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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. 
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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:
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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) 
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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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