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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.
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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 ¢m : 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:
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where 4 is the flow depth, M is the discharge rate per unit width, £ is the bed entrainment rate, ¢ is the mean cross-
sectional sediment concentration, ¢, is the transported sediment concentration, ¢« is the sediment concentration
deposited in the channel, 8 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 (4 = i + z,, where z, is the bed
elevation), 7o is the shear stress at the bed, and p,, is the density of debris flow. ¢ and ¢ are identical when assuming
a uniform profile of sediment concentration. According to our measurements, ¢+ was 0.60. For 7o, Itoh and Miyamoto
(2002) developed constitutive equations, as follows:
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where p is the density of water, o is the density of the sediment particles (2.64), 6 is the bed slope angle, ¢ is the
internal friction angle of the sediment particles (34.0°), d is the mean diameter of the sediment particles, 4, 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. k;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 £. We used
the equation of Egashira et al. (1988):

an ¢, )

E=utan(@-0,) (10)

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



Hotta et al. / 7th International Conference on Debris-Flow Hazards Mitigation (2019)

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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