. Accordingly, it is imperative to ascertain the height of run-up after the 
interaction between debris flow and slit dam. In this study, the influence of water content and relative post spacing 
on the height of run-up is investigated. The height of the run-up (he) is normalized by the depth of approaching flow 
(h). This value is named the relative run-up height (he/h). 

Figure 10 shows the relationship between the relative run-up height (varying water contents) and the relative post 
spacing. When the relative post spacing is constant, the relative height of run-up increases with the water content. 
When w≥22%, the relative run-up height decreases with the increasing relative post spacing. Indeed, the relative run-
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up height reaches its maximum value (about 30) when w=38% and b/dmax=1.4. For debris flow with w=18%, the 
relative run-up height is obviously lower than those with w≥22%, and the influence of the relative post spacing  on 
the relative run-up height is negligible. It is also noticed that the overtopping phenomenon is more likely to occur 
when w≥22% than when w=18%. 

Fig. 10  The relationships between relative run-up height (he/h) and relative post spacing (b/dmax) for different water contents; he: height of run-up. 

6. Interaction mechanisms between debris flows and slit dams

Based on the analysis of the interaction processes between debris flows and slit dams, it is evident that water
content w and relative post spacing b/dmax are two key variables influencing the interaction mechanisms. Hürlimann 
et al. (2015) demonstrated, through laboratory experiments, that water content strongly influences the run-out 
distance of debris flows. In fact, water content essentially reflects the degree of liquefaction of debris flows. The 
degree of liquefaction, which is defined as the ratio of pore water pressure ( w) to the total normal stress of debris 
flow ( t), is used to represent the normalized influence of basal pore pressure on Coulomb resistance (Iverson et al., 
2010). The total normal stress ( ) was estimated by the bulk density and approaching flow depth, that is 

, where g is the gravitational acceleration; and θ is the inclination of the channel (Iverson et al., 2010). Both 
flume experiments (Iverson, 1997; 2010) and field observation (McArdell et al., 2007) suggested that the basal fluid 
water pressure (proportional to the degree of liquefaction) contributes to the mobility of debris flows. 

With lower degree of liquefaction, the grain-contact effective stress dominates. Force chains form much easier 
and the internal shearing of solid grains is enhanced. From the energy point of view, energy dissipation efficiency of 
the grain-contact effective stress is much higher than the viscous stress of the liquid phase. Accordingly, debris flows 
approach the slit dam with a lower velocity. This explains why, when w<26%, the debris flow with a lower velocity 
impacts on the slit dam, no distinct overtopping is observed, and the trapping capacity of slit dam is obviously 
influenced by b/dmax.  

On the contrary, with high degree of liquefaction, the effective stress of debris flows decreases, and debris flows 
are more fluid-like. Thus the basal resistance becomes minor, leading to higher mobility of debris flows. In addition, 
solid inertial force dominate during the movement, resulting in highly energetic debris flows. Accordingly, when 
w≥26%, debris flows with higher velocities impact the slit dam. When b/dmax is narrow, the granular-water mixtures 
can run up and overtop the slit dam. This further explains why when water content w≥26%, the influence of relative 
post spacing b/dmax on the trapping capacity is less obvious. 

7. Conclusions

A set of flume experiments were carried out to study the interaction mechanisms between slit dams and debris
flows. The key findings that can be drawn from this study are: 

(1) The relative post spacing and water content govern the interaction mechanisms of slit dams and debris flows.
When water content w<22%, pile-up occurs and no distinct overtopping is observed, showing that the 
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trapping capacity of the slit dam is obviously influenced by b/dmax. When w≥22% and the relative post 
spacing b/dmax≤2.3, run-up, overtopping, and backwater effects are apparent, and dead zones do not form. 
The trapping capacity of slit dam is obviously influenced by water content. Moreover, when w≥26% and 
b/dmax>2.3, majority of the granular material-water mixtures pass through the slit dam in the form of a jet 
flow and no obvious overtopping phenomenon is observed. 

(2) The run-up height reaches its maximum value (about 30) when w=38% and b/dmax=1.4. The relative run-up 
height is obviously lower for debris flows with w=18%, than those with w≥22%, and the influence of the 
relative post spacing on the relative height of run-up is negligible. 

(3) The degree of liquefaction ( w/ t) dominate the interaction mechanisms between debris flows and slit dams 
are when the relative post spacing is kept constant. With a lower degree of liquefaction, the grain-contact 
effective stress dominates. Force chains are much easier to be formed and the internal shearing of solid 
grains is enhanced. On the contrary, with a high degree of liquefaction, the effective stress of debris flows 
decreases. Thus the basal resistance becomes minor, leading to highly mobile of debris flow. 
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Abstract: 

Debris-flow susceptibility is controlled not only by static effective factors such as topography and lithology, but also by 
dynamic effective factors such as earthquake, rainfall and human activity. In this paper, a simple model of calculating the 
dynamic susceptibility is developed based on the assumption of linear relationship between the static and dynamic 
susceptibilities. The influence of earthquake and rainfall events is represent by two coefficients. The earthquake coefficient 
is considered as an exponential function of intensity, and a negative power function of elapsed time. The rainfall coefficient 
is proportional to the occurrence days of heavy rainfall. This model is applied to assess the debris-flow susceptibility of 
Hengduan mountainous area from 2000 to 2015. Four static effective factors including relative relief, slope, lithology and 
fault density are used to calculate the static susceptibility by ARCGIS grid toolbox. There are six earthquake events since 
1995 whose intensity zones of >= VI are intersected with the Hengduan area. The earthquake coefficient is calculated with 
the intensity zoning data of each of the six events and then is accumulated to get the final earthquake coefficient in each year. 
TRMM satellite rainfall data from 2000 to 2015 are collected to extract the occurrence days of heavy rainfall which is used 
to calculate the rainfall coefficient. The dynamic susceptibilities from 2000 to 2015 are obtained by multiplying the static 
susceptibility with the earthquake and rainfall coefficients in respective year. The 2015 susceptibility map shows a 
qualitative agreement with the distribution map of disasters in 2015. 

Keywords: Debris flow; Susceptibility;earthquake;rainfall;dynamic assessment; 

1. Introduction

Risk assessment is one of the most important non-engineering countermeasures against debris-flow hazards.
The risk assessment models have evolved from qualitative evaluation into quantitative evaluation, and from 
geological statistical methods into physical models and numerical simulation methods since the 19th century 
(Wei et al., 2003). There are three different levels of risk assessment: susceptibility, hazard and risk assessment 
(Hu et al., 2013). The susceptibility can be considered as a kind of occurrence probability of hazards at a place. 
Most of susceptibility assessing methods relate it to effective environmental factors such as rainfall, slope, slope 
direction, lithology,etc. by geological and statistical models (Carrara, 1991; Jade,1993; Dai, 2002; Carrara, 2008; 
Tang, 1994; Wei, 2000; Liu , 2004; Hu, 2012; Cheng, 2015).  

Debris-flow susceptibility is controlled not only by static effective factors such as topography and lithology, 
but also by dynamic effective factors such as earthquake, rainfall and human activity. So the susceptibility 
varies with dynamic factors. For example, the magnitude and frequency of debris-flow events increased largely 
in Longmeng mountain after the 2008 Wenchuan earthquake (Cui et al, 2011). However, the present 
susceptibility assessing models are based on static effective factors such as slope, relative elevation, lithology 
etc., and cannot reflect such a variation. Due to lack of awareness of such susceptibility changes, reconstructions 
such as residential buildings and tourist facilities were built in the areas with highly increasing susceptibility, 
and suffered a great deal of damages. In order to assessing varying susceptibility resulted from earthquakes and 
rainfalls, a simple model is developed based on the assumption of linear relationship between the static and 
dynamic susceptibilities. The influence of earthquake and rainfall events represent by two coefficients. The
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earthquake coefficient is considered as an exponential function of intensity, and a negative power function of 
elapsed time. Hengduan mountainous area in the southwestern China is chosen as the study case (Fig 1). 

2. Dynamic model and method

2.1. Dynamic model 

The susceptibility is determined by two factors: static and dynamic. Static factors are determined by 
background conditions, such as relative relief, slope, lithology, fault density, etc., which vary very little over 
hundreds of years and can be considered as unchanged. Other factors such as earthquakes, rainfalls and human 
activities can result in the rapid change of water and soil supplies and are considered as dynamic factors (Fig 2). 

Fig.1 The location map of Hengduan mountainous area 

Fig.2 Static and dynamic effective factors with geo-hazard 
susceptibility 

Due to the complexity of human activities, we only consider the effects of earthquake and rainfall. It is 
assumed that the static factors, the effects of earthquake and rainfall are independent statistically. The time unit 
of assessing is simplified to one year, and the annual susceptibility is assumed to be proportional to the static 
susceptibility under the influence of earthquakes and rainfalls. Then the dynamic susceptibility can be expressed 
as the product of static susceptibility, earthquake and rainfall influence coefficients: 

 (1) 

where, H is the annual susceptibility of debris flows; S is the susceptibility caused by static factors (i.e. 
background value of susceptibility); Ek and Rk are annual influence coefficients of earthquake and rainfall. 

2.2. Static evaluation method 

The static susceptibility assessment is evaluated by factors that remain unchanged or change slowly such as 
topography, geology, vegetation, soil and other underlying surface factors. The following conditional 
probability model is adopted: 

(2) 
where,  is the weight coefficient of the i factor,  is the probability of debris-flow occurrence when the 
i factor is equal to x, i.e. the conditional probability of the i factor. Usually x takes some interval or some 
category. If a square grid cell is used as evaluation unit, then 

(3) 

where, is the total number of grid cells at which the value of the i factor = x, and  is the total 
number of grid cells where the value of the i factor = x and debris flows occurred. The weights of static factors 
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are determined by statistical methods, such as Grey Relational Degree or Analytic Hierarchy Process (Li et al., 
2010). 

Based on the debris-flow inventory data in Hengduan area, the principal component analysis method found 
that relative relief, slope, lithology and fault density had the closest relation with disasters (Wei et al., 2008). 
The relative relief is defined as the difference between the maximum and the minimum elevation within a 
certain radius. It represents the energy condition of soil and water migration and reflects the energy of local 
terrain. The slope is the height difference of unit length, reflecting the energy gradient. The lithology is divided 
into quaternary deposits, soft rock, intercalated soft and hard rock, and hard rock. The fault density is defined as 
the total length (km) of faults per unit area (km2). The conditional probability of the four factors is calculated 
respectively in ARCGIS according to Eq.(3) (Fig 3). 

Fig.3 Occurrence probabilities of the hazard in different background factors in Hengduan mountainous region (a. relative elevation, b. slope, 
c. lithology, d. fault density)
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The Grey Relational Degree and GIS are used to determine the weight values of relative relief, slope, 
lithology and fault density in the susceptibility, respectively (Li et al., 2010): relative relief=0.2048
slope=0.1969 lithology = 0.1836 fault density = 0.2196. The static susceptibility of the Hengduan area is 
obtained by summing the weighted conditional probability of each factor (Fig 4). 

Fig.4 Static susceptibility of the hazard in in Hengduan 
mountainous region 

Fig.5 Decaying curve of effective coefficient of earthquake Ek for 
different seismic intensities according to Eq(4) 

3. Seismic effect coefficient

Strong earthquakes often trigger a large number of landslides. Lots of loose material caused by seismic
landslides, avalanches and rockfalls accumulates at hillslopes or upstream of catchments, providing abundant 
material for debris flow, which can easily occur eroded by rainstorms. Large earthquakes in mountainous area at 
home and abroad (such as the Great Kanto Earthquake in Japan, the Chi-Chi earthquake in Taiwan, the Chayu 
Earthquake in Tibet, the Wenchuan Earthquake in Sichuan, etc.) indicate that the activity of debris-flow disaster 
is obviously enhanced, namely the number, scale and frequency are increased after the earthquake (Nakamura, 
2000; Lin, 2004; Lin, 2006; Cui, 2008; Bao, 2004). Relevant studies have shown that the number of landslide 
initiated by earthquake in intensity region of V and below is very small (Xin and Wang, 1999). The number of 
landslide below VI degree in Wenchuan Earthquake is only 0.18% of the total (Cui et al., 2011). Moreover, the 
numbers of the landslides show an exponentially decreasing trend with the distances to epicenters or 
seismogenic faults (Prestininzi and Romeo, 2000; Chen and Hu, 2017). The seismic intensity has a close 
positive relationship with the epicentral or fault distances. Therefore, it is assumed that the influence coefficient 
of earthquake is a power law function of seismic intensity. 

On the other hand, the debris flow triggered by earthquakes is a type of limited loose material supply (Bovis 
and Jakob, 1999). As time goes by, the loose materials are transported to the downstream channel or the 
deposition fan, or consolidate gradually and strengthen, which reduces their volume and erodibility. The activity 
of debris flows after the earthquake will decrease along with the reducing loose materials. As a result, the 
susceptibility decreases over time. According to the observation data of debris flows at Guxiang catchment after 
the Chayu Earthquake in Tibet in 1950, an empirical power function describes well the decay process of the 
debris-flow activity. The power function exponent is about -0.63 by linear regression method (Hu et al., 2011). 

Based on the above analysis, the susceptibility is equal to the static one if the seismic intensity is below VI, 
and the susceptibility doubles when the intensity is one level higher. Meanwhile, the susceptibility will decrease 
exponentially along with time. Therefore, it can be expressed by the following formula for a single earthquake 
event: 

(4)
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where, x is the intensity value (=6.0~11.0 from VI to XI), and N is the total number of years after the earthquake. 
Ek is set to 1.0 when x < VI, indicating that the earthquake has no effect on the susceptibility. According to Eq.4, 
the influence coefficients in seismic area of VII, VIII and IX approximate to 1.0 after about 30 years from the 
curve, where is still very high after 30 years of XI seismic area, about 4.8 (Fig 5). In order to analyze the impact 
of the earthquake on the debris-flow susceptibility, all of earthquake events whose the area of > VI intensity 
overlaps with the Hengduan region are collected since 1995 (Ms > 6.5) (Table 1). Then, according to the 
intensity range of each event, Eq.4 is used to calculate the total influence coefficient of seismic events from 
1995 to 2015 in the Hengduan area (Hu et al., 2018). 

Table 1. Historical earthquakes in Hengduan mountainous area since 1995 

Date 
Time 

(Beijing time) 

Latitude 

(Degree) 

Longitude 

(Degree) 
Depth(km) Magnitude 

Maximum 

Intensity 
Location 

1995.10.24 6:46:49 25.9 102.2 15 6.5 Wuding, Yunnan 

1996.2.3 19:14:20 27.2 100.3 10 7.0 Ljiang, Yunnan 

2000.1.15 7:31:02 25.5 101.1 30 6.5 Yaoan, Yunnan 

2008.5.12 14:28:01 31.0 103.4 14 8.0 Wenchuan, Sichuan 

2013.4.20 8:02:46 30.3 103.0 13 7.0 Lushan, Sichuan 

2014.8.3 16:30:10 27.1 103.3 12 6.5 Ludian, yunan 

4. Rainfall event effect coefficient

Debris flows in Hengduan area is mainly caused by heavy rain and storm. In general, if topographic and
geological conditions are same, then the more heavy rain events happen, the more disasters can occur. Therefore, 
the influence coefficient of rainfall can be represented by occurrence days of heavy rain: 

where, I>25mm is days of heavy rain, b is the proportion coefficient. By using TRMM satellites data, we calculate 
occurrence days of heavy rain at each grid cell in the area from 2000 to 2015 (Table 2). The cell size is 0.25° by 
0.25°. There are 84497.13 days of heavy rains with an average daily rainfall of more than 25 mm per year added 
up for all of cells in China. At the same time, the average annual number of disasters is 23980.6 according to the 
National Geological Disaster Bulletin from 2001 to 2015. Some of the disasters were related to earthquakes, and 
most of them were triggered by rainfalls. The ratio of the disaster number to the day•cell number is 0.284. That 
means a heavy rain event can cause about 0.284 disasters on average per year in China. The occurrence 
probability of disasters in Hengduan area should be higher than the national average. However, there is no 
historical data of disasters in the area. Therefore, the value of b is considered as 0.284. 

Table 2. Occurrence days of heavy rainfall and storm from 2000 to 2015 in the Hengduan 

Year 
Number of Day•Cell of rainfalls (> 25mm) 

Year 
Number of Day•Cell of rainfalls (> 25mm) 

In Hengduan In China In Hengduan In China 

2000 5243 80913 2008 4975 88308 

2001 6755 77337 2009 5344 78796 

2002 5299 89154 2010 5198 94035 

2003 5059 81621 2011 3737 72396 

2004 5452 75345 2012 5501 95659 

2005 4753 83898 2013 4733 89546 

2006 4280 79684 2014 5505 85036 

2007 5322 81314 2015 6123 95328 

5. Dynamic evaluation result

Combining the static susceptibility, seismic influence coefficient and rainfall influence coefficient, the 
dynamic susceptibility is calculated by Eq.1 in Hengduan area from 2000 to 2015. The susceptibility is divided 
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into four levels: very high, high, moderate and low (Fig 6). By comparing the distribution of disaster events with 
the susceptibility map in 2015, it is found that they are spatially consistent by and large (Fig 7). The disasters 
mainly occurred on the west side of Longmen mountain, the lower reaches of Jinsha river and the northwest of 
Yunnan where the susceptibility is relatively high. 

Fig.6 Maps of the dynamic susceptibility in 2005 (a), 2008 (b), 2010 (c) and 2015 (d) in the Hengduan 
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Fig.7 Maps of the hazard susceptibility and inventory in 2015 in the Hengduan 

6. Conclusions

The susceptibility of debris-flow disaster is a dynamic process affected by earthquake, rainfall and human
activities. The paper classifies the influencing factors of debris-flow susceptibility into static and dynamic 
factors, and analyzes the impact of earthquake intensity and its decay effect and heavy rain event on disasters. 
The method and model are used to calculate the seismic influence coefficient of debris-flow susceptibility and 
annual susceptibility from 2000 to 2015 in the Hengduan area. The results showed that the susceptibility in 
meizoseismal areas is still four times higher than that before the earthquake even though the quake happened 30 
years ago. From 2000 to 2015, days of heavy rain in the Hengduan mountainous area varied greatly, and the 
maximum year was 1.81 times that of the minimum year. The actual distribution of disaster events is consistent 
with the results of susceptibility zoning in 2015. 

The dynamic assessment model and method of disaster susceptibility is acceptable qualitatively, but more 
disaster event data are necessary for verification and improvement. The lack of disaster event data, errors of 
rainfall, geology and other data may lead to deviation in statistical calculation. In addition, there is no widely 
accepted model for the quantitative relationship between earthquake and debris flows. The linear hypothesis of 
dynamic susceptibility and the decaying model of seismic influence coefficient need more tests with real 
monitoring and study data. 
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Abstract 

In the second half of the 19th century a lot of torrential disasters occurred in the Alps causing substantial damage. These catastrophes 
may be traced back to non-sustainable land-use management with inadequate alpin pasture farming, leading to forests in a poor 
condition, large denuded areas and steep incised channels. Starting with an analysis of these disasters, political decisions were 
made to implement mitigations measures, including forestry, agricultural and structural measures. Additional financial regulations 
were established to facilitate mitigations measures even for poor rural communities. The technological background for the design 
of structural measures was founded in forestry, because of the experience with construction of log driving. Basic hydraulic models 
were used for designs, sometimes empirical values were added to consider bedload or the impact of point loads. The structures 
served to stabilize the channel bed, to deposit bedload upstream of settlements, to restrict sedimentation or inundation on the fan 
or to redirect the flow to areas of low interest. In the early years of torrent control in the Alps, structures were usually built as dry 
masonry walls, later cement mortar masonry walls and concrete gravity walls were favoured. New static concepts and the use of 
reinforced concrete formed the basis of a colloquium in Vienna (1973), where load models and static concepts were discussed. In 
practice, the multiplier of the static load of the Lichtenhahn-model was used within a broad range, leading to different structural 
design of check-dams. In the beginning of the 21th century, based on the design concept of EUROCODE, new technical guidelines 
for barrier design (ONR-Series 248xx) were developed. The load cases include flood and debris-flow and combination of events 
for all kind of torrential structures. The experience in the application of these guidelines is currently being evaluated and will lead 
to a new national standard.  

Keywords: Mitigation measures; Debris-flow; Design Standards; Torrent control service; Austria; 

1. Introduction

There is a long tradition of natural disaster mitigation in Alpine regions. In the 18th century, Joseph Walcher (1719-
1830), an Austrian Jesuit, physicist and mathematician, worked on the topic of hydraulic and glacier lakes. In his work 
”Nachrichten von den Eisbergen in Tyrol” (Walcher, 1773), he investigated the Vernagt glacier, Gugler glacier and 
especially the Rofner glacier lake, which threatened the Ötz valley by repeated glacial lake outburst floods (Fig 1). 
These outburst floods had catastrophic consequences for the province of Tyrol in the years 1600, 1678, 1680 and at 
1845. In the year 1788, an edict promulgated by Wenzel Graf von Sauer, incited working-groups to establish mitigation 
measures (Graf von Sauer, 1788). Franz Seraphin von Zallinger zum Thurn (1743-1828), priest and physicist, worked 
on this edict and addressed the issue of inundation in Tyrol in his work “Abhandlung von den Überschwemmungen in 
Tyrol” in the year 1779 (Zallinger zum Thurn, 1778;1779). 
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Fig. 1. Glacier lakes illustration of (Walcher, 1773); (a) Rofner glacier lake; (b) Passyer lake 

One of the first technical drawings can be found in this publication. Also in France, Jean Antoine Fabre (1748-
1834) was involved in the topic of mitigation measures in Alpine regions with his book “Essai sur la théorie des 
torrens et des rivéres” (Fabre, 1797). In the next decades, the topic gained interest, but most work remained theoretical 
(Aretin, 1808; Streffleur, 1852; Müller, 1857). It was the work of Josef Duile (1776-1863), that started practical 
implementation of mitigation measures (Duile, 1826). He was an engineer, primarily in the field of hydraulics and 
road construction with a keen interest in torrent control. Due to his leading role in this field, he was called to 
Switzerland and applied his knowledge there. He can be considered as father of the European torrent control (Fig 2). 
In this time, two technical domains characterized the progression of the torrent control: one part was hydraulic 
engineering and the other part was forest engineering. 

Fig. 2. Technical illustration of mitigation measures; (Duile, 1826) 
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Hydraulic engineering was mainly applied to the lower part of the torrent while forest engineering addressed the 
headwaters. The political question who should further be responsible for torrent control works led to a controversy 
between Arthur Freiherrn von Seckendorff (forest engineering) and Weber von Ebenhof (hydraulic engineering) 
(Länger, 2003). During this time, Seckendorff started to study the methods developed in France, especially the works 
of Demontzey, (1880).  

Fig. 3. These drawing originate from a report of an eyewitness (forester) of a debris-flow near Faucon (Barcelonette, France) in (Demontzey, 
1880). The longitudinal section shows the accumulation of coarse boulders at the debris-flow front and the right picture displays the debris-flow 
cross section during the passage of the front. 

Owing to the major catastrophes in the years 1846 and 1856 along the rivers Loire and Rhone in France (Fig 3), 
increasing knowledge developed in this field and public support started and led to a legal foundation of mitigation 
works in the years 1860 and 1864, especially related to reforestation. 

The severe floods in Tyrol and Carinthia in the year 1882 initiated, as in France, a rethinking. Julius Graf 
Falkenhayn travelled to France in the year 1883 to learn of the methods used, and to implement them in Austria (Wang, 
1901). The emperor of Austrian-Hungarian monarchy passed the torrent control act in 1884, stating that torrent control 
works have to be executed on a national level, with public funding and with a systematic approach. Seckendorff 
introduced the forest engineering background from France successfully. The government implemented a legal basis 
for financing and organizing the torrent control service to ensure further development. Educational courses were 
established at the University of Natural Resources and Life Sciences, Vienna (BOKU) for students and the staff of the 
new established service. 

Fig. 4. Example of technical structure of (Wang, 1901) 
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2. Empirical design approaches

The construction materials used at this period consisted of the locally available construction materials near the 
torrents, see Fig 4 (Wang, 1901). Wood and dry-stone masonry were used for mitigation measures. Progress was 
achieved through dissemination of experience and not by research because no research facilities existed at the time. 
Nonetheless, first innovative experimental structures were raised, for example: 

• Barrier with a self-cleaning function (dosing) was installed in the Fischbach, Tyrol (1924-1928) (Fig 5)
• A cement mortar arch dam was built in the years 1951/52 in the Finsingbach, Tyrol, to study the failing

conditions of this construction type.
• Prefabricated construction of a barrier of reinforced concrete in the Winklergraben, Upper Austria (1929-

1931). 

Fig. 5. Barrier with a self-cleaning function (dosing); “Strele-Sperre”, Fischbach, Längenfeld, Tyrol (IAN-Archive) 

Due to the improvement of materials and mechanization on building sites in the second half of the 20th century, 
new methods were established in the torrent control service. Increasing usage of heavy machinery in the steep regions 
enhanced construction efficiency.  

Depending on the two main types of structures used, the arch dam and the gravity wall, different formulas were 
used for design. The focus of the gravity wall was external stability (safety against tilting, sliding and bearing capacity 
failure) and the dimensions of the bottom width of the structure. Arch dams reduce the construction volumes by using 
the arching effect for stability. The arch dam designed by Hampel (1960) in the Finsingbach set a trend for the 
dimension of arch dam with a simple formula based on the ring tension. The formula reads 

𝑑𝑑 =
(ℎ + 𝑢𝑢) ∙ 𝑟𝑟 ∙ 𝛾𝛾

𝜎𝜎𝑑𝑑

(1) 

with the thickness of the dam d, the height h, flow depth u, radius of the arch dam r, allowable pressure loading of 
the material 𝜎𝜎𝑑𝑑 and the density of water 𝛾𝛾 with 1 metric ton/m³ (Leys, 1968).  

The Austrian Centre for Forest Research (BFW) held an international colloquium on check-dams in Vienna in the 
year 1972. Lichtenhahn presented at this colloquium the often-used load model for design (Lichtenhahn, 1972). He 
proposed an empirical multiplier k to increase the hydrostatic pressure 𝑝𝑝𝑠𝑠𝑠𝑠  to include load of debris-flow pressure. In 
practice, this multiplier ranges significantly and led to different structural designs of check-dams. 
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𝑝𝑝𝑠𝑠𝑠𝑠 = 𝑘𝑘 ∙ 𝜌𝜌 ∙ 𝑔𝑔 ∙ ℎ (2) 

3. Adaptation to EUROCODE concept

Due to this long tradition in torrent control works in the Austrian Alps, numerous different types of protection 
works were designed in different regions in Austria. The design of technical structures is now based on the 
EUROCODE concept, that specifies how structural design should be conducted within the European Union (EU). 
Based on this, the ONR Series 248xx was established, encompassing torrential processes, snow avalanches and rock 
fall. An interdisciplinary working group (ON-K-256) developed the new standards for the load models, design, 
construction and life cycle assessment of torrent control works (technical standard series ONR 24800). The following 
national documents have been developed: 

• ONR 24800: 2009 02 15 (Austrian Standards, 2009), Protection works for torrent control - Terms,
definitions and classification; Contains the terminology and classifications of torrent control including the
terms concerning the design and function of torrential barriers. An important classification is the definition
of functional barrier types.

• ONR 24801: 2013 08 15 (Austrian Standards, 2013), Protection works for torrent control - Impacts on
structures; stresses on torrential barriers result from water (hydrostatic, dynamic), earth and debris-flow
impacts. In special cases effects from avalanches, falling rocks and earthquakes must also be considered.

• ONR 24802: 2011 01 01 (Austrian Standards, 2011), Protection works for torrent control - Design of
structures; for the design of torrential barriers, the Ultimate Limit States (ULS) and the Serviceability
Limit States (SLS) must be considered. The concept gives specific design rules (e.g. stress combinations)
for torrential barriers.

• ONR 24803, 2008 02 01 (Austrian Standards, 2008), Protection works for torrent control - Operation,
monitoring, maintenance; a fundamental requirement to guarantee a minimum safety level of the
protection works is periodic monitoring of their condition and effectiveness. The monitoring concept, in
the ONR 24803, is divided in two parts, the inspection and the measurement or intervention part.

By these technical standards, the “traditional” assessment and construction concepts for torrent control structures 
were adapted to the EUROCODE standards. The documents are based on and interact with EN 1990 (basic of structural 
design), EN 1992-1-1 (design of concrete structures), EN 1997-7 (geotechnical design) and the related documents for 
the Austrian national specifications. 

Torrential barriers with the functions energy-dissipating, dosing, filtering or deflecting (Hübl, 2018) are subject to 
extreme dynamic stress that presupposes the application of high safety standards for design, construction and 
maintenance. The Austrian Standard ONR 248xx provides a standardized model for the design of torrent barriers under 
debris-flow impact, which was has been developed from comparative calculation of common debris-flow models from 
engineering practice in torrent control and calibrated by impact measurements of debris-flow events. 

The proposed method should enable practitioners to properly design debris-flow countermeasures with the 
restriction that usually only little data are available. Naturally, simplifications and assumptions are necessary. 
Therefore, the process “debris-flow” and the interaction with the structure itself are separated. At the interface of the 
barrier and the debris-flow process the process parameters are transferred to impact parameters that act on a specified 
load area. The design basis is the load distribution and the force of the stress model (Fig 6).  
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Fig. 6. Schematic illustration of the distinction between load and process model. The standard distinguishes between the process part (right 
section) the moment of impact (middle section) and the load model for the design (left section), where v is the velocity, h the flow depth, 𝜌𝜌 the 
density, Hk the barrier height, pst the static pressure, pdyn the dynamic pressure, pa the self-weight of the overtopping material and the impact force 
of a single element FE. 

For the assessment of impact by channel processes on structures, a process model and a stress model are combined. 
The process model represents the behavior of a debris-flow process according to its physical properties. At the interface 
characteristic parameters of the debris-flow process (e.g. energy, density, flow height, flow velocity) are transferred 
to the impact model, which simulates the interaction of the process with the structure and comprises the representative 
stress (areal or single load) and the related load distribution. For the design of torrent barriers for engineering purposes, 
simplifications concerning the model parameters, the stress model and the load distribution are required. A revised 
version, based on the gained experience with the ONR-Series within the last years, will be published in 2019 as 
ÖNORM B4800.  

4. Conclusion

The challenge in developing national guidelines was to connect the experience of the practitioners with scientific
research results and to derive a state of the art, starting with terminology, definitions, construction rules and design 
procedures. One the one hand the guidelines should provide a standardized method for the design of torrent control 
structures, on the other hand a degree of freedom must be left to adjust the design according to the peculiarity of the 
torrent. In Fig.7 is shown a recently completed debris-flow barrier, designed according to the ONR National 
Guidelines. 

Fig. 7. Recently completed debris-flow barrier with the sediment retention basin (Schallerbach, Tyrol), designed according to the ONR National 
Guidelines. 
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Abstract

Wildfires are a continual threat in the western United States. Post-fire debris flows annually cause millions of dollars in damage and
often result in loss of life. Rapid post-fire response is essential to prevent additional hazards in terms of debris-flow damages. Flexible
systems utilizing high-strength steel ring nets have proven to be reliable and cost effective. These systems can be installed rapidly
to minimize or eliminate the dangers caused by post-fire debris flows. Wildfires in the western United States generally occur during
the dry season in late summer and fall. Although monsoonal storms can cause debris flows in the summer months, seasonal rain storm
events occur in fall and winter, often resulting in devastating debris flows. In the Rocky Mountain states debris flows occur during
the summer monsoon season. In both areas, storm cells can remain stationary over mountain peaks for hours dropping large amounts
of rain in a very short time. The resulting runoff and erosion can cause damaging debris flows  miles away from the rain event. Debris
impacts differ significantly from rockfall impacts. The debris nets must withstand both a surge in pressure on impact, and a static
load once the flow has dissipated. Tested and engineered, flexible nets can be rapidly deployed in strategic locations to lessen or
eliminate the threat. Compared to large, rigid structures and debris basins, these nets are cost-effective, rapidly constructed, 
environmentally friendly, and approval by regulatory agencies can relatively quick. This study focuses on current mitigation and
protection practices using flexible debris-flow nets as developed in Switzerland and used in the United States. Case studies of projects
in Colorado, New Mexico, and California detailing site investigations, engineering, and construction of flexible debris-flow nets are
described. Of special interest are the steps and protocols taken as a result of debris flows following the Thomas Fire in California.

Keywords: debris flow; ring nets; protection; wild fire

1. Introduction

Each year, across the globe debris flows cause substantial damage and loss of life. Torrential rains from typhoons
and hurricanes, or post-wildfire rain events can trigger large masses of vegetation, soil, and rock to flow catastrophically
from mountain valleys and canyons out into inhabited areas. To date, the majority developmental work on debris-flow
nets has been conducted by the Swiss government in conjunction with the Swiss company Geobrugg, AG, Romanshorn,
Switzerland. This paper describes design and projects using the Swiss/Geobrugg debris mitigation products. Other
manufacturers also provide debris nets. These nets were not used in the projects described.

The principle behind debris nets is to catch debris flows close to the source, usually in mountain canyons, stop the
massive flow, and then, if desired, allow the material to be placed back in the channel to allow natural process to return
to normal sediment transport conditions.

Flexible debris nets have been installed in hundreds of locations around the world to protect people and
infrastructure in a low-impact, environmentally sound way.

The basic debris-flow protection system consists of a custom ring net engineered to resist the velocities and dynamic
and static pressures unique to debris flows. Support ropes are installed into channel banks and transfer debris impact and
pressure loads from ring nets to the ground.  Excessive energy is absorbed by net braking elements in the support ropes. 
In addition, the rings in the system allow the passage of water and fine sediment beneath and through the net.

*Corresponding author e-mail address: william.kane@kanegeotech.com
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1.1 Development from rockfall barriers

European countries pioneered the development of rockfall protection barriers in the mid 20th Century.  Rockfall
barriers were the logical extension of snownets already installed in mountainous regions.  Early snownets were composed
of wire rope nets which held snowfall until spring melting thereby preventing avalanche formation. Post-thaw inspection
of the nets showed them to have caught boulders which had fallen from above. This led to research and development
of rockfall barriers on a full scale by Brugg Cable (now Geobrugg), Maccaferri, and other wire and wire rope
manufacturers.

The California Department of Transportation (Caltrans), an early American adopter of rockfall barriers, observed
that the barriers were effective in stopping small debris flows. This led to increased interest and research in the use of
flexible nets to stop debris events.

2. Research

2.1 Theory

Existing methods for determining debris-flow protection were meant for large watersheds and large-scale structures
such as basins and check dams (Bradley, et al., 2005). Early research on debris nets, including the use of anti-submarine
ring nets, was conducted by the California Department of Transportation (Caltrans) and the United States Geological
Survey (USGS). They installed a flexible ring net at the base a small flume (De Natale, et al., 1996). Other researchers
were also conducting research on flexible nets in Japan, Europe and other countries.  Conventional debris-flow net design
is based on field observations and full-scale testing in controlled situations (Muraishi and Sano, 1997).  Other
publications related to the design of debris-flow protection systems includes Mitzuyama, et al. (1992), Rickenmann
(1999, 2001), and PWRI (1988). 

2.2 Illgraben research

After catastrophic debris flows  in Switzerland in 2005, the Swiss government partnered with Geobrugg to conduct
a major research program to determine if the nets could be used as lightweight, low-cost, environmentally sound
replacements for concrete check dams and debris basins. The goal was to develop a standardized approach to debris-flow
mitigation using flexible high-strength steel ring nets (Wendeler, 2017)

The main focus of the Swiss research was a full-scale test site on the Illgraben near Leuk, Switzerland. The Illgraben
usually produces five to six debris-flow events per year. A fully instrumented debris net was installed, Fig 1. Geophones
installed upstream signaled the instrumentation at the net site to begin collecting data. They also turned on floodlights
for nighttime events. Instruments monitored flow height, net rope forces, flow velocity, and weight. The channel
dimensions were well known so volume and density could be determined.

2.3 Mechanics of debris flow impacting flexible barrier

Geobrugg examined the forces involved in the impact of debris material into a flexible net. They found that flows
occur in pulses or waves. The first pulse was stopped at the base of the net. Subsequent pulses  flow up and over the
previous pulses. Nets were designed using this information with the maximum forces at the base of the net. In addition,
the flexing and deformation of the net and net ropes will also absorb the dynamic impact pressures. Once the debris
material is stopped the net must then support the static load of the material.

It should be noted that debris flows tend to be sequential events so that after an initial dynamic impact, additional surges
add only a quasi-static load to the net, instead of a fully dynamic load.  In addition, the debris material already impacted
and de-watered on the net serves to absorb some of the energy of the  subsequent surges. The result is that much of the
debris-flow material is not against the net, resulting in decreased energy absorption and height requirements, Fig 2.
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Fig 1. Instrumented test net in the Illbraben, Leuk, Switzerland.

Fig 2. Schematic showing successive impact pressures from a debris flow being applied to a net. The net and its anchorages must be designed to
withstand dynamic and static (Rankine) pressures. Note that successive debris impacts after the first flow lose energy by having to go up the
previous flow and also stop debris material back  up in the channel.

Fig 3. Post-fire VX net installed above running stream in Nambé
Pueblo, New Mexico. Note basal opening allowing water and fish
passage beneath. Animals can pass either underneath or through rings.

2.4 Design concept

As a result of its research, Geobrugg (2003)
developed a methodology suitable for the design of
its debris-flow net systems.  Existing research results
allow a peak discharge to be calculated and the flow
velocity estimated.  Once the mass and velocity are
known, the design pressures can be determined. 
Finally, the design height is calculated.

2.4.1 DEBFLOW software

This methodology is incorporated into the  software program, DEBFLOW, which determines the appropriate
Geobrugg debris-flow system as a function of the characteristics of a given debris-flow basin and channel.  The
DEBFLOW program is based on the full scale testing in controlled situations at Illgraben, solutions of the rope equation,
and finite element modeling.

Given input parameters such as debris material, channel dimensions, number of pulses, etc. DEBFLOW provides
the user with recommended Geobrugg nets. The type of net specified depends on the width of the channel and the
calculated dynamic and static pressures.

There are two basic versions of the Geobrugg debris net
systems. The VX net is intended for relatively narrow
channels up to 40-ft (15-m) wide, Fig 3. The UX net is
installed in wider channels up to 90-ft (25-m) wide and has
posts to keep the top net support rope from sagging, Fig 4.

2.4.2 Debris-flow Volumes

In the United States, initial volumes can be estimated
following debris flows using WERT  and BAER Reports.
However, these estimated total debris-flow volumes will
frequently exceed the one-event capacity of the available
flexible net designs. Therefore, for design purposes, nets
can be assumed to fill completely.

Debris-flow volume storage area can be based on field
observations, previous flow  volumes, and measurements of
channel geometry (Gartner, et al., 2008, and others,). For
DEBFLOW analyses, the calculated volume of sediment
detained by each net is based primarily on a uniform
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Fig 4. UX net with posts for wider channels Camarillo, California.

geometry of each net and channel gradient. This assumes
the storage area is a trapezoidal prism extending upstream
from the net. This volume estimate does not take into
account changes in channel shape upstream from each net
location. However, sites are chosen to maximize storage
area, so the volume estimates should be considered
minimum values of sediment retained. Optimum locations
are where channel geometry is constricted and upstream
geometry widens to provide maximum storage capacity.

3. Design and Construction

In order to produce installation plans for the nets, it is
necessary to consider strength of the anchoring rock and, if
required, the design of foundations for the posts. Design
loads are supplied to the engineer by the manufacturer as a
result of their testing and modeling. Rock and soil properties are determined during the field investigation at each
installation site. 

Flexible debris nets can be constructed rapidly with minimal environmental impact and can be combined with the
existing debris basins to maximize material storage in the canyons. They have a small construction footprint and do not
change channel flow unless a debris-flow event occurs.

3.1 Anchor Design and Testing

Anchor design for UX and VX nets consists of determining the depth required to support the loads on the wire ropes.
Previous work by the Post Tension Institute (PTI) (2014) gives a methodology for anchor design that is used for soil
walls, tie-back walls, slope post-tensioning, slope stabilization system design, and rockfall and debris net anchor design.
The PTI provides design charts with a recommended shear, or bond, strength for a particular rock/grout combination as
determined by the geologist. The data comes from thousands of actual installations.

For example, from PTI tabulated data, a weathered and fractured sandstone will have a bond strength of 100-psi to
120-psi. The maximum test load, as provided by Geobrugg, for a debris net anchor is about 80,000-lbs. Using the PTI
criteria and assuming a 4-in drill hole and minimum bond strength of 100-psi, the necessary depth to hold the anchor
in the fractured sandstone is 10.6-ft. This is well within the capability of a small rock drill.

Rather than using estimates of bond strength material type, it is preferable when possible to perform actual field pull-
out tests on anchors to determine the site-specific bond-strength characteristics. Verification anchors are sacrificial
anchors installed in typical sections of colluvium or rock. The anchors are drilled to various depths and tested. The load
at pullout can then be back-calculated to determine the actual bond strength for the particular rock in the field. Tabulated
data is often very conservative and time and money can be saved by performing verification tests prior to net installation.

3.2 Foundation Design

UX nets require the construction of post foundations. Early practice involved using a large block of reinforced
concrete about 1-m x 1-m. These blocks were not engineered and consisted of reinforced threaded bars inserted in the
concrete to anchor the post base plate. Although easy and inexpensive to construct, they were prone to large foundation
displacements and cracking on impact.

Subsequently, engineered shallow foundations were used. These foundations are designed using concrete and
building codes for steel reinforcement. In general they are designed to use the passive pressure of the soil as the soil
resistance. Since lateral loading on post foundations can exceed 80,000-lbs, foundation dimensions can become quite
large and introduce additional complications during construction.

Because of the high loads and large foundation blocks, cast-in-drilled-hole (CDIH) foundations are considered
economical alternatives to large concrete blocks. These foundations resist the loads by deformation and changing soil
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Fig 5. Changes in risk in the town of Brienz, Switzerland before (A), after the catastrophic debris flows of 2005 (B), and after the installation of a
system of Geobrugg debris nets in the Alpine drainages above the town (Geobrugg, 2017).

resistance.  The design approach was developed by Reese & O’Neill (1988). Developed for laterally loaded pile
foundations, the method utilizes the finite difference method and  p-y curves (Reese & O’Neill, 1988). These curves
model the soil or rock as systems of springs which push back on the foundation as it deforms from the bending of the
foundation. Design consists of comparing the maximum moment developed in foundation with foundation strength.
Displacement of various depths on the foundation can be calculated. Controlling factors in design are foundation size
and displacement. The approach involves significant computational effort. Generally, lateral foundation loads are too
great to use shallow foundations.

4. Construction

Debris net construction initially consists of drilling anchor holes and grouting wire rope anchors.  Drilling equipment
varies but in general downhole hammers are used. Sometimes these are hand operated but can be equipment mounted.
Specialized equipment that can negotiate narrow canyons like the Kaiser SL2 are versatile and can drill quickly.

For UX nets and SLBs, foundations are constructed and posts erected. Because debris channels often contain loose
sand and rock, foundation usually require an excavation. A reinforcing bar cage is fabricated and placed in the hole,
concrete is then poured into the excavation. If the excavation is large, a sonotube or form is necessary. Backfill around
the form must be compacted to perform as the material used in the design. Alternatively, a controlled density fill (CDF)
or soilcrete can be used.

Support ropes are installed between the anchors. Then the ring nets are hung and secured with shackles.  If a backing
mesh is used, it is installed at this time. Finally, the overtopping plates are installed to the top rope.

5. Risk Reduction

After the flooding of August 2005 in Switzerland, the Swiss government and Geobrugg worked to reduce the debris
risk to residents living in high risk zones by using environmentally sound debris nets. Fig 5 shows the changes in risk
in the town of Brienz, Switzerland along the Trachtbach River after two catastrophic debris flows in summer 2005.
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Fig 6. VX net (below) and UX net (above) with armored access
abutment, Glen Eyrie Conference Center, Colorado Springs,
Colorado.

6. Case Studies

6.1 Glen Eyrie Conference Center, Colorado Springs, Colorado
In the summer of 2012, the Waldo Canyon Fire destroyed 11-mi2 of mountainous land above the city. Debris flows

following the fire created substantial damage. Glen Eyrie Conference Center at the base of Queen’s Canyon installed
three flexible debris nets. To protect the structures, a VX net was installed in the channel near the Center with a UX net
directly above it. These nets were meant to be cleaned out. Further up the Canyon, a UX net was installed to protect a
small water supply dam. It was not intended for clean out.

The lower UX net was a unique design. The channel was too wide to install a stock UX net. In addition, the Center
required access to the back of the net. An  engineered fill embankment was designed and constructed to allow the support
ropes to pass through the embankment and be anchored directly in the bedrock, Fig 6. This design allowed the net to
deform as intended since none of the actual debris net was embedded in the embankment.

6.2 Santa Clara Pueblo, New Mexico

The Jemez Mountains portion of the New Mexico  lands of the Santa Clara Band of Pueblo Indians was devastated
by the Las Conchas Fire in  the summer of 2011. Initially nine sites were selected for flexible debris nets. Funding delays
led to further degradation of the channels resulting in the construction of only five nets in the fall of 2014.

Equipment to construct the CIDH foundations for the UX nets could not be obtained so the contractor excavated
the foundations and formed the shafts using sonotube tubes. A mixture of colluvium and cement was used to backfill
around the tubes, resulting in higher strength than the native material originally there. 

The following summer the nets experienced an impact. The resulting cost savings to the Pueblo from not having
the material impact their road was significant, Fig 7.

6.3 Nambé Pueblo, New Mexico

The Pacheco Fire of 2011 burned Sangre de Cristo mountains above the Nambé Pueblo. Subsequent debris flows
impacted the Nambé Rio and Nambé Reservoir. The Pueblo installed three debris nets along the water to prevent further
degradation of the reservoir. The nets were designed with a relatively large basal opening to allow wildlife and small
debris to pass beneath, Fig 3.

6.4 Camarillo Springs, California

The Springs Fire of May 2013 burned a large swath of the Santa Monica Mountains. A debris-flow event consisting
of mostly ash occurred in October 2014. During cleanup, a
second debris flow occurred in December 2014 doing
significant damage to a number  of homes in the
community, Fig 8.

Several types of debris mitigation structures were
constructed including shallow landslide barriers, UX and
VX debris nets and berms to conduct surface runoff into the
channels. The short time frame in which to construct the
mitigation  led to the use of soilcrete as backfill around
excavations. Instead of a sonotube, a corrugated metal pipe
was used for the foundation form. This added stiffness also
enabled the shafts to be shortened, which in turn, allowed
the construction time to be  reduced.

Two days after construction was completed, the first
major rainfall of the season occurred filling several of the
nets, Fig 9.
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Fig 7. Filled Geobrugg UX debris net in Santa Clara Pueblo,
New Mexico.

Fig 8. Aftermath of post-fire debris flow in Camarillo Springs,
California.

6.5 Montecito, California

In December and January, 2018, the Thomas Fire became the
largest fire in California history. In early January 2018, torrential
rains pounded the Santa Ynez Mountains above the coastal
community of Montecito. The ensuing debris flows killed 23
people, destroyed 10% of the housing in the community, blocked
the U.S. Highway 101 Freeway interrupting commerce, Fig 10.

A preliminary risk assessment of the mountain canyons and
the community was made to determine the need for debris-flow
mitigation prior to the upcoming rainy season (BGC, 2018). BGC
concluded that a large supply of fine-grained sediment, boulders,
tree-trunks, and branches remain in the canyons and is readily
available for future debris-flow events in the coming rainy season.
They also pointed out that the existing sediment basins in
Montecito are inadequate to catch and store the volume of debris
likely to be mobilized during a debris-flow event similar to the
January 9, 2018 event.

BGC recommended that immediate mitigation action be taken
and that an instrumentation and warning system be installed. They
recommended that flexible debris nets be placed in the canyons to
help protect against large-scale debris-flow events.

Seventy-one sites in the five canyons that drain into
Montecito were identified as potential flexible debris net sites. Of
those, 16 were to be constructed the first summer. However, delays caused by environmental permitting issues resulted
in construction being scaled back to 12 debris nets. Another outcome of the environmental community concern was that
no foundation construction could occur in the channels. This eliminated the consideration of UX nets. A “Super VX”
net has been engineered to span the larger sites that conventional VX nets cannot span.

6.6  Conclusions

Flexible debris nets have been shown to be effective measures in the protection of people and property in post-fire
debris events. Among the advantages are:

• Lightweight - easily deployed
• Rapid construction
• Economical
• Significant risk reduction
• Environmentally sound

With the size and frequency of wildfires in the
American southwest increasing, the use of these nets has
demonstrated that it is a proven technology for protecting
people and infrastructure.
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Fig 9. Filled VX debris net in Camarillo, California. Fig 10. Aerial view of debris-flow damage in Montecito, California,
January 13, 2018.
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Abstract 

The need of a low-maintenance and easy-applicable apparatus against debris flow led Maccaferri Innovation Center and the 
Politecnico of Milan to a new hydraulic-based approach that was focused on the application of a special weir called Mini Skirt 
Check Dam (MSCD). After a three-years research on applicable equations, a construction site in Ottone (Italy) was identified to 
have been affected by destructive debris flow in the past years. The site is characterized by the presence of an underground pipe 
that collects the stream flow rate flowing under the village square. The purpose of this work is to design a MSCD, able to prevent 
a pressure driven flow in the underground pipe and to avoid the related risk for the inhabitant of the village. MSCD is a special 
weir, which consists in large wings to slow the flow and a ring net to block boulders and logs, as to become a sifting filter of the 
debris. As to design the best performing apparatus, materials and type of anchoring are crucial; for this reason, an analysis of the 
impact pressure was performed. The case study has considered several different aspects: hydrology, size of the material and its 
characteristics and previous events to have a complete analysis of what could happen in the next events. The result of this 
collaboration is the complete design of a MSCD, ready to be installed. 

Keywords: debris flow; management of the hydraulic risk;  

1. Introduction

Ottone is a town in the province of Piacenza, in the Emilia-Romagna region of northern Italy, with an important
extension (98.96 km2) which is compared to a small resident population of only 495 inhabitants (ISTAT, 2017). The 
town is capital of the municipality and it is located at an elevation of 510 m above sea level, while the hamlets are 
located at higher altitudes and they are a major tourist destination especially in the summer.  

The village of Ottone is located in the Alta Val Trebbia, on the Ligurian Apennines. Some of the numerous hamlets 
that make up the territory are in the Val Boreca. The territory includes the Trebbia and Aveto basins, the main tributary 
of the Trebbia. The main course of the Trebbia river develops in SW-NE direction for 116 km, from the source on 
Mount Prelà on the Ligurian Apennines (1406 m), up to the outlet in the river Po near Piacenza. The portion of the 
basin close to Ottone drains approximately 207 km2. The municipal territory develops from a minimum elevation of 
344 m to a maximum of 1667 m above sea level, and the average slope of the area is 53%. The inhabited nucleus of 
the Capital is set on an alluvial fan that has stabilized over time and overlooks the river bed of the Trebbia on the 
hydrographic right.  

The hydrology of Ottone town is characterized by the waters of Rio del Montone and Rio della Ghiossa flow 
underneath the old town (see Fig. 1), in particular they join below Piazza Vittoria and then continue flowing towards 
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the river Trebbia, draining a total area of about 40 hectares. This peculiarity has caused several problems to the 
population and the purpose of this project is to permanently solve this problem with a lower maintenance weir. 

1.1. Problems occurred in Ottone 

The main risk for the municipality of Ottone is given by the hydraulic security of Piazza Vittoria. Originally, in the 
urban plan, the inhabited nucleus was placed outside the path of the two streams Rio della Ghiossa and Rio del 
Montone. Around the second half of the 1800’s, the two streams started to be covered because in the urban planning 
the area was intended as a market square. 

The covering of the last segments of the two streams was completed between 1873 and 2000. The sewer is in masonry 
with sections of 1.30 × 1.40 m or 2.00 × 1.50 m and with vaulted roof. The drainage disposal capacity, assessed with 
a maximum filling level of the sections equal to 2/3 of the available height and considering clear water, is 8 m3/s, 
equivalent to a multisecular flow rate. However, the flood events regarding the two streams are characterized by a 
strong presence of solid transport that can plug the sewer system. This scenario of occlusion made by massive solid 
transport has occurred more than once in recent history and the events of considerable importance are: 

• 19 September 1953

• 13-16 October 2000

• 13-14 September 2015

The most recent event had a particularly high intensity that led to the complete obstruction of the eastern channel 
of the sewer of Rio del Ghiossa and the current situation of inadequacy of the network that puts at risk the 
appurtenances of the square. In the period immediately following the September 2015 event, works were carried out 
to try to restore the flow of Rio del Ghiossa by bypassing the blocked section to canalize the waters up to Trebbia 
through the western channel. The image in Fig. 1 makes it possible to appreciate the situation following the first 
interventions for restoring the transport capacity: the black section is out of service due to the clogging caused by the 
debris carried by the flood, while the green section is the bypass. 

Fig. 1 Representation of the channel system of Rio della Ghiossa and Rio del Montone below Piazza Vittoria after the first restoration: the black 
section is out of service due to the clogging made by the September 2015 event, while the green section is the bypass made to allow the flow of 
the waters of Rio della Ghiossa up to Trebbia, following the West channel. 
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The slopes of the square exceeding 5% allow a good drainage capacity to the underlying sewer. The system is not 
specifically affected by a possible regurgitation of the Trebbia. To protect the inhabited area, there are four weirs 
installed upstream of the sewer entrance, at a distance of about 30 meters one to the other (Fig. 2). The structural 
reliability of these structures should be verified, together with the state of consistency and maintenance. 

Fig. 2 Photos of the last two weirs. 

1.2. How to reduce the risk 

From the past events and from the geomorphological and hydraulic studies of the basin it was noticed that the 
biggest problem in the case of debris flow comes from Rio del Ghiossa. The measures to reduce the risk of debris flow 
on Piazza Vittoria are divided into two categories: structural and non-structural. 

For the non-structural part, the installation of a monitoring and alerting system designed by CAE S.p.A. in 
collaboration with the Politecnico di Milano, financed by the Emilia-Romagna region, is about to be completed. 
Thanks to the study of the precursors to the calamitous event, it is possible to alert the population in advance in order 
to follow predefined emergency procedures that increase security and reduce material damage. The system logic is 
based on the correlation between precipitation duration and intensity and the occurrence of debris flow (Guzzetti et 
al., 2007; Pizziolo et al., 2005). 

The structural interventions in the project can be distinguished in interventions for the changing layout of the square 
and mitigation measures for “debris-flow hazard”. After the September 2015 event, concrete barriers with a jersey 
profile were laid along the western side of the square in order to preserve the entrance to the shops and create a safe 
walkway for pedestrians who unfortunately had to be in the area at the time of the manifestation of the landslide event. 
This floodproofing intervention should be developed in the square renewal project. The hydraulic restoration works in 
the square were entrusted to a local engineering company, which defined a technological solution that provides the 
adjustment of the West channel and of the sewage system. The choice to refer to this setting was made on the basis of 
operational and economic evaluations. 

On the other side, the installation of an apparatus called Mini Skirt Check Dam upstream of the entrance of the sewer 
is planned. It is a slit weir with a central net that is raised with respect to the riverbed, see Fig. 3. This product allows 
the lowering of the debris discharge, reducing substantially the speed and the highest discharge. The advantage over 
the traditional weirs is that, with the addition of the net, larger debris and timber that are often the most destructive 
part of the debris flow can be retained more effectively. Moreover, the presence of the net guarantees the need for a 
wider slot, which entails a lower expenditure of materials and, in particular, a lower impact on the structure that can 
be designed with smaller anchorages and greater durability. This weir does not need maintenance at the end of each 
event and for this reason it is optimal in all contexts where the accessibility of the site is problematic and linked to 
weather conditions. 
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Fig. 3 General hydraulic scheme of a MSCD (University of Trento, 2016). The wings could be made in gabions or concrete and are designed with 
a specific R=B/Bf for each Froude number and volume of debris. The net in the middle is designed with a specific hm/a parameter, where hm is 
the flow level in the upper part of the weir.  

2. Hydraulic and hydrological modelling

In order to properly design the MSCD, a hydraulic model and hydrological study was implemented. While creating
the models, the reference setting has been the “project scenario”, with the new configuration of the sewer that will be 
completed soon. 

2.1. Hydraulic modelling 

1D hydraulic modelling has been carried out applying the HEC-RAS model (US Department of Defense, Army 
Corps of Engineers, 2016), to a series of cross-section, with the aim of identifying the critical section, which is 
obviously the one with worst debris accumulation. The definition of the geometry has been simple to implement since 
88% of the channel is artificial and was constructed using a precast concrete box of defined size. For the remaining 
part, the reference was to a topographic evaluation received from the technical service of the municipality and to an in 
situ evaluation carried out with a geologist. 

The technical service department of Ottone Municipality had also provided information regarding the elevation of the 
submerged channel in correspondence to manholes for inspections so that an accurate reconstruction of the submerged 
part was possible. Since no data was available regarding the elevation of the riverbed upstream of the covered part, an 
assumption of constant slope (5%) was made. 

Considering all the obtained data, the available sections were 41; due to the model structure and function, some of the 
sections need to be doubled, so that a total of 64 sections were introduced into the model. The junctions among the 
channels composing the sewer were solved using the momentum equation. 

The roughness factor has been kept constant along the whole transverse section, adopting 3 reference values for the 
main characteristics of sections (precast concrete box, natural open sky section, and open sky section with concrete).  

The adopted values of discharge were taken by the previous work from Politecnico di Milano (Menduni, 2016), 
imposing as an input value that the whole Rio della Ghiossa contribution is channeled in the East segment, as planned 
in the restoration project. The selected upstream boundary condition was due to the hydraulic jump on the weir. From 
the output, it has been possible to compute the transport capacity, whose profile is shown in Fig. 4, and identify the 
critical section. 

Fig. 4 Transport capacity along the sewer channels based on Hec Ras. 

Critical section 
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2.2. Hydrological study 

Since no hydrometer and rain gauges are present in the basin, calibrating and predicting the peak of flow rate for 
each return period chosen in the analysis was not a simple task. The total surface of the hazardous basin is less than 
0.5 km2, so it it was extremely inaccurate to use the measuring apparatus installed on Trebbia river to calibrate the 
model. A simulation based on a GIS tool was preferred to find the water discharge for each return period. A calibration 
was possible with the data from the previous study (Menduni, 2016), that was calibrated on the amount of rain near 
the basin and the amount of material accumulated in the village.  

The procedure followed consists in different steps: 

• GIS analysis to identify the basin and its feature

• Hydraulic manipulation using the Peak Flow model (Rigon et al., 2011) to obtain hydrograph

• Amplification of the obtained curve according to the previous studies (Menduni, 2016)

• Calculation of the solid flow rate

It was fundamental to perform a complete GIS hydrological analysis to identify the basin and some hydraulic 
characteristic supplied as input data to the Stage tool implementing Peak Flow model and obtain the complete shape 
of the liquid discharge in time (as it is fully explained in Rigon et al., 2011) an example of the GIS analysis could be 
found in Fig. 5. 

Fig. 5 DTM applied on the reference basin and direction of the main flow carried out with QGis, each colour correspond to an elevation (in m) 
above the sea level. 

Starting from the output of the GIS study, it was possible to perform a further step of analysis using the software Peak 
flow. The calibration took into account the peak of the flow rate found in the previous studies (Menduni, 2016), so all 
the curve was multiplied for a factor that gives the same peak. The resulting discharge was amplified to accomplish 
the values found in previous studies, as shown in Fig. 6. 

Elevation [m] 
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Fig. 6 Example of the amplification of the resulting discharge from the application of the Peak Flow model. For the return period of 100 years the 
factor of amplification is 4.12, similar factor has been used for the other return periods. 

A series of four curves was obtained for four reference return periods. Starting from these curves, the Takahashi 
criterion (Takahashi, 1978; Lanzoni, 1993) was chosen to obtain the complete curve of the solid and liquid flow rate. 
An example of the application on the obtained curves is provided in Fig. 7. 

Fig. 7 Example of the amplification of the resulting return period of 100 years event, using the Takahashi (1978) criterion. 

Errore. L'autoriferimento non è valido per un segnalibro. shows c and n parameters defining the depth-duration-
frequency curves for each return period that were fixed from the local administration and which play an important role 
in the Peak Flow model (Rigon et al., 2012); QL max is the maximum flow rate for each return period and was fixed by 
Menduni (2016). We call “scale parameter” the coefficient applied to adapt the discharge from the Peak Flow 
elaboration, to the Peak imposed by the previous studies. VL represents the total volume of water during the flood 
event, calculated as an integral of the amplified curve. Vtot represents the calculation of the total volume of both 
sediment and water that flows during the event and is calculated with the Takahashi criterion. 
Table 1 Final results of the hydrological study 

Tr 20 yrs Tr 100 yrs Tr 200 yrs Tr 500 yrs 

c mm/h 35.99 70.68 77.81 87.2 

n - 0.348 0.335 0.332 0.328 

QL max m3/s 7.55 10.12 11.2 12.64 

Scale parameter - 3.88 4.12 4.14 4.21 

VL 103 m3 17 23 24 27 

Vtot 103 m3 23 32 33 37 
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3. Design of MSCD

The characteristics of the basin and the presence of a sewer portion of the stream, forced the design procedure to
install an apparatus like the MSCD, that could dilute the amount of water and sediment but also requiring less 
maintenance. A section for the installation that is near to the road and easy to access was chosen and at the same time 
far enough from the bridge to avoid problems related to the pressure in that section. This job site is a part of the whole 
works in the County to improve safety against debris flow that will occur in the future. This installation, in particular, 
will ensure a constant amount of flow rate in the channel and thus, avoiding the pressure inside the sewer. 

To avoid the sediment to overflow the hydraulic obstacle, all the volume of the debris moved by the 500 years 
return period flood must be contained in the chosen section in the space upstream, so a check on the available storage 
capacity was necessary while choosing the position. 

With reference to Fig. 3, the design parameters to be determined were: 

• a, how much the net is uplifted from the ground: this parameter could be found in the abacus of the design
(Morstabilini & Deana, 2018)

• R what is the ratio between B (the width of the undisturbed section) and Bf (the distance between the wings of
the MSCD), see Fig. 3.

The considered base section is 4.7 m wide, so two possible Bf: Bf = 3 m and Bf = 3.5 m were chosen leading to two 
design options: R = 1.57 and R = 1.34. one of the resulting graphics for these options is reported in Fig. 8. 

Fig. 8 Example of a resulting design abacus for R=1.57 and R=1.34 and different hm/a parameters 

The ability of the MSCD to dilute the debris flow is determined by the ratio Δz/hm which is a non-dimensional 
parameter that expressed the maximum amount of material that is temporarily blocked by the apparatus. Considering 
that the maximum height of the weir should be 2 m, the options for the design are in Table 2 the chosen solution is the 
third, with final drawing of Fig. 9. 
Table 2 Final results of the hydraulic model 

R a hm / a hm dz / hm dz dz + hm Fr U Q 

[-] [m] [-] [m] [-] [m] [m] [-] [m/s] [m3/s] 

1.57 0.35 0.70 0.25 6.72 1.65 1.89 2.20 3.41 3.42 

1.57 0.30 0.80 0.24 7.04 1.69 1.93 1.90 2.92 2.50 

1.57 0.70 0.60 0.42 3.61 1.52 1.94 2.00 4.06 8.14 

1.34 0.35 0.80 0.28 6.14 1.72 2.00 2.20 3.65 3.66 

1.34 0.30 0.90 0.27 6.22 1.68 1.95 1.90 3.09 2.66 
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Fig. 9 Final design of the MSCD: in order to be easy to apply, the particular asset of the wire ensure the hole to stay open during the event. 

4. Conclusions and future development

The Ottone research was an interesting case study to apply the results of the research on MSCD. In addition, the
creation of a work team that involved Maccaferri Innovation Center and the Politecnico of Milano was fundamental 
in finding the best design solution for this site. During 2019 data load cells will be installed in the clamps which will 
communicate the tensile strength on anchoring. Combing this information with data coming from the sensor already 
installed for the early warning system, it will be possible to find a correlation between the rain and the pressure on the 
barrier, enlarging the knowledge on the phenomena occurring in the area.  
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Abstract 

The flow of both solid and liquid particles, especially in mountain basins, is impulsive, not easily predictable and for this reason 
extremely dangerous. As to avoid the damages caused by this phenomenon, barriers are usually used. They are easy to install but 
are high maintenance and, in addition, they are aimed at blocking all the sediment, running the risk of under-designing the volume 
to be collected. Starting from this assumption, the need of a maintenance-friendly approach was investigated by Maccaferri 
Innovation Center with an innovative apparatus called Mini Skirt Check Dam (MSCD). This is a special dam which is made up of 
two parts: solid wings that have a vertical fissure in which a ring net is applied. The net is uplifted from the ground as to leave a 
part of the debris flowing and blocking only the top part of it. The research analyzed the design procedure of a standard weir and 
several laboratory tests were performed in cooperation with the University of Trento (Italy) that ended with the creation of a new 
approach against debris flow. The MSCD permits the cutting of the peak of the flow rate and, at the same time, blocking tree trunks 
and boulders. Laboratory tests conducted showed that the combination of weir and net slows down the debris and collects only the 
most dangerous part of the flow with a lower maintenance requirement and a good hydraulic performance. 

Keywords: debris flow; on scale laboratory tests on weirs; hydraulic design procedure 

1. Introduction

According to Takahashi (1991), debris flow is a phenomenon of transport of both liquid and solid particles that
occurs in mountain areas characterized by a severe slope where the motion of the solid phase is driven by gravity. The 
shape of the sieve curve of the solid phase is usually various, from a few centimeters to diameters of over one meter 
and it is transported by a water and mud matrix (Armanini et al, 2005). One of the more relevant factors of the 
phenomenon is that boulders and big stones usually float over the debris. The triggering factors of debris could be 
related to the presence of solid material and a fixed range of slope, between 15°9’ and 23°5’, as indicated by Takahashi 
(1978). One other possible cause is the rain, generally the event that causes the debris comes after a continuous light 
rain that is sufficiently able to saturate the soil. 

This phenomenon is not constant in time and space and, in addition, is extremely violent and impulsive; this last 
characteristic makes forecasting and design extremely difficult because the rheology of the flow and its motion has 
not been fully explained yet. 

1.1. Solutions in use for debris flow and their problems 

The solution normally applied for debris flows are barriers. The principle application of this product is to block all 
the material that is flowing up to a certain prefixed retain volume and to leave all the other material overpassing the 
barrier. The threshold for the determination of the typology of barrier is a function of the recharge basin and its shape 
(so by the total amount of the material that could potentially be moved) and by the return period of design (in this case 
the amount of the material must be estimated for the design return period). 
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As shown in Fig.1. there are two typical barrier applications: Fig. 1. (a) shows a typical barrier application on an 
open hill, this application is commonly used for both debris flow and landslides; Fig. 1. (b) shows the debris flow 
barrier application in a channel, in this case the barrier is a hydraulic structure that represents an obstacle for the 
material flow of the whole basin up to the install section. 

Fig. 1. (a) typical barrier for open hills; (b) typical barrier for channel (Courtesy of Maccaferri) 

Based on existing knowledge of the phenomenon, the principle of blocking all the sediment that is flowing seemed 
to be the only solution against the violence and the destructive power of the flow. The cost of these types of nets is 
reduced because they are light and easy to install. However, the cost is extremely increased when taking the 
maintenance costs into account. As it is shown in Fig. 2. Barriers in general get clogged and the material in the upper 
section that has been successfully blocked, needs to be cleaned. In most cases, apart from the cost of the work and the 
related risk to this type of job the cleaning of the objects must also be considered as it is not possible in every site of 
installation due to the slope or the presence of unstable boulders. 

Fig. 2. Barrier clogged by rocks installed in the Alps (Courtesy of Maccaferri) 

2. New approach

Starting from the hydraulic approach normally in use for weirs, a new apparatus called Mini Skirt Check Dam
(MSCD), designed for debris flow, was studied. The main idea, as shown in Fig. 3 is not to block all the sediment as 
done in regular barriers but to dilute the debris, to cut the maximum amount of discharge and to release it in a second 

a 

b 
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part of the event. This approach is environmentally-friendly because the discharge is reduced and could be designed 
according to the return period of the reference event and, in addition, effectively reduces the damage of the debris, 
ensuring a constant flow rate during the event that could be acceptable for the basin. 

Fig. 3. (a) Performance of MSCD in comparison to the natural event in term of flow rate in the section after the apparatus; (b) the picture shows 
the control volume to which all the balance of energy and flow rate are referred to. The balance could be written between two generic sections 1 
and 2, taking into account the direction of the flow rate. The picture on the right shows the different concentration in flow depth and the α angle. 

The main goal of the research was to study and identify a new approach, based on the performance of the apparatus, 
that could be suitable for both weirs and MSCD, applicable for rivers and small basins (<10 km2) with intense 
sediment transport.  

The general procedure studied for the design started from the application of the Navier-Stokes set equation in the 
direction of the flow, 𝑥, for both liquid and solid phase. The application of this approach on two general sections, 1 
and 2, allows a system of three equations to be written: the conservation of the solid mass, the conservation of the 
liquid mass and the momentum, as done in Eq.1. 

{

(𝐶𝜌𝑠𝐵𝑈ℎ)1 = (𝐶𝜌𝑠𝐵𝑈ℎ)2

((1 − 𝐶)𝜌𝑤𝐵𝑈ℎ)1 = ((1 − 𝐶)𝜌𝑤𝐵𝑈ℎ)2
𝜕

𝜕𝑥
∫ (𝑝 +

𝐴

𝐴
𝜌𝑤𝑔𝑧 + 𝜌𝑤𝑢2/2) (𝑢𝑑𝐴) = −𝑖𝐸𝜌𝑤𝑔𝑄

(1) 

Where 𝐶 is the concentration of solid material in the control volume, 𝜌𝑠 is the density of the solid phase, 𝐵 is the width
of the channel, 𝑈 is the medium velocity, ℎ is the flow depth, 𝜌𝑤 is the density of the water, 𝑝 is the pressure, 𝑔 is
gravity, 𝑢 is the local velocity, 𝐴 is area, 𝑖𝐸 is the loss of energy, 𝑄 is the flow rate, 𝑥 is the coordinate of the flow
(supposed mono directional) and 𝑧 is a vertical coordinate, defined in the opposite direction from the application of 
the vector 𝑔. 
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Fig. 4. General scheme of a MSCD: wings could be made by concrete or gabion, the nets, located downstream from the wall, is made by two 
layer of nets; the ring net for the structural function of transferring the force of the debris to the ropes and the anchoring, the double torsion net 
ensures a thin filter for the lower part of the sieve curve of the material. 

The main goal of the project was to apply Eq. (1) on a new apparatus called Mini Skirt Check Dam. A general 
hydraulic scheme can be found in Fig. 4. The apparatus is composed of wings that are designed according to the 
hydraulic criteria used for weirs and a ring net (diameter 35 cm) with an optional double torsion net (Morstabilini et 
al., 2018). The advantage of the net is to block boulders and logs and at the same time to reduce the quantity of concrete 
needed for the wings. This reduction of material, if compared to a regular weir, allows for an easier installation 
procedure, so less time and cost. The presence of the concrete, that could be substituted by gabions, is necessary to 
force the accumulation of the material before the apparatus. The lower part of the net is void, this means that the net 
is uplifted from the ground, so that a certain amount of flow discharge is being left free to flow. The design of a 
parameter (with reference to Fig. 4) is a function of the regular flow rate of the channel, the maximum space available 
before the MSCD and the threshold of the return period in which the MSCD should be active. 

3. Experiments on weirs

The simplification of this system was fully explained in Morstabilini et al. (2018) and resulted in a final design 
equation expressed in Eq. (2): 

𝛥𝑧 + ℎ𝑚 𝑐𝑜𝑠 𝛼 + 𝛼3
𝑈𝑚

2

2𝑔
= ℎ𝑓 𝑐𝑜𝑠 𝛽𝑓 + 𝛼3

𝑈𝑓
2

2𝑔
+

(𝑈𝑚−𝑈𝑜′)2

2𝑔
(2) 

where: 𝛼3 is a hydraulic coefficient that should be calibrated on the characteristics of the flow, 𝑈𝑖 are velocities in
each section and the other variables are expressed in Fig. 5. The coefficient is defined below and the quantity indicated 
with the capital letter is the average on the section volume and the lowercase letter is the punctual quantity: 

𝛼3 =
∫ 𝑐𝑢𝑑𝑦

ℎ
ℎ

𝐶𝑈ℎ
(3) 

light tubular 
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Fig. 5. Hydraulic scheme of a weir. 

The application of Eq. (2) on weirs give the possibility of writing a design procedure focused on the 𝜟𝒛 parameter 
(see Fig. 5), the weir considered for the application is reported in Fig. 5. The hypothesis of the method is that inside 
the weir the condition of Fr=1 is reached and that the weir is completely impermeable, so no filtration motion is 
allowed. This procedure could be extremely effective in defining the capacity of the weir to temporary block the 
flowing material, as a function of the Froude number and was fully explained in Morstabilini et al. (2018). In the case 
of a normal weir, Eq. (2) is applied between sections m and f and needs to define two different 𝜶𝟑 coefficients because
the local velocity 𝑼𝒊 is different in the two sections. The design parameter is represented by the R number, which is
the ratio between B and Bf (see Fig. 5). In this case the design equation is: 

𝛥𝑧

ℎ𝑚
=  𝑅2/3𝐹𝑟𝑚

1/3
𝑐𝑜𝑠 𝛽𝑓 +

𝐹𝑟𝑚
2

2
 [(

𝑅

𝐹𝑟𝑚
2 )

𝑖

𝑖

2
𝛼3𝑓 − 𝛼3𝑚] − 𝑐𝑜𝑠 𝛼 +

𝐹𝑟𝑚
2

2
[1 −

2

3
(𝐹𝑟𝑚𝑅)−2/3]

𝑖

𝑖

2
(4) 

Eq. (4) was calibrated by a series of on scale experiments, conducted in the CUDAM laboratory of the Università 
degli Studi di Trento (Armanini et al., 2017). These experiments were conducted on a steady flow channel 0.3 m width 
for several categories of R parameters. Eq. (4) was simplified to be no-dimensional, as to have a reasonable comparison 
between the on-scale results and the real parameters on a full scale. In Fig. 6 and 7 the calibration for R=6.3 in two 
experiment settings is reported. In Fig. 6 the theoretical curve is compared to simulated debris flow with different d50 
of the material. In Fig. 7 the theoretical curve is calibrated with different types of mixture by variating the 
concentration of the solid particles. Both the approaches of calibration show that there is a good correspondence 
between data and curve; moreover, it seems that the approach is independent to the sieve curve of the material. 

Fig. 6. Calibration of Eq. (4) for different sieve curve, as a function of d50 of the material and the flow depth.

h/d50=7-10 

h/d50=10-13 

h/d50=13-16 
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Fig. 7. Calibration of Eq. (4) for different concentrations of the mixture. 

4. Experiments on MSCD

The application of Eq. (2) on MSCD required defining a new coefficient related to the occlusion of the mesh, Cf. 
This is a dimensionless coefficient that accounts for the degree of occlusion of the net, in case of total occlusion (safer 
hypothesis) Cf =1, otherwise Cf >1. In this case, the application of Eq. (2) could be expressed as: 

𝛥𝑧

ℎ𝑚
=  

𝑎𝐶𝑐𝑣𝐶𝑓

ℎ𝑚
𝑐𝑜𝑠 𝛽𝑓 − 𝑐𝑜𝑠 𝛼 +

𝐹𝑟𝑚
2

2
 [𝑅2 (

ℎ𝑚

𝑎𝐶𝑐𝑣𝐶𝑐𝑜𝐶𝑓
)

𝑖

𝑖

2
− 𝛼3𝑚] +

𝐹𝑟𝑚
2

2
(

𝛥𝑧
ℎ𝑚

⁄

1+𝛥𝑧
ℎ𝑚

⁄
)

𝑖

𝑖

2
(5) 

Where 𝐶𝑐𝑖 are coefficients related to the reduction of the horizontal and vertical flow depth, normally considered
constant and equal to 0.61. Eq. (5) was calibrated with a series of on scale experiments conducted in the CUDAM 
laboratory of the Università degli Studi di Trento (Armanini et al., 2017). These experiments were conducted on a 
steady flow channel 0.3 m width for several categories of R and hm/a parameters. 

Fig. 8. Hydraulic scheme of a MSCD. 

c=0.1-0.2 

c=0.2-0.3
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Fig. 9. Calibration of  Eq. (5) for R=6.3, Cco = 1, Ccv = 0,61 and Cf = 1,1, different types of hm/a curves were investigated. 

Fig. 10. Calibration of  Eq. (5) for R=6.3, Cco = 1, Ccv = 0,61 and Cf = 1,4, different types of hm/a curves were investigated. 

Fig. 9 shows the calibrating result for R=6.3 and for several values of hm/a parameters. In Fig. 9 this calibration 
involved a complete occluded mesh, with Cf=1.1. On the other hand, Fig. 10 represent the calibration for a partially 
occluded mesh, with Cf=1.4. The data shows a good correspondence between Eq. (5) and the on-scale experiments. 

It seems that this correspondence is better for Cf=1.1, which suggests that the design equation is more effective 
with a completely occluded mesh. This fact is related to the issue that, the partial occlusion of the mesh does not block 
all the material on the net but leaves some part of this material flowing through it. This suggests that another equation 
set should be studied in order to have a specific shape of the net for a filtering use and to lower the pressure of impact 
on anchoring. 

The calibrating process was successfully done and showed that, if Eq. (5) is applied for the design, Cf should be 
considered equal to 1 for safety. 
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5. Conclusions and future development

A new approach for the characterization of the hydraulic apparatus has been defined by this research. This project 
investigated a new apparatus and its performances in diluting the discharge of a debris flow. Data used for the 
calibration of Eq. (3) suggests a no-correlation to the sieve curve of the material, which should be investigated by later 
experiments. Data used for the calibration of Eq. (5) suggests the need of investigating the filtering properties of the 
net to apply a more realistic coefficient that will express these properties and will be useful in reducing the pressure 
on the net. 

The whole research investigated the innovative hydraulic design criteria for MSCD. The full-scale design of this 
apparatus requires further investigation of the impact pressure on a partially open obstacle. In addition, the filtering 
properties of the net should be correlated to the potential reduction of the pressure, as to have a more realistic design 
procedure for anchoring. 

Acknowledgements 

    This research was possible thanks to a collaboration between Maccaferri Innovation Center and the Hydraulic 
department of the Università degli Studi di Trento, in the person of Prof. Aronne Armanini, as part of a research 
project to study innovative apparatus for the control of debris-flow phenomenon.  

References 

Armanini, A., Fraccarollo L., and Larcher M., 2005, Debris Flow: Encyclopedia of Hydrological Sciences, v. 4(12), p. 2173-2186. 
Takahashi, T., 1991, Debris Flow: International Association for Hydraulic Research.  
Takahashi, T., 1978, Mechanical characteristics of debris flow: Journal of the Hydraulics Division v. 104, no. HY8, p. 1153–1169.  
Morstabilini, C., and Deana, M. L., 2018, Debris Flow: a new design approach: Geomechanics and Geodynamics of Rock Masses. European Rock 

Mechanics Symposium, v. 2.  
Morstabilini, C., Ferraiolo, F., and Armanini, A., 2018, Mini Skirt Check Dam: an innovative apparatus against debris flow: IAHR, doi: 

10.3850/978-981-11-2731-1_251-cd. 

1011



_________ 

* Corresponding author e-mail address: marina.pirulli@polito.it

7th International Conference on Debris-Flow Hazards Mitigation 

Numerical study of debris flows in presence of obstacles and 
retaining structures: A case study in the Italian Alps 

Marina Pirullia*, Mario Manasseroa,b, Carmine Terriotib, Alessandro Leonardia, Giulia La 
Portaa

aPolitecnico di Torino, Corso Duca degli Abruzzi 24, Torino 10129, Italy 
bGeotechnical Engineering, Corso Duca degli Abruzzi 42, Torino 10129, Italy 

Abstract 

Debris flows are one of the most frequent mass movement processes and occur in all regions with steep relief and at least occasional 
rainfall. Their high flow velocity, impact forces, and long runout, combined with poor temporal predictability, cause debris flows 
to be one of the most hazardous landslide types. An essential aspect of debris-flow risk management is the design of mitigation 
measures, which reduce the existing risk to an accepted level of residual risk, by reducing the potential damage that the moving 
mass can produce in terms of loss of human life and destruction of structures and infrastructures. Among these mitigation measures, 
transverse retention structures are used to delimit storage basins and prevent dangerous debris flows from reaching high-
consequence areas. Due to the enormous impact forces that debris flows can exert on obstacles in their path, a reasonable planning 
requires that dynamic stresses are taken into account during the structural designing process, regardless of the complete (solid body 
barrier) or partial (open barrier) retention function that the type of selected structure can exert on the flowing mass. Since the village 
of Cancia, close to Cortina d’Ampezzo (Italian Dolomites), is hit by destructive debris flows for a long time, a storage basin 
delimited by natural and gabion barriers was built in 2000. In 2009 a severe event caused the partial collapse of the gabions and 
the overflow of the flowing mass. The present paper analyses through numerical modelling the dynamics of the flow and the 
influence of an abandoned building, existing inside the storage basin, on the occurred event. 

Keywords: Debris flow; Retention barriers; Numerical modelling; Risk mitigation 

1. Introduction

Debris flows are fast-flowing mass movements composed of a mixture of water, mud and debris, discharging
through steep and confined channels (Iverson, 1997). This natural process represents a widespread threat to villages 
and infrastructures in mountain areas. Therefore, countermeasures have to be adopted by the local governments to 
mitigate the risk related to these phenomena. 

In order to protect elements at risk and to reduce expected losses, different passive (e.g. land-use management, 
hazard delimitation) as well as active (e.g. structural measurement, protection forest) mitigation strategies are available 
(Holub and Fuchs, 2008). In particular active structural measures, such as retention basins, check dams and 
channelization are established in the management of mountain hazards. But, knowledge of debris-flow dynamics, 
impact forces and loads is needed to design these engineered structures strong enough to withstand the forces of the 
impacting mass. 

A contribution to this knowledge can to a certain extent be obtained through numerical modelling (e.g., Iverson and 
Denlinger 2001; Pitman and Le 2005; Pudasaini et al. 2005; Pirulli 2005), if measures and observations for the model 
validation and calibration are available. Data from real events would allow one to completely bypass any possible 
scale effects affecting laboratory-scale results, but available data are usually limited. 
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In the present paper, the numerical code RASH3D (Pirulli, 2005) has been used to back-analyse the debris-flow 
event that affected the village of Cancia (Italian Dolomites) in July 2009. 

Since destructive debris flows have long impacted this area, a storage basin delimited by a compacted soil 
embankment surrounded by gabions was built in 2000 as temporary mitigation structure. This barrier was partially 
destroyed by the July 18th, 2009 event. The collapse allowed the flowing mass to impact a house located downstream 
of the retention structure, where two people died. 

Numerical modelling carried out with RASH3D was aimed to investigate the dynamics of the flow and the influence 
on the event on an abandoned building located inside the storage basin. 

2. Study area

The investigated area is the sector of the Boite river valley that is located at the foot of the Antelao Mountain, 
where the Cancia hamlet is (Fig. 1a). This hamlet is part of the Borca di Cadore municipality, which is located a few 
kilometers from Cortina d’Ampezzo (North-Eastern Italian Alps). 

Fig. 1. (a) The Cancia study area (modified after Boreggio 2014); (b) the low deposition area where the partially destroyed storage basin is 
located. The red circle indicates the house impacted by the July 18th 2009 debris flow (image modified after Boreggio, 2014). 

From a geological and structural point of view, the Antelao mountain range is between two important south-verging 
thrust faults: the Antelao line to the North and the Pieve di Cadore line to the South. The segmentation of the regional 
structure is further enhanced by movements along the faults and some existing paleotectonic fractures with NW-SE 
and NNW-SSW orientation. Cataclastic processes due to the above dislocations have originated the thick debris layer 
that characterizes the area (Turconi and Tuberga, 2010). 

From a geomorphological point of view, the western side of the Antelao mountains presents an extremely irregular 
profile, because of the existing geological structure but also due to the intense modifications that occurred during the 
Würm glaciation. The retreat of glaciers made numerous mountainsides unstable and prone to collapse (Turconi and 
Tuberga, 2010). 

Over the last few decades, the Antelao slope overhanging the Cancia hamlet has been object of periodic and intense 
instability phenomena in the form of debris flows. 

The source area of these events extends from 1005 m a.s.l. at the terminus to 3264 m a.s.l. (Antelao Mountain), 
comprising a drainage area of about 1.8 km2. Its main channel, namely Ravina di Cancia, has a length of about 2400m 
with a mean slope of about 20°. It originates at the feet of the Salvella Fork (2500 m a.s.l.) and ends at 1005m a.s.l in 
a storage basin (low deposition area), which was built in 2000 to protect the Cancia village. At the confluence with 
the Bus del Diau torrent (1335 m a.s.l.), the Ravina di Cancia pattern intersects a flat area (high deposition area) that 
was specifically built to divert and slow down flow events (Manassero et al., 2018). 

The debris flow occurred on July 18th, 2009 was triggered by heavy but not exceptional rainfall; nevertheless, it 
was the most catastrophic of the historically occurred events, causing the loss of two human lives. The event, which 

1013



Pirulli / 7th International Conference on Debris-Flow Hazards Mitigation  (2019) 

triggered from the upper part of the Ravina di Cancia channel and the Bus del Diau (Fig. 1a), mobilized about 30.000 
m3 of material. This volume estimation is based on on-site surveys and comparison between pre- and post- event digital 
topography data and is defined as a function of the material eroded and deposited from the high deposition area up to 
the low deposition area and the Cancia hamlet (Fig. 1a). 

During its propagation, it impacted and caused the partial collapse of some gabion barriers located upstream 
(1013m a.s.l.) and at the end (1001m a.s.l.) of the above mentioned storage basin (Fig. 1b). The partial collapse of the 
1001m a.s.l. gabions allowed the mass to continue its running downstream and impact against a house located along 
its main flow trajectory, where two people were killed by the flowing mass (Fig. 1b). 

The flowing mass entered the impacted house through windows and doors facing upstream and splashed up to the 
ceiling of the rooms. Immediately after, the mass fell through the floor into the downstairs garage and then exited the 
house from openings and pointed downstream. 

After the event it was observed that gabions were not joined together, thus preventing the structure to act as a 
monolithic mass against the flow. Furthermore, a large quantity of fine size aggregates filled the inner part of the 
gabions, thus preventing the water to flow through the wall and not minimizing the build-up of pressure behind. The 
collapsed gabions were found emptied by confirming the washing away of fines by the moving mass.   

3. RASH3D model

The back analysis of the aforementioned event was carried out using the RASH3D numerical code (Pirulli, 2005; 
Pirulli et al., 2007). RASH3D is based on a single-phase continuum mechanics approach and on depth-averaged St. 
Venant equations. This implies that both the depth and length of analysed flowing masses are assumed large, if 
compared to the characteristic dimension of the particles involved in the movement. The real moving mixture of the 
solid and fluid phases can therefore be replaced with a homogeneous continuum, whose rheological properties are 
intended to approximate the bulk behaviour of the real mixture, and the motion can be described using a model that 
consists of the balances of mass and momentum (Pirulli and Marco, 2010). Furthermore, assuming that the vertical 
structure of the flow (i.e depth) is much smaller than its characteristic length allows one to integrate the balance 
equations in depth and to obtain the so-called depth-averaged continuum flow model (Savage and Hutter, 1989): 
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where 𝑣𝑥̅̅ ̅ , 𝑣𝑦̅̅ ̅ denote the depth-averaged flow velocities in the x and y directions (z is normal to the topography), h is
the fluid depth, τzx, τzy the shear resistance stress (transverse shear stresses τxy are neglected), 𝑥𝑥̅̅ ̅̅ ̅ ,𝑦𝑦̅̅ ̅̅ ̅ the depth-
averaged normal stress and gx, gy the projection of the gravity vector. 

Different rheologies exist to describe the basal shear that develops at the interface between the flowing material 
and the rough surface and are implemented in RASH3D. As far as the Voellmy rheology is concerned, Rickenmann 
and Koch (1997) and Revellino et al. (2004) showed that this model, originally developed for snow avalanches 
(Voellmy, 1955), offers a good simulation of velocities for debris flows and debris avalanches. According to these 
authors and our experience, the Voellmy rheology was selected for the numerical back analysis of the July 18th event. 

The Voellmy model combines a frictional term, which includes the friction coefficient μ (= tan , where  is the 
friction angle) and a turbulent term, which includes the turbulence coefficient ξ:  
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4. Dynamic analysis of the July 18th debris flow

The analysis of the July 18th debris flow is here presented. An attempt was made to investigate the influence of an 
abandoned building (Mi.No.Ter. in Fig.1b), located inside the storage basin, on the flow trajectory and dynamics. A 
set of numerical analyses in presence and absence of the Mi.No.Ter. building have been then carried out.  

Both a Digital Surface Model (DSM) and a Digital Terrain Model (DTM) generated from LiDAR, with a 1m grid 
spacing of the pre-event topography, were provided by the Ministry for the Environment and Protection of the 
Territory and the Sea. The starting position of the 30,000 m3 mass was the confluence of Ravina di Cancia with Bus 
del Diau torrent at 1335m a.s.l (Fig. 2). The Voellmy resistance model shown in Eq. (2) was used. The two Voellmy 
parameters were systematically adjusted until simulations approximately reproduced the observed distribution of 
deposits in the storage basin.  

Fig. 2. RASH3D numerical simulation: starting position of the released mass on the topography. 

The model provided a good match of the general extent and distribution of the storage basin deposit using a friction 
coefficient () equal to 0.1 and a turbulence coefficient () equal to 300 m/s2. A comparison between numerical 
simulations with the above calibrated parameters (Fig. 3b) and survey data collection (Fig. 3a) shows that the model 
reasonably simulates the event in terms of distribution of the final deposit. 
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Fig. 3. Comparison between deposit depth as obtained processing pre- and post-event available digital topographic data (a) and RASH3D 
numerical results (b). 

Regarding the flow velocity (Fig. 4), it is observed that the flow reaches high velocity (>10 m/s) along the channel 
and in the upper part of the retention basin. The velocity decreases downstream of the gabion barrier to 5-6m/s. 

Fig. 4 RASH3D numerical results: maximum computed flow velocity. 

To highlight the role of the Mi.No.Ter building (Fig.1b) on flow dynamics, we modeled the flow with (Fig. 5a) and 
without (Fig. 5b) the building in the sediment basin. The results show that without the Mi.No.Ter. building, the flow 
would still have overflowed the storage basin (Fig. 5b, Scenario B). Nevertheless, a smaller quantity of material would 
have escaped from the storage basin and affected the downstream area. In particular, a lower height flow would have 
impacted the house below the debris basin where two people died. Based on the height of the windows, a lower flow 
height would have reduced the amount of flow into the house (highlighted with red squares in the legend of Fig. 5a 
and 5b). In particular, numerical results indicate a decrease of the flow thickness from a maximum value of 2 m (Fig. 
5a, Scenario A in the presence of Mi.No.Ter.) to a maximum value of 1.4 m (Fig. 5b, Scenario B in the absence of 
Mi.No.Ter.). Results are justified by the fact that with the building, a larger quantity of material overflow the gabion 
barrier. While, without the house, the storage capacity of the basin increases and a minor quantity of material overflow 
the gabion barrier. 
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Fig. 5. RASH3D numerical simulation: deposit depth distribution with (a) and without (b) the Mi.No.Ter. building. Red arrow indicate the position 
of the mainly impacted house during the July 18th event. 

5. Conclusions

The design of countermeasures and the hazard zoning in debris-flow prone basins need an estimation of the debris-
flow magnitude and require the understanding of the flow dynamic characteristics. With this in mind, the continuum 
mechanics based numerical code RASH3D was used to investigate the role of a storage basin, built to protect the village 
of Cancia from regularly occurring debris flows, and of an abandoned building, located inside the above storage basin, 
on the dynamics and trajectory of the event here occurred on July 18th 2009. First, the calibration of the model 
parameters was made on the basis of the deposit shape and depth distribution surveyed on site. Simulations in presence 
and absence of the abandoned building were carried out and results compared. We found that removal of the building 
would not have prevented the mass from exiting the storage basin. But, without the abandoned building, the impact 
depth of the flowing mass would have decreased from about 2 m to 1.4 m. This would have reduced the flow of 
material into the house. Our results show that the RASH3D model can adequately simulate the complex flow dynamics 
of this event and, therefore, can be used quantify potential debris-flow impacts to infrastructure and inform the design 
of mitigation structures. Specific numerical analyses to investigate the partial collapse of the gabion barrier are 
foreseen in future.  
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Abstract 

The Combe de Lancey stream is a relatively calm tributary of the Isère River flowing through the city of Villard-Bonnot near 
Grenoble (France). In 2005, a long-lasting extreme rainfall event triggered dramatic erosion processes in this 18 km² granitic 
catchment. A volume of 20,000 m3 of sediment and logs deposited in the paper factory located near the fan apex. This paper 
focuses on the definition of a new protection system, namely a debris retention structure made of an excavated basin and an open 
check dam. The design is based on expert knowledge and tested byphysical small scale modelling. The particularity of this case 
study relies on two points: (i) its design scenarios and (ii) the structure capacity to transfer small events. Attention was paid to 
define several 100-year return period events used as “design events” for which the structure must have its best effectiveness. 
Extreme events with higher return periods called “safety check events”, for which the structure must still withstand the event 
without failure but with acceptable marginal damages, were also modeled. The definition of the scenarios is described in the 
paper. Secondly, the debris retention basin should have the capacity to transfer small debris floods without trapping sediment in 
order to prevent downstream incision and heavy maintenance costs. It must however trap nearly totally the sediment and large 
woods that are erratically supplied by the catchment during extreme events. Classical debris retention basins are usually not able 
to achieve such a dual objective. Here, two concepts developed in past works, namely a guiding channel and a hybrid open check 
dam with mechanical – hydraulic control were successfully tested. The paper presents the design and testing procedure of this 
case study exemplifying the next generation of debris retention structures. 

Keywords: debris flood, hazard scenario, open check dam, guiding channel 

1. Introduction

Steep mountain streams erratically experience debris-flows and debris-flood events releasing massive amounts of 
sediment and large woods on fans. The municipality of Villard-Bonnot is partially built on the Ruisseau de la Combe 
de Lancey alluvial fan and aims at removing here a closed paper factory to create new residential areas. Before doing 
so, the French state requested a torrential hazard mitigation plan to protect the whole fan. Past studies demonstrated 
that a debris retention basin was part of the best option (SOGREAH 2010). The best location to build it is at the 
slope break between the upstream gorges and the alluvial fan (Fig. 1). Indeed, massive deposition was observed in 
the last extreme event at this location.

Designing a debris retention basin in a city center deserved a detailed analysis which has been performed using 
expert assessment along with numerical and small scale physical modelling. This case study had two particular 
challenges so far poorly addressed in the literature and worthy of publication: (i) determination of the debris-flood 
multiple scenarios and (ii) solutions to enable sediment transport in normal conditions while trapping all gravels and 
large woods for events overloading the quite low channel capacity. This paper synthetizes these points after a short 
presentation of the catchment and before to briefly describe the structure behavior in physical small scale model 
subjected to various scenarios. All details may be found in the technical report by ARTELIA and IRSTEA (2018). 
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2. Catchment short presentation

The Ruisseau de la Combe de Lancey is a steep stream flowing from a 18 km² catchment in the Belledonne
mountain range, north-east to Grenoble. Its confluence with the Isère River is located on the Villard-Bonnot 
municipality that occupies its alluvial fan. The torrent passes through four geomorphic units along its path (Fig. 1a & 
b). The steep headwaters experience erratic debris-flow activity. Along the 6 km of 12%-steep mid-mountain range, 
the torrent has a very stable, about 4 m wide steep-pool pattern with a wider paleo-bed. A very steep gorge with a 
bedrock and cascade bed connects the mid-range with the alluvial fan. The fan is almost entirely occupied by a huge 
19th century paper factory now closed, the village center, a regional road and the railway to Italy (Fig. 1c). The final 
torrent section is 1.5% steep before its confluence with the Isère River. It is worth being stressed that where the river 
channel crosses a deep ditch dug to drain the Isère floodplain a long time ago (Fig. 1c), the torrent has only the 
capacity to carry 7 m3/s, so that any additional discharge supplied by the catchment is lost in the drainage ditch. 

Fig. 1: a) full longitudinal profile of the Combe de Lancey torrent, split in four sections (i) headwater, debris-flow reaches, (ii) mid-range 12%-
steep section, (iii) 28%-steep final gorges and (iv) alluvial fan; b) zoom on the fan section with location of the debris deposition basin, drainage 
ditch and confluence with the Isère River; c) map of final gorge and alluvial fan areas, location of bottleneck sections with deposition, jamming 
and overflowing issues (©IGN BD Alti 25m and Scan25). 

The granitic geology of the catchment makes primary sediment production quite low; consequently, bedload 
sediment transport is supply-limited under normal conditions. Large sediment supplied to the fan is in any case 
limited by the mid-mountain range 12%-slope, except in the case of landslide in the final gorges which has been 
considered possible but very improbable and consequently not studied further in detail.  

On Aug. 21st and 22nd, 2005, a long lasting extreme rainfall event hit the Belledonne mountain range (IRMA 
2006). Most torrents with sources located close to the summits experienced flood events with high intensity lasting at 
least 24 h, triggering massive geomorphic adjustments and debris releases on fans. The Combe de Lancey 
experienced debris flows in the headwaters and debris floods further downstream. Bridge clogging and bed widening 
in the mid-range occurred and 20,000 m3 of gravels deposited under and around the paper factory at the slope break 
between fan and gorges. Water peak discharges were not extreme (Q~22 m3/s, return period ~ 30 yrs, SOGREAH 
2010) but the high flows lasted about 24 h, much longer than under usual thunderstorm conditions. The multivariate 
nature of this event, i.e., peak flows, duration, sediment transport, large wood recruitment or resulting damages, 
makes a direct estimation of a return period difficult but it can certainly be considered as exceptional. If considering 
simply damages, the historical records let us think that the return period of such events is closer to centuries than to 
decades. Not all details could be provided here for the sake of conciseness. The paper rather aims at conceptually 
explaining the coupled historical – geomorphic – physical appraisal used to fine-tune the structure to the torrent.  

c) 
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Large wood jam 
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bridge 

Overflowing in the 
drainage ditch
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Torrent axis 

Bridge & culverts 

Drainage ditch 
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3. Design scenarios for debris-flood events

3.1. Event status in design scenarios 

Debris retention basins fundamentally aim at partially changing the sediment cascade processes but should 
optimally (i) only influence events likely to create hazardous problems, (ii) fully cope with a certain range and 
variability of events and (iii) not aggravate hazards when overloaded beyond their capacities. Several event 
magnitudes were consequently studied. (Fig. 2 and Table 1): 
 As mentioned above, the torrent has the capacity to convey down to the Isère River only discharges up to 7 m3/s,

i.e., about the annual peak flows. Trapping the bedload transport occurring below those conditions would
increase cleanout costs for the structure, trigger sediment starvation downstream and should therefore be
prevented with a suitable design. Several short runs on the physical small scale model with low sediment supply
were tested to verify this point and are hereafter referred to as “routine events”.

 The structure should be able to cope with a similar event than the one experienced in 2005, which is assumed to
have a return period of damages of about 100 years, these damage being mostly related to the volume of sediment
transport. Assuming that sediment transport is mostly related to the hydrograph (see below for a discussion on
this point), one must consider that a 1:100 years return period event could also have other features, e.g., a shorter
duration but higher peak discharge. Two events with exceedance probability of about 1:100 years were tested and
are hereafter referred to as “project design events”. Under these various harsh conditions, the structure must fully
protect the area, i.e., with a certain safety factor taken as a 1 m-high freeboard on the flow level.

 A protection structure should not fail and aggravate the hazards even under a certain range of events with
magnitudes higher than these project design events or more rare events with extraordinary features, e.g., massive
armor breaking in the stable step-pool systems or cascading hazards of landslide and strong thunderstorm
triggering an abnormally sediment-laden flood. Such events were tested as “safety check events” to control the
structure robustness and reliability. For these events, a null freeboard is considered acceptable but full structure
failures are not. They aim at understanding possible failure modes and at raising stakeholder awareness that
structures protect up to a certain limit.

Table 1: Synthesis of event scenarios 
Name Event 

status  
Sediment main source Return 

period 
[yr] 

Peak 
discharge 

[m3/s] 

Event* 
duration 

[h] 

Solid 
volume 

[m3] 

Structure objective for this 
event 

Small events Routine 
events 

Armored torrent bed <<10 3-7 3-7 <<1,000 Sediment transport transfer 
downstream, no trapping 

Type 2005 Project 
event 

Debris flows in the 
headwaters 

~100 22 30 20,000 Maximum effectiveness with 
1m freeboard and without large 

woods releases to the 
downstream channel 

Long 
thunderstorm 

Project 
event 

Debris flows in the 
headwaters 

~100 35 18 20,000 

Armor breaking Safety 
check  

Large scale armor 
breaking 

>100 35 18 20,000 Observation of potential failure 
modes for safety check: the 

structure should not aggravate 
the hazards but may be 

overloaded and not able to cope 
with such events. Freeboard 

may be null 

Short & Hyper-
concentrated 

Safety 
check 

Landslides or massive 
bank erosion in the 
catchment inter range 

>100 22 14 20,000 

Volume 
overloading 

Safety 
check 

Larges debris flows in the 
headwaters 

>>100 35 36 40,000 

Debris flows Extreme Landslide in the steep 
gorges just above the fan 

>>100 ? ? ?  Considered too unlikely to be 
studied. 

* Event duration: full hydrograph duration, assumed to be four times longer than the rainfall and two times longer than the flood high stages as
displayed in Fig. 2. 

3.2. Computation of event hydrographs 

The first step was to reconstruct the 2005 event. Analyzing historical data, crisis management reports, ex-post 
technical reports and rainfall data, a hydrograph has been proposed to model the event with the following features: 
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peak discharge Qp=22 m3/s, high flow stage duration, i.e., with Q>Qp/2, t=10 h, a full duration of 36 h and a water
volume of 760,000 m3.  

The other ~ 1:100 years flood event was considered to have a hydrograph with maximum value Qp=35 m3/s
(SOGREAH 2010), a high flow stage shorter duration t1=5 h, a full duration of 18 h and a volume of 560,000 m3 of
water as a response to a 5 h rainfall event. 

To the best of authors’ knowledge, recommendations based on the determination of discharges – durations, of 
given exceedance probability, in the context of debris flood-prone ungauged mountain streams – have never been 
tried or tested. To estimate longer hydrologic events of similar exceedance probabilities, a straightforward technique 
has been used: assuming that peak discharges are proportional to the rainfall intensities - the so-called “rational 
method” in discharge estimation - one can express peak discharges as a power equation on time: 

𝑄𝑝(𝑇, 𝑡) =
𝐶(𝑇).𝐴.𝐼(𝑇,𝑡)

3.6
=

𝐶(𝑇).𝐴.𝑎𝑇.𝑡1−𝑏𝑇

3.6
 ⇔ 

𝑄𝑝(𝑇,𝑡1)

𝑄𝑝(𝑇,𝑡2)
= (

𝑡1

𝑡2
)

1−𝑏𝑇
(1) 

with event time return T [years]; peak discharge Qp [m3/s]; runoff coefficient C [-]; rainfall intensity I [mm/h],
catchment area A [km²], rainfall intensity-duration coefficients aT [mm/h] and bT [-], and rainfall durations t, t1 and 
t2 [h]. Fig. 2 displays the peak discharge reduction against rainfall duration using bT=0.37, mean value of the 
frequency-intensity-duration curves measured at the rain gauges located on or near the Belledonne massif (Allevard, 
Fond de France, Saint Martin d’Hères, according to Djerboua 2011). The longer project design event, corresponding 
to the 2005 disaster, falls in the ±20% uncertainty range around this 1:100 year exceedance probability domain (Fig. 
2, light blue area). The same method has been used to estimate other exceedance probability domains based on 
discharge knowledge for 1:10 years and extrapolating using daily rainfall extreme values and discharge-rainfall 
relationships according to Carré and Fretti (2010) for 1:1,000 years. 

Fig. 2: Theoretical peak discharge – flood high stage duration for both routine, project and safety check events; exceedance probabilities of event 
magnitudes are based on rainfall intensity and peak discharge – rainfall relationships; sediment yields are computed with a bedload transport 
formula. 

3.3. Computation of sediment yield and geomorphic scenarios 

Bedload transport has been computed in a second step according to the “travelling bedload” framework 
specifically suitable for heavily armored bed experiencing colluvial sediment inputs, e.g., debris flows and landslides 
(Piton and Recking 2017). All the fan being urbanized and mostly covered, no alluvial material could be found near 
the structure location to assess the fan apex grain size distribution representative of debris-flood events. 
Measurements were thus realized upstream in the mid-mountain range (D84=332 mm) and downstream on the fan 
distal part close to the Isère confluence (D84=98 mm). Based on evidences of 2005’s disaster pictures, debris-flood 
events were assumed to supply grain sizes finer than the first sample but coarser than the latter. Project design events 
were tested with a mixture of 40% of the coarse gorge sample and 60% of the fine fan one. It has additionally been 
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observed that cobbles of approximately 400 mm of diameter tended to deposit in the fan channel and hardly to be 
transported until the Isère confluence. 

Using this grain sizes with the aforementioned 2005’s hydrograph and the mid-mountain range 12% slope 
resulted in a sediment yield estimation of 58,000 m3, nearly three times the 20,000 m3 observed in 2005. This is 
consistent with the supply-limited state observed in normal condition: only rare triggering of massive debris flows in 
the headwaters can supply the material to generate debris floods. As often done in practice, the slope has been 
artificially lowered to 6.8% in order to model this supply-limitation and obtain the 20,000 m3 transport under the 
reconstructed hydrology. 

Several hypotheses had to be done on hydrology and sediment sizes and availability as described above. 
Scenarios testing the occurrence of events different than expected were used as safety check events (Fig. 2, Table 1): 
 A safety check test was performed using coarser grain sizes corresponding to 60% of the gorge sample and only

40% of the fan sample. This event is assumed to correspond to a large scale armor breaking event. This test
aimed at verifying the structure capacity to cope with the supply of sediment coarser than usual.

 Another possible geomorphic scenario is the occurrence of landslides and mass wasting processes into the torrent
bed and the occurrence of a flood event of moderate magnitude, e.g., exceedance probability 30 years, before that
channel cleaning with earth moving machinery could be performed. Such an event would trigger sediment laden
flows loaded at full transport capacity, i.e., with the geometrical slope of 12%. This test aimed at verifying the
structure capacity to cope with the supply of sediment with a solid concentration much higher than usual.

 Performing hydrology studies of ungauged high mountain catchments is highly uncertain. In addition to the two
project design events which vary mostly in term of hydrograph, another safety check event aimed at testing how
the structure respond to both a long (38 h) and intense event (Qp=35 m3/s) supplying 40,000 m3 of sediment, thus
strongly overloading the debris basin volume capacity. Its hydrological exceedance probability is assumed to be
about 1:1,000 years (Fig. 2).

3.4. Large wood recruitment 

In addition to sediment and water, extreme debris-flood events recruit large woods, i.e., logs longer than 1 m and 
diameter higher than 0.1 m, on banks and from mass wasting processes. During the 2005 disaster, a cumulated 
volume of 600 m3 of large wood jams was measured in the catchment (ONF-RTM 2005). This value is close to the 
lower envelope of values estimated from empirical formulas (400 m3-3,000 m3) as reviewed in Piton and Recking 
(2016a). Large wood jams in retention basins increase obstruction ratio and trapping performances but are also likely 
to be released aggravating downstream hazards. They should consequently be considered cautiously during the 
design procedure (Bezzola et al. 2004). Based on historical evidences and observations of large wood pieces in the 
final gorges, a total absence of large wood pieces was considered really unlikely. However, in order to prevent an 
overestimation of trapping capacity, a relatively small volume of 100 m3 of large wood pieces were introduced 
during the raising limb of the hydrograph during all events tested in the laboratory. Close attention was paid to 
observe large wood accumulation and abrupt releases by overflowing possibly generating jamming problems further 
downstream (Fig. 1). 

4. Debris retention basin design: basic and optimized

The basin has a diamond shape adjusted to the area available in the current and future urban fabric. It is roughly
100 m wide and long. The design is inspired by the state-of-the-art reviewed by Piton and Recking (2016a, 2016b) 
and by Schwindt et al. (2017, 2018) for the adaptations to enable sediment transport continuity during routine events 
while fully trapping sediment transport for larger events. 
 The basin bottom slope has been chosen at precisely 1.5%, i.e., value of the bottleneck downstream reach, from

the drainage ditch to the Isère River (Fig. 1). In essence, the structure should be able to transfer precisely the
amount of sediment that the most constrained part of the whole downstream torrent system is able to export. This
bottleneck reach has a hydraulic capacity of 7 m3/s. A guiding of channel of precisely the same capacity was dug
in the basin to enable the continuity: the slope is not sufficient to transfer the sediment load if flows spread in the
basin, flows must also be laterally constrained to keep their transport capacity (Piton et al. 2018a).

 Designing an open check dam able to transfer all sediment transport for routine events and trapping nearly all
higher sediment supplies was an unresolved challenge until recently. The recent works by Schwindt et al. (2017)
and Roth et al. (2018) provided clear recommendations to do so with so-called “hybrid” open check dams. Such
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structures have a bottom outlet that takes advantage of (i) a orifice hydraulic functioning to rapidly increase head 
losses and trapping capacity when discharges overpass the guiding channel capacity, along with (ii) a preceding 
grill with bottom clearance that prevent self-flushing during flow recession. The grill bottom clearance was 0.4 m 
high, the space between bars was 0.2 m and the bottom orifice was 4 m wide and 0.5 m high in the first option, 
adjusted to 0.8 m after preliminary tests (Fig. 3). 

a)

b)
Fig. 3: a) Basic and b) optimized versions of the open check dam: upstream and left side views at prototype scale and pictures of the 1:40 scaled 
physical model. Blue arrows display the flow direction. The bottom slot was equipped with an inclined grill according to the hybrid mechanical-
hydraulic controlled described by Schwindt et al. (2017); optimization consisted in increasing the bottom slot height of 0.3 m, lowering the 
spillway level by 0.5 m and adding a rack on the spillway to retain large woods in the basin 

Above this outlet dedicated to the routine event management, eleven vertical slits were added to enable flows 
from routine events up to project design events to pass through the dam. They were 1.0 m high, adjusted to 0.35 m in 
a second round and 0.4 m wide. The slits’ width was narrow enough to rely on their clogging by the cobbles of the 
same size observed in the channel. Additionally empirical evidences from other catchments let us think that mixtures 
of large wood pieces and even finer gravels will very likely lead to the clogging of the whole dam for heavy solid 
supply.  

Finally a typical 6 m-wide trapezoidal spillway was added at a height of 2.35 m above the river bed, decreased to 
1.85 m after optimization. This crest feature should prevent structure by-passing and guide extreme event flows or 
design event flows when outlets’ clogging occurs. After a few tests, the following observation made clear some 
slight optimization needs as illustrated by difference between Fig. 3a & b: 
 The 4 m-wide, 0.5 m-high bottom slot and inclined grill triggered a head loss a bit higher than expected likely to

trap sediment for discharge in the range 4-7 m3/s. The bottom slot height was consequently increased to 0.8 m.
 The structure was able to trap all of the project design events’ sediment supplies; some room even remained in

the basin distal part due to the quite steep deposits (see later). Lowering the water level would enable the deposit
front to prograde faster in the basin and optimize its filling. The spillway level strongly controlling the water
level, the structure crest had consequently been lowered by 0.5 m, thus lowering too the vertical slit height.

 Large wood accumulated against the open check dam, clogged the bottom slot and some slits, thus increased head
losses and water levels. No abrupt and massive release of large woods was observed for discharges up to 28 m3/s,
while nearly full large wood overtopping was observed for discharge approaching 34 m3/s. A rack dedicated to
retain large woods in the basin was added on the spillway crest to prevent it.

5. Short description of structure behavior on the physical small scale under various event scenarios

The optimization proved to have satisfactory results: (i) flows up to 7 m3/s were only marginally influenced by
the basin and new dam and (ii) large woods were mostly retained upstream of the rack, only a few pieces passed in 
uncongested transport. The prevention of wood release maintained however higher head losses and the basin filling 
did not significantly change between the basic and the optimized designs. Safety check events were then tested to 
check failure modes and structure functioning robustness. 
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In addition to those empirical observations, classic measurements methods were used on the small scale model: 
photogrammetric analysis and surface velocity measurements by image analysis (Piton et al. 2018b). All events 
followed similar geomorphic trajectories although with various celerity and slight random variations. In essence: 
some bedload transport occurred in the guiding channel, however most of the supplies massively deposited near the 
basin inlet as soon as water discharge overpassed the 7 m3/s threshold. A small fan-like pattern grew and 
progressively prograded in the basin, the active channels wandered, split and merged on the depositional form. Since 
basin bottom slope was low and head losses rapidly grew, most of the basin was flooded and deposition actually 
occurred under a delta shape rather than a pure alluvial fan shape. The delta eventually reached the open check dam 
and large wood accumulation only occurred near the end of the events. The basin thus trapped all of the sediment 
supply, except for the volume overloading event. During this particular event, the bedload transport continuity was 
recovered near half of the run and 13,000 m3

 out of the 40,000 m3
 supplied were transferred in the channel 

downstream. The basin was thus capable to store 27,000 m3 at most, i.e., with null freeboard. 
Maximum deposit elevations were measured to design the lateral embankments (Fig. 4). The project design event 

deposits plus the 1 m freeboard, as well as the safety check events (volume overloading and hyperconcentrated) with 
null freeboard, were measured above the ground level on a length of about 50 m from the basin inlet. Embankments 
suitably protected from erosion are required in this section. Conversely the simple excavation of the current ground 
is sufficient to contain the flows and depositions further downstream. Depositions slopes are relatively constant 
between events, around 5-6%, except for the hyperconcentrated and armor breaking events, which naturally resulted 
in steeper deposits with slopes around 7-8%. 

Fig. 4: Longitudinal synthetic profiles of ground level, i.e., current terrain in the area, basin bottom level, i.e., excavation to be performed to dig 
the basin, and deposit maximum elevations for the various scenarios: either project design events (PDE) or safety check events (SCE). Both 
project design events have very similar deposit maxima despite their different dynamics; both the hyperconcentrated and the volume overloading 
safety check events were necessary to determine the deposit maxima for extreme events enabling to check the embankment length. 

6. Discussion and conclusion

Debris retention basins are complex structures whose filling and responses to the natural variety of processes have
been seldom directly observed (Piton et al. 2018a). The deposition process complexity (Piton and Recking 2016a) 
and interactions between structures and large woods (Piton and Recking 2016b) are consequently not fully 
understood. To the best of the authors’ knowledge, numerical models are not yet considered to be fully reliable tools 
to model debris-flood events, i.e., gravel, water and large wood mixtures flowing on slope of 5-15%. Small scale 
physical modelling was and is still a powerful tool to perform comprehensive analysis of such processes. But 
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performing each run is costly in labor force and time, typical case-studies can consequently afford only a handful of 
runs. Ensuring the necessary representativeness of those runs and not missing a likely surprising behavior resulting 
in the structure failure is thus of utmost importance. Testing the great variability of torrential flows observed in 
Nature by clearly highlighting the hydrologic and geomorphic scenarios likely to occur is thus a key preliminary 
study of any expensive small-scale physical model campaign. 

Based on a recent case study of the Ruisseau de la Combe de Lancey in France, this paper shortly describes how 
the authors chose to deal with historical, geomorphic and physical data and methods to fine tune a debris retention 
basin. Three types of events were modeled: 
 Routine events enabled to test and optimize the design so that small magnitude events, not threatening the village,

could be transferred with marginal trapping to prevent maintenance effort and environmental degradation.
 Project design events, of various peak discharges and durations but globally having a ~ 1:100 years return period,

enabled to verify the structure capacity to cope with such events with a reasonable freeboard.
 Safety check events, less probable though without specified exceedance probability due to the lack of data,

enabled to test a greater variability of hydrological and geomorphic events and to make sure that no failure mode
would appear for those magnitudes that remain possible although quite rare.

We hope that this example of applied research will help practitioners in other case studies or researchers in 
connecting scientific challenges in hydrology, sediment transport and extreme value theory with the challenges 
posed by the application data-scarce context. 
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Abstract 

Our limited understanding of the mechanisms pertaining to the force exerted by debris flows on barriers makes it difficult to 
ascertain whether a design is inadequate, adequate, or over-designed. The main scientific challenge is because flow-type landslides 
impacting a rigid barrier is rarely captured in the field, and no systematic, physical experimental data is available to reveal the 
impact mechanisms. An important consideration in flow-structure interaction is that the impact dynamics can differ radically 
depending on the composition of the flow. Currently, no framework exists that can characterize the impact behavior for a wide 
range of flow compositions. This review paper examines recent works on debris-flow structure interactions and the limitations of 
commonly used approaches to estimate the impact load for the design of barriers. Key challenges faced in this area and outlook for 
further research are discussed. 

Keywords: Debris flows, barriers, impact mechanisms, flow compositions,  

1. Background

The Association of Geohazard Professionals (AGHP) is an industry association that was created in 2013 to support
the development of standards, specifications, and best practices for the design and implementation of geohazard-
related technologies and products; and to provide education to the geohazard community. The AGHP Debris Flow and 
Steep Creek Hazards Mitigation Committee (Committee) was formed in 2017 and currently includes members from 
North America, Asia, and Europe. The first committee workshop was held on June 3, 2018 in Canmore Alberta, 
Canada and included a discussion of the wide range of design guidelines that are available. The Committee recognized 
that design practices for debris-flow mitigation structures vary between different world regions, and some aspects of 
practice are not well described in the existing guidelines. This paper is a collective effort by AGHP members and 
focuses specifically on current understanding of debris-flow impact mechanism against barriers. 

Steep creek flows made of mixtures of soil, rock and water, surge downslope at high velocities. These flows include 
floods, hyper-concentrated flows, debris flows, and rock avalanches (Hungr et al., 2014). To mitigate these hazardous 
flows, rigid barriers (e.g., Takahashi, 2014) and flexible barriers (e.g., DeNatale et al., 1999; Wendeler, 2008; Bugnion 
et al., 2012) are commonly installed in the predicted flow paths. Correspondingly, a reliable estimate of impact load 
is required to design these barriers. However, current design approaches for estimating impact loads relies heavily on 
empiricism and do not explicitly consider the composition of the flow, including the particle size and the ratio of solids 
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to fluids. Such approaches make it difficult to ascertain whether a barrier design is robust, inadequate, or over-
designed.  

Our present knowledge in this area is deficient for three main reasons. First, debris flows impacting structures are 
rarely captured in the field. Second, debris flows are scale-dependent phenomena (Iverson, 1997; Zhou and Ng, 2010). 
More specifically, small-scale physical experiments (e.g., Canelli et al., 2012; Scheidl et al., 2013) cannot holistically 
model the absolute stress state in a granular assembly, the timescale for pore pressure dissipation, and the degree of 
viscous shearing observed in prototype flows (Iverson, 2015). To capture the granular and fluid stresses in real flows 
more holistically, centrifuge model tests (Bowman et al., 2010) or large-scale physical experiments are necessary 
(Iverson, 2015). Third, depending on flow composition, specifically the ratio of solids to fluids (Iverson, 1997; Iverson 
and George, 2014) and particle size (Faug, 2015; Song, 2016; Song et al., 2017a and 2017b), the impact dynamics of 
debris flows can vary drastically. A framework that characterizes the impact mechanism of debris flows by considering 
a wide range of flow compositions—solid-fluid interaction and particle size effects—is necessary to make reliable 
estimations of the impact load. 

2. Impact Models

Current opportunities for advancing our understanding of the impact mechanism of debris flows are reflected in
international guidelines (VanDine, 1996; MLR, 2006; NILIM, 2007; Kwan, 2012). An estimate of impact force exerted 
by debris flows, assuming continuum-like behavior, is based on force equilibrium in hydrostatic models and 
momentum conservation in hydrodynamic models. Another type of loading that needs to be considered is discrete 
loading, which is created by short duration impulses from large particles (Ng et al., 2018). Existing approaches for 
estimating loading are discussed below. 

2.1. Continuum loading 

Continuum-based approaches adopt empirical coefficients to account for various uncertainties, including unknown 
impact mechanisms and flow composition. For example, the momentum-based equation for estimating impact (Hungr 
et al., 1984; Kwan, 2012; Volkwein et al., 2014) is given as follows: 

𝐹 = 𝛼𝜌𝑣2ℎ𝑤 (1)

where 𝛼 is the empirical pressure coefficient, 𝜌 is the bulk density, 𝑣 is the impact velocity, ℎ is the flow thickness 
and 𝑤 is the channel width. Clearly, flow composition is not explicitly considered in equation 1, and 𝛼 accounts for 
the complexity of variables involved in natural geological material and natural settings. To highlight the empiricism 
of equation 1, a literature review shows that 𝛼  values are not consistent (Table 1). For example, 𝛼  of 3.5 is 
recommended for less viscous flows and 1.0 to 5.3 for more viscous flows (Scotton and Deganutti, 1997). Thurber 
Consultants Ltd. (1984) recommended 𝛼 value of 3 to 5 for flow compositions in Austria and Switzerland.  Kwan 
(2012) recommended 𝛼 values from 2.0 to 2.5, depending on the type of structural countermeasure. Sovilla et al. 
(2016) demonstrates that the dimensions of the structure also fundamentally influence the impact pressure. Clearly, a 
scientifically based approach is urgently required to characterize the impact behavior for a wide range of debris flows. 

Table 1. Summary of hydrodynamic models for estimating debris flow impact on a rigid barrier 

Pressure coefficient (α) Reference 

α = 1.0 VanDine (1996) 
α = 3.0 to 5.0 Zhang (1993) 
α = 1.0 for circular structure 
α = 1.3 for rectangular structure 
α = 1.5 for square structure 

MLR (2004) 

α = 2.5 to 3.0 Lo (2000), Kwan (2012) 
α = 2.0 Vagnon and Segalini (2016) 
α = 1.5 to 5.5 Canelli et al., (2012) 
α = 2.0 to 4.0 Hübl and Holzinger (2003) 
α = 1.0 NILIM (2007) 
α = 1.0 SWCB (2005) 
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Ancey and Bain (2015), Faug (2015), Ashwood and Hungr (2016), and Song (2016) all suggest that to more 
appropriately characterize impact, both static and dynamic loading must be explicitly considered as follows: 

𝐹 = 0.5𝑘𝜌𝑔(𝛽ℎ)2𝑤 + 𝛼′𝜌𝑣2ℎ𝑤 (2)

where 𝛼′ is the coefficient for dynamic effect only, 𝑘 is the coefficient for static effect only, and 𝛽 is the ratio between
the height of the static deposit and flow thickness before impact. Song et al. (2017b) further characterized the pressure 
coefficient to represent both dynamic and static loading with clearer physical meaning as portrayed by the following 
relationship: 

𝛼 =
𝜅′𝛽2

2

1

𝐹𝑟
2

+ 𝛼′ (3)

where 𝐹𝑟 is the Froude number (𝑣 √𝑔ℎ⁄ ). The 𝐹𝑟 is characterised by the ratio of inertial to gravitational forces of flow-
type landslides in an open channel flow (Hübl et al., 2009; Choi et al., 2015a). 

2.2. Discrete loading 

Discrete loading is generated from large particles entrained in debris flows. These particles exert a concentrated 
impulse that can destroy structures in the flow path. To capture discrete loads exerted by these large particles, the 
Hertz equation is often used in design guidelines (Lo, 2000; NILIM, 2007; Swiss Federal Road Authority, 2008). The 
impact force calculated based on the Hertz contact theory (Johnson, 1985) assumes an elastic impact scenario which 
is given as follows: 

𝐹 =
4𝐸

3
𝑅

1
2(𝑥)

3
5 (4)

where 𝐸 is the effective modulus of elasticity, which is given as 1 𝐸⁄ = (1 − 𝜈1
2) 𝐸1⁄ + (1 − 𝜈2

2) 𝐸2⁄   (subscripts 1
and 2 denote parameters relating to the barrier and boulder, respectively) and 𝜈  is the Poisson’s ratio. 𝑅  is the 
equivalent radius, which is given as 1 𝑅⁄ = 1 𝑅1⁄ + 1 𝑅2⁄ , (𝑅1, 𝑅2 are the radius of curvature of contacting bodies)
and x is the deformation, which is given as follows: 

𝑥 =
15𝑚𝑣2

16𝐸𝑅
1
2

(5)

where, m is the mass of boulder and 𝑣 is the impact velocity. 
Kwan (2012) introduced a modified version of Eqn. 4 for design to estimate the impact force between a granite 

boulder and a reinforced concrete rigid barrier. The equation is given as follows: 

𝐹 = 𝐾𝑐4000𝑣1.2𝑅2 (6)

where, 𝐾𝑐 is a load-reduction factor, 𝑣 is the velocity of the boulder and 𝑅 is the radius of the boulder.

A fully elastic solution is generally believed to be over conservative (Hungr et al., 1984; Lo, 2000; Sun et al., 2005). 
Therefore, a load-reduction factor 𝐾𝑐 was introduced. This factor is empirical and recommended values vary in the
literature (Table 2). Equation 6 is for a single boulder and an equation that can capture the mechanics of a cluster of 
boulders impacting a surface simultaneously remains a crucial scientific challenge that needs to be addressed. 

Table 2. Summary of Hertz equations for estimating boulder impact load on rigid barrier 

Load reduction factor Kc Reference 
𝐾𝑐 = 0.1 Lo (2000) 
𝐾𝑐 < 0.1 NILIM (2007) 
0.2 < 𝐾𝑐 < 0.5 SWCB (2005) 
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3. Impact Mechanisms

Equation 2 is convenient for engineering design, but fails to explicitly capture the key mechanisms of impact
observed in physical experiments. These key mechanisms include the accumulation of static deposits called ‘dead 
zones’ (Chanut et al., 2010; Faug et al., 2009, 2011, 2012 and 2015; Choi et al., 2017), the pile-up of highly frictional 
flows (Koo et al., 2016) or the vertical-jet-like behavior of viscous flows (Choi et al., 2015a). Physical experiments 
have demonstrated that the impact mechanism strongly influences the impact load, and consequently the load 
distribution along a structure (Song et al., 2017a). As such, more details pertaining to impact mechanisms in two most 
extreme types of geophysical flows: dry granular flow and water flow are discussed below. 

3.1. Pileup and vertical-jet mechanisms 

To illustrate how the impact mechanism is governed by flow composition, let us consider two of the most extreme 
types of geophysical flows, specifically dry granular flow and water, impacting a rigid barrier. A dry granular flow is 
highly frictional with air as the interstitial fluid, which has a low viscosity and plays a relatively insignificant role in 
regulating the flow dynamics. Instead, frictional and inertial grain stresses dominate. Choi et al., (2015a) demonstrated 
that when a dry granular flow composed of Leighton Buzzard (LB) fraction C sand with uniform grain diameters of 
about 0.6 mm, impacts a rigid barrier, a pileup mechanism develops (Fig. 1a).  

(a)              (b) 
Fig. 1 (a) Observed pileup impact mechanism for supercritical dry sand impacting an orthogonal barrier (b) Observed vertical-jet 
mechanism for supercritical water flow impacting a vertical barrier installed along a channel inclined at 5⁰ (redrawn from Choi et 
al., 2015a) 

This mechanism exhibits a rapid attenuation of flow kinetic energy from the high degree of enduring frictional 
contacts between grains and their boundaries. Furthermore, a granular material with angular grains, such as sand, 
exhibits a high degree of bulk compressibility, assuming fragmentation does not occur. This feature is controlled by 
the changes in void ratio from elastic shear distortions of angular grain contacts (Iverson, 2015). High compressibility 
leads to bulk deformation during impact through shearing between grains, which is a very effective dissipater of flow 
kinetic energy compared to viscous shearing contributed by the interstitial fluid (Choi et al., 2015b). The properties of 
dry sand therefore inherently limit accretion along the free surface upon impacting a barrier. Instead, bulk deformation, 
for 𝐹𝑟 within the transitional range (Faug, 2015), leads to the development of a granular bore that propagates or piles-
up along the upstream direction in the channel.  

Compared to dry granular flow, water exhibits a vertical-jet mechanism upon impact if the initial 𝐹𝑟 conditions are
supercritical (Armanini, 1997; Choi et al., 2015a). This impact mechanism is characterized by the redirection of flow 
vertically along the barrier (Fig. 1b). A vertical-jet mechanism develops because the inertia of the flow is significantly 
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larger than the restoring gravitational field, which is responsible for ‘pulling’ the flow towards the channel. The 
obvious transfer of flow momentum in the vertical direction for water, compared to dry sand, is because less flow 
kinetic energy is lost during the impact process. The energy loss is only limited to viscous shearing of the fluid and 
shearing along its boundaries (Choi et al., 2015b). The effects of viscous shearing in the dissipation of flow kinetic 
energy is less significant compared to enduring frictional-grain stresses in dry sand. Furthermore, water, has a 
relatively low bulk compressibility compared to that of dry sand. This lower bulk compressibility promotes run-up 
upon impact in the only unconfined boundary within a channel, and that is the free surface. By contrast, dry granular 
flow can compress along the slope-parallel direction during impact and can also pileup towards the free surface of the 
channel. 

Aside from the flow composition, the dynamics of channelized flow, specifically the 𝐹𝑟 before impact also strongly
influences the resulting impact mechanism (c.f., equation 3). Physical model tests have already demonstrated that 
water in supercritical flows exhibit a vertical-jet mechanism. By contrast, water in subcritical flow exhibits a reflective-
wave mechanism upon impacting a rigid barrier. This mechanism can be characterized by limited transfer of 
momentum along the vertical direction or free-surface of the channel, the flow impacts the barriers and is allowed to 
reflect back upstream. Any disturbance to the flow in the channel, such as the barrier, will transfer energy as a wave. 
The flow inertia for subcritical flows is less than the restoring gravitational field. Therefore, a reflective-wave 
mechanism is exhibited for subcritical flows. For granular flows, the 𝐹𝑟 of the flow before impact strongly influences
whether gravitational or inertial effects are dominant (Faug, 2015; Sovilla et al., 2016). 

4. Flow composition effects on dynamic response

4.1. Solid-fluid interaction 

The complex flow dynamics of debris flows are governed by the interaction between the solid and the fluid phases. 
Solid-fluid interactions control the changes in the pore fluid pressure, which in turn regulates the Coulomb friction 
within and at the boundaries of a landslide (McArdell et al., 2007; Iverson and George, 2014; George and Iverson, 
2014). The degree of interaction between the solid and fluid phases in the flow can be represented by the solid fraction, 
or the proportion of solids to fluids by volume (Cui et al., 2015). Flows with a higher solid fraction more readily 
dissipate flow energy by shearing between grains (Choi et al., 2015b).  

Although a great foundation has been established for the structural response of different types of barriers (DeNatale 
et al., 1999; Wendeler et al., 2006; 2007; Kwan et al., 2014), there remains a knowledge gap on how different flow 
types can result in very different impact loads. To remedy this gap in the literature, Ng et al., (2016a; 2016b) and Song 
et al., (2017a; 2017b) carried out a set of centrifuge tests to model the impact mechanisms of debris flows, dry sand 
and viscous flows, with varying flow composition, on rigid and flexible barriers. Depending on the flow composition, 
the impact behavior differed drastically. For dry granular flows, the dissipation of the flow kinetic energy was 
significantly enhanced via stress-dependent friction, unlike viscous flows, which dissipated the flow kinetic energy 
less readily. 

As discussed, a dead zone is useful for attenuating the impact load on an obstacle or barrier, but it can also contribute 
to the overall load acting on a structure. Song et al., (2017b) carried out a series of centrifuge experiments modelling 
the impact of two-phase flows on a rigid barrier. In these experiments, the solid fraction was progressively increased 
from 0 to 0.5. As expected, as the solid fraction increased, particle image velocimetry analysis (White et al., 2003) 
showed large dead zones. The larger the dead zone observed, the higher the resulting peak impact load measured on 
the barrier.  These findings confirmed that the impact process for two-phase flows is as much a dynamic process as it 
is a static process. The higher the solid-fraction in the flow, the more pronounced the dead zones. These deposits in 
turn augment the overall load acting on the orthogonally-configured barrier (Fig. 2a). 

4.2. Influence of particle size 

Another important feature that adds to the complexity of investigating the impact mechanisms of debris flows is 
the effects of particle size. Song (2016), Song et al., (2017b), and Song et al., (2018) demonstrated that as the particle 
size increases, more discrete loads with higher magnitudes are generated. The impact dynamics resulting from large 
glass spheres differ significantly from dry sand or a two-phase mixture, with the same equivalent volume and 𝐹𝑟

conditions before impact. Dry sand exhibits a progressive loading pattern to its static state without an obvious dynamic 
peak or sharp impulses. The two-phase mixture, however, exhibits a continuous loading behavior, which reaches its 
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peak load before softening towards a static state. The two-phase mixture is fluidized and takes a longer time to reach 
a static state because of a lack of shear resistance in the flow. Clearly, a comparison of the different flow types highlight 
the distinct loading pattern exerted by a cluster of large particles compared to dry sand and two-phase flows. 

A comparison of the loading time-histories with existing impact models show that both the dry sand and two-phase 
mixture are bounded by the superposition of both equations 2 and 3. However, the cluster of glass sphere, resembling 
a bouldery flow, generates sharp impulses that exceed the superposition of equations 2 and 3. These results indicate 
that the entrainment of large and hard inclusions in debris flows warrants consideration in the design of structural 
countermeasures, to safeguard against local damage. 

To further investigate the effects of particle size, the performance of the hydrodynamic approach, based on different 
normalized particle sizes was investigated (Song, 2016). The peak loads were compared (Fig. 2b), and results showed 
that continuum-based mechanics (equation 3) fail to capture sharp impulse loads at a normalized particle size of 22 
mm, based on the recommended dynamic coefficient of 2.5 (Kwan, 2012). Although a solution for capturing the 
impulse loads for a cluster of large particles was not provided, test results help to evaluate the current impact models 
for discerning the effects of particle size. A crucial challenge remains to account for impulse loads from a cluster of 
large particles and to distinguish what particle size is generating impulses that cannot be captured using continuum 
mechanics (equation 3). 

Sharp impulses can be attenuated by increasing the contact time between a particle and a surface. Depending on 
overall stiffness of a structure, the effects of particle size can diminish. For instance, flexible barriers were originally 
adopted for capturing rock fall and have been adopted for resisting debris flows in the past decade (Kwan et al., 2014). 
Another approach for attenuating sharp impulses is to install cushioning materials in front of rigid barriers to diminish 
these loads (Ng et al., 2017). 

5. Summary

Examination of the current state of research on the impact mechanisms of debris flows is presented in this paper.
This study highlights the importance of considering the composition of a debris flow to assess the resulting dynamic 
response and impact mechanisms induced on a rigid barrier. Some key aspects from this review paper is summarized 
as follows: 
1) The effects of the particle size are manifested in the inertial grain stresses of the flow during impact. As the

particle size increases, the debris-flow transitions from contact-dominated (continuum) to inertial-dominated
(discrete) grain stresses. The larger the particle size, the higher the magnitude and number of sharp impulses that
are induced on a barrier.

2) The effects of solid-fluid interaction, specifically the ratio of solids to fluids dictates the force exerted on a barrier.

(a) (b) 
Fig. 2 (a) Influence of solid fraction on dynamic response of  rigid barrier (redrawn from Song et al., 2017b)  (b) Effects of particle 
size on dynamic response of rigid barrier (redrawn from Song et al., 2018)
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The higher the solid fraction, the more predominant grain-contact stresses are, thereby inducing higher static loads 
on the barrier during impact.  

3) The flow type governs the mechanism of impact on rigid barriers. Granular flow, which consist of angular grains,
readily dissipate flow kinetic energy through enduring shear contacts between grains and deformation from its
high bulk compressibility. By contrast, inviscid flow does not readily dissipate flow kinetic energy from internal
viscous shearing and viscous shearing along its boundaries. The ratio of inertial to gravitational forces before
impact dictate the impact mechanism. These mechanisms are critical for discerning the design load and
distribution on barriers.
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Abstract 

Fast landslides, such as debris flows, involve high speed downslope motion of rocks, soil and water. Their high flow velocity, high 
degree of runout and potential for impact make them one of the most hazardous gravitational mass flows. While the estimation of 
the pressure generated by the impact of debris flows on civil engineering structures has been widely investigated, the state of the 
knowledge is still insufficient to accurately describe the dynamics and load evolution of the impact process. Both fluid and solid 
forces influence the dynamics of debris flows but existing design approaches for barrier or mitigation structures tend to treat these 
geophysical flows as a single continuum, neglecting the solid fluid-interactions. Hence in the literature, impact models are yet 
largely semi-empirical. This paper presents the first results of experiments using transparent debris flows in a small-scale flume 
aiming at investigating the mechanism of impact on rigid barriers. The use of a transparent debris-flow model allows the movements 
of particles and fluid within the medium to be probed. We examine flows consisting of uniform and well graded particle size 
gradings at two different fluid contents. The evolution of the impact load, bed normal pressure and fluid pore pressure for the 
different flows are measured and analysed in order to gain a quantitative comparison of their behaviour before and after impact. 

Keywords: Debris flows; Barriers; Physical modelling; Transparent soil 

1. Introduction

A debris flow is a rapid surging flow of saturated-debris and soil in a steep channel that may present high impact
load and long runout (Iverson, 1997; Takahashi, 2007; Hungr et al., 2013). A common method to prevent these flows 
from reaching vulnerable areas is by obstructing their channelized paths with barriers, dampening the overall flow 
inertia, trapping most of the transported debris, and, therefore, decreasing their expected runout. These barriers can be 
rigid walls or flexible nets, with a main goal of withstanding the impact forces from the transported debris and 
suspended material. 

Rigid barriers, also called catch dams, are the most common mitigation structure against debris flows, due to the 
minimal technical skills required in their construction and easiness in the supply of building materials for reinforced 
concrete. These barriers sustain the lateral impact forces by self-weight, consisting of a debris-flow breaking structure, 
a retention basin and a pre-structure (Hübl et al., 2009). While the estimation of the pressure generated by the impact 
of debris flows on civil engineering structures has been widely investigated (Moriguci et al., 2009, Armanini et al., 
2011; Bugnion et al., 2011; Hu et al., 2011; Scheidl et al, 2012; Cui et al., 2015; Zhou et al., 2018).), the state of 
knowledge is still insufficient to accurately describe the dynamics and load evolution of the impact process. 

The current paper presents the first results of experiments using transparent analogue debris flows in a small-scale 
flume, aiming at investigating the bulk impact forces on rigid barriers. The experimental variables are the initial 
particle size distribution and fluid content while measuring the impact forces against the obstacle, the basal total- and 
fluid-pressures, flow height, and the cross-sectional flow dynamics at impact observed via Planar Laser Induced 
Fluorescence, PLIF (Sanvitale & Bowman, 2012). Section 2 presents details on the experimental setup and its 
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instrumentation, describing the materials employed and experimental protocol. Section 3 focuses on the direct 
measurements and discusses the impact mechanisms. Finally, Section 4 presents the main conclusions of the current 
work and provides insights into ongoing research. 

2. Methods

2.1. Experimental set up 

The material is stored in a rectangular tank, at the top of the channel. A slice gate, fitted between acrylic seals, 
releases the material by hand pull. The material flows down a rectangular flume 2.57 m long and 0.15 m wide, at an 
adjustable angle (see Fig. 1). Experiments reported in this paper are performed for a flume inclination of 20º. The 
lateral walls are made of borosilicate glass and the flume’s bottom is roughened with 3D-printed PLA plates with a 
hexagonal packing of 3 mm semi-spheres. The roughened bed is instrumented along its base with three pore pressure 
transducers, PPT2, 3 and 4 (PDCR 810 Druck) placed at 175 mm centres along the flume at 30 mm from the centerline 
with PPT2 placed closest to the barrier at 8.5cm distance and PPT3 and PPT4 placed 175mm and 350mm further 
upslope. One load cell (LUX-B-ID Kyowa) with a circular sensing plate of 23mm diameter is mounted flush with the 
flume across from PPT2 (at 30 mm on the other side of the centerline). All basal sensors have 3D printed disk headings, 
equivalent to the roughness of the rest of the base.  

The barrier model is made of a PMMA plate 10 mm thick, 150 mm wide and 190 mm tall (Fig. 1). The plate is 
connected to an aluminum support, connected at one end, on its mid-width, to an axial load cell (U9C, HBM) and 
fixed on its base to a linear bearing (LZMHS12-37T2P1, SKF). The barrier model is fixed to the flume bed at 2.25 m 
from the gate release, and is orientated normal to the flow direction (see inset in Fig. 1). 

Fig. 1. Experimental setup after test. (Inset) Barrier model front view. 

A 0.5 mm thick 532 nm laser light sheet is allowed to pass through the roughened bed and barrier model base, 
illuminating the flowing material at the flume’s mid-width. The illuminated plane is located about in front of the barrier 
lighting the material from the flume’s bottom (Fig. 1). The longitudinal motion is recorded with a Phantom high speed 
camera at a frame rate of 2000 fps. For more details on the PLIF technique please refer to Sanvitale and Bowman 
(2012). 
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2.2. Materials 

In order for the PLIF technique to work under optimum conditions, the fluid and solid should present a match of 
their refractive indices. The current experiments are performed with hydrocarbon oil (Cargille laboratories) dyed with 
a fluorescent powder, and mixed with borosilicate glass beads (Sigmund Lindner GmbH). The fluid has a viscosity 
that is higher than water and a density that is lower, such that particle / fluid consolidation behaviour is equivalent to 
that using quartz particles that are four times smaller in water (Sanvitale & Bowman, 2012). Three particle size 
distributions (PSD) are employed in experiments; two uniform samples with glass beads of 3 mm and 7.5 mm, and a 
well graded sample (coefficient of uniformity CU=6) with mean particle size of 7.5 mm (see Fig. 2). These samples 
are intended to provide an insight on the potential effects of particle size distribution on the impact mechanism. 

Fig. 2. Glass beads samples particle size distribution. 

2.3. Test procedure 

Experiments explore the effects of 28% and 32% fluid content fc, defined as massfluid/masssolid, impacting a rigid 
barrier model. Prior to experiment, the flume is cleaned, avoiding the presence of oil films on the roughened bed and 
lateral walls. For each experiment 10 kg of glass beads are used. Oil is gently poured into the container and mixed 
with the glass beads, paying special attention to the removal of air bubbles inside the mixture. Once the desired amount 
of fluid is added into the container, the laser beam is set-on, the high-speed camera is activated, and the slice gate is 
opened. At release, a triggering shutter connected to the gate activates the sensor recording at a sampling rate of 
36 kHz, for a duration of 9 s. 

3. Results and discussion

Qualitative features of flow impact can be revealed by the analysis of the video images. Figure 3 presents a sequence
of images for each PSD at the fluid content, fc  28% (images for fc 32% are not shown for brevity). Fig. 4 shows the 
runup height at the barrier measured on the video footage for all the tests except the well graded flow with 32% of 
fluid content, for which the movie was not available. The images show different instants during the impact of the 
mixture against the barrier with respect to the time t=0 at which the slice gate was opened. Images on the left column 
show the initial phase of the impact, the middle image is taken when the runup of the material occurs and the image 
on the right shows the final phase of each test. All the tests displayed similar dynamics during the impact, with 
preliminary collisions of dry bouncing particles against the barrier prior the arrival of the flow front. Only in the test 
with 3mm beads and fc 28% could we observe the arrival of a first small frontal surge before the impact of the main 
flow surge. 

The impact of the leading surge led to a runup that exceeded for a few centimeters the height of the barrier for all 
the experiments except for the 3mm mixture at fc 28% (Figure 4). However during runup only a small quantity of 
mixture was able to override the barrier because the vertical wave produced rapidly broke backward, resulting in an 
upstreaming propagating shock wave. The same behavior was observed by Iverson et al. (2016) in large scale flume 
tests using soil and water mixtures.  
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Fig. 3. Illuminated section at centerline of flume during impact (a) 3mm uniform, (b) 7.5mm uniform, (c) well-graded with D50 = 7.5mm, CU = 6 

The velocity of the tests is generally larger at higher fluid content. The front velocity of the tests at fc 28%, estimated 
using the instant at which the flow front arrive at the barrier, is approximately 1.1.m/s , 1.9 m/s and 1.8 m/s ± 0.2 m/s 
for the 3mm, 7.5mm and well graded PSDs, respectively. When the fluid content is 32% the estimated front velocity 
is 1.6m/s, 2.1m/s, 1.9 m/s ± 0.2 m/s for the 3mm, 7.5mm and well graded PSDs, respectively. The estimate of the 
instant in which the flow arrives at the barrier is not an easy task due to the fact that the tests are run in a dark 
environment to avoid any light except that produced by the fluorescent dye excited by the laser being recorded by the 
high speed camera. As the flow front is usually unsaturated, we can only track the position of the flow front from the 
reflected light coming from the reflections of the laser with the surface of the beads. Further work is ongoing to obtain 
the field velocity during impact using particle image velocimetry analyses on the flow images.   

3.1. Basal pressure development 

Figs 5 and 6 shows the responses of the pore pressure transducers using a running filtering window of 300 Hz. The 
PPT responses are dominated by the increase in the height of the fluid-saturated debris behind the barrier (which is 
effectively impermeable) after impact. Therefore, although flows initially pass over PPT4, then PPT3 and then PPT2 
in succession on their descent (resulting in relatively small recorded pressures of the order of 0.2 kPa), PPT2 (closest 
to the barrier) then produces the largest and earliest response to this impact with recorded pressures ranging between 
1 and 2 kPa.  

There is a considerable difference in pore pressure behaviour after impact between flows at fc 28% and 32%, 
particularly for the 3mm flows which, considering the ratio of pore pressure to total stress, appears to be close to 
hydrostatic for fc 28% but above this immediately post impact for fc 32%. For the well graded flows, it is clear that the 
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pore pressures are much greater than hydrostatic upon and post impact at both fluid contents. For the 7.5mm flows, 
the picture is mixed – appearing slightly above hydrostatic for the 28% and considerably above for fc 32%. These 
results point to several things: excess pore pressures do not necessarily generate within uniform flows of spheres, 
except where sufficient fluid is present and sufficient agitation is generated (e.g. during an impact event).  

The 7.5 mm flows generate large forces at impact, higher velocities and greater agitation than the 3mm flows, 
although otherwise it would be expected from consolidation theory the finer material should both generate and 
maintain higher pore pressure. This only occurs for the 3mm flow at fc 32%, showing that the fluid content plays a 
role in developing excess pore pressure which is necessary for enhanced mobility. Conversely, for well-graded flows 
(at least for the chosen grading and same fluid contents) excess pore pressures are both generated and maintained at 
impact. This is likely due to there being both larger particles to agitate the flow upon impact and fines to reduce 
permeability and hence maintain the excess pore pressure for longer. 

Fig. 4. Measured run-up height at the barrier (time t=0 is the time of the flow front arrival) 

3.2. Impact load 

The recorded raw impact signals present high frequency spikes that can be due to random effects depending on the 
resonance frequency of the load cell and on single instantaneous impact of large particles. In order to filter the data we 
followed the procedure proposed by Scheidl et al. (2012), applying a low pass filter with a maximum high frequency 
estimated considering the average maximum front velocity vf and the maximum particle diameter, as follows fi=vf/dmax. 
For the uniform tests with 3 mm and 7.5 mm particles this produced a low pass frequency of 450 Hz and 270 Hz 
respectively. For the well graded material we decided to assume as dmax the value of d90=20mm and obtained a low 
pass frequency of 100 Hz. 

Figures 5 and 6 present the impact load measured during tests after filtering. The influence of the particle size on 
the response of the barrier is clear. The uniform flows with the 7.5 mm particles generate the greatest initial impact 
load, while that of the well graded flow (with d50 of 7.5 mm and d90 of 20 mm) is intermediate to that of the 3 mm and 
7.5 mm for both fluid content series. 

The well graded tests such as those with 7.5 mm show a number of spikes in the impact signal recorded from the 
load cell, representing collisions of large particles against the barrier, however, both the peak force during and after 
the impact reach values similar to those of 3 mm mixtures. This indicates the dampening influence of the fine particles 
within this flow material, considering that it has larger particles than the uniform 7.5 mm flows.  

Comparing the videos with the development of the impact load it is possible to recognize common dynamics for all 
the tests. We observe an initial dynamic impact characterized by the rapid increase of the load due to the front surge 
arrival and the subsequent material runup hitting the barrier. The impact force peak is followed by a quick drop when 
the runup wave breaks backward down, suppressing the action of the incoming flow for a subsequent runup. From this 
point on, the increase of the impact force can be considered as a result of the progressive deposition of the mixture 
behind the material already settled in front of the barrier.  

The peak load due to the initial dynamic impact of the flows appears to be enhanced by the presence of a larger 
quantity of fluid for the 7.5 mm and well graded tests. The 3 mm tests do not show a greater initial impact at larger 
fluid content but instead it is possible to observe a slight increase in the load exerted from the flow after the impact, 

1039



Sanvitale / 7th International Conference on Debris-Flow Hazards Mitigation  (2019) 

probably due to the fact that the more fluidised mixture results in a faster flow and hence most of the particles within 
the mixture are able to travel till the end of the channel, increasing the weight of the material behind the barrier (see 
Fig. 4). 

Fig. 5. Fluid content 28% (Left) Load on barrier (Right) Basal pressures (a) 3mm uniform, (b) 7.5mm uniform, (c) well-graded with D50 = 
7.5mm, CU = 6 

Closer examination shows that the flow at fc 28% for the 3 mm particles behaves similarly to that of the 7.5 mm 
flows with a near constant pressure response after impact, however at fc 32%, it is more similar to that of the well 
graded flows where the impact pressure initially rises then falls then rises again. Coupled with the pore pressure 
response for 3 mm, this suggests that the behaviour of this uniform flow strongly depends on the fluid content. 

Only the 7.5mm tests exhibited a peak load generated by the initial dynamic impact on the barrier that is higher 
than that exerted from the material deposited behind. The reason for that is that such fast mixtures, once they hit the 
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barrier, can produce a high and large runup wave with large particles that, despite their size, can be easily mobilized 
and pushed upward and against the barrier exerting high pressure.  

In contrast, it is clearly visible from the high speed camera video, that for the fc 28% well graded test, most of the 
top part of the runup wave is comprised of fluid as the large particles at the flow front are too heavy to be pushed any 
higher than approximately the middle height of the barrier (Fig. 3). Furthermore, the presence of finer material can 
also have a damping effect on the large particle collisions. The combination of these factors can explain the similar 
value of the impact load between the 3 mm and the well graded tests. 

Fig. 6. Fluid content 32% - (Left) Load on barrier (Right); Basal pressures (a) 3mm uniform, (b) 7.5mm uniform, (c) well-graded with D50 
7.5mm, CU = 6 
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4. Conclusions

The paper presents the results of tests performed using a small-scale flume in which the impact of a transparent 
debris-flow model on rigid barrier is investigated. The roughened base of the channel is instrumented along its base 
with three pore pressure transducers and a load cell for the measure of the total normal stress. The barrier is fixed to 
the flume bed at 2.25 m from the gate release and is orientated normal to the flow direction.  

The evolution of the impact load, bed normal pressure and fluid pore pressure for flows consisting of uniform and 
well graded particle size gradings at two different fluid contents, 28% and 32%, is measured and analyzed before and 
after impact. It has been found that excess of pore pressures do not necessarily generate within uniform flows of 
spheres, except where sufficient fluid is present and sufficient agitation is generated (e.g. during an impact event).  The 
particle size of the material has an effect on impact. The uniform flows with the larger particles generate the greatest 
initial impact load while for the well graded mixture the presence of fine particles within the flow can provide a 
dampening influence. Further work is ongoing to obtain the field velocity during impact using particle image 
velocimetry analysis on the flow images in order to investigate the impact kinematics in detail. 
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