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INTRODUCTION

Japan’s topography, characterized by steep mountainous terrain and high rainfall, poses a significant
external hazard to nuclear facilities in the form of debris flows. Conventional debris flow simulations often
employ one-dimensional (1D) modeling along the stream channel, transitioning to two-dimensional (2D)
modeling downstream to account for lateral spreading. However, these simplified models fail to accurately
capture the complex behavior exhibited by real-world debris flows.

Nakase et al. (2024) developed and validated a three-dimensional (3D) slope failure simulation
methodology utilizing the Discrete Element Method (DEM). Previous work extended this approach to
simulate 3D debris flows, focusing specifically on the debris flow event in Atami City that occurred on July
3, 2021. This method simplifies the modeling and simulation of complex debris flows by requiring fewer
parameters with limited ranges of values.

This study involved experiments where sediment was allowed to flow down a slope (Shoda et al.
2024), followed by a reproduction analysis using the proposed method. Figure 1 shows the experimental
setup and an example of the reproduction analysis. The analysis parameters were selected with a view
towards their application in actual damage assessments. Furthermore, the applicability of this method was
evaluated through its application to a real-world debris flow event.
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Figure 1. Experiment and reproduction analysis example
EXPERIMENTAL OVERVIEW
The experimental apparatus is schematically illustrated in Figure 2. This apparatus consisted of a 4.2 m

long, 0.5 m wide, 30° inclined slope with a sediment hopper at its apex. 0.13 m® of slightly dry sediment
was released onto the slope by raising one side of the hopper (as depicted in the accompanying photograph).
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Figure 2. Schematic diagram of the experimental apparatus

3D SLOPE FAILURE SIMULATION METHDOLOGY

Downstream face

Division IX

The collapsing rock mass is modeled using spherical discrete elements. As shown in Figure 3(a), irregular
repulsion at the slope and base is simulated by placing spheres in these locations. Nakase et al. (2015,
2017) demonstrated that using spheres with diameters matching those of the falling rock mass, and spacing

them accordingly, effectively reproduces realistic failure phenomena.

Falling rocks

D: Diameter of the falling rock
R: Radius of the falling rock

(a) Previous model

Falling rocks

R: Radius of the 1alling rock

(b) New model
Figure 3. Analytical model
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The slope and the area in front of the slope are discretized with a grid of spheres spaced at intervals

equal to the sphere diameter. This simplifies boundary condition modeling, particularly when numerical

elevation data are available. The slip surface is smoothed by placing spheres at regular radial intervals,
enabling spontaneous collapse under gravity.

In this study, to represent a high-velocity debris flow, we attempted to use a model, as shown in
Figure 3(b), where spheres are placed at radial intervals to represent a smooth surface even on the slope.

While seismic energy may initiate slope failure during an earthquake, it primarily acts as a trigger.
Gravity energy accounts for nearly 100% of the failure mechanism (Yasuda, 1988; Ishizawa, 2006).
Similarly, rainfall triggers slope failure but does not contribute significantly to the energy driving the
process. Therefore, we simulate debris flows by modeling a group of spheres, representing the collapsed
rock mass, filling the space between the ground surface and the slip surface. These spheres initiate sliding
due to their own weight and subsequently flow downslope under gravity using the discrete element method.

MODELING OF EXPERIMENT

The analytical model for the experiment shown in Figure 2 was created using the following procedure
(Figure 4).

1) Soil Particle Packing: Soil particles were packed into a soil hopper with internal dimensions of 35
cm width, 93 cm length, and 48.9 cm height. These particles are free to move.

2) Soil Hopper Model: A soil hopper model, large enough to completely contain the soil particles
created in step 1, was created using particles of the same size as the soil particles. The height of the soil
hopper was set to 51 cm. To represent the movement of the sliding soil particles, the spacing between the
particles was set to the particle radius to smooth the inner surface of the soil hopper. The movement of these
particles is restricted to represent the rigid body motion of the soil hopper.

3) Integration of Soil Particles and Soil Hopper: The models from steps 1 and 2 were integrated to
create a combined model, tilted approximately 9° from the horizontal plane, to match the experimental
conditions.

3)Integration of Soil
) Soil Particle Packing 2) Soil Hopper Model Particles and Soil Hopper

4) Ramp and Retaining Wall 5) Creation of the Final
Model Creation Analytical Model

Figure 4: Procedure for Creating the Analytical Model
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4) Ramp and Retaining Wall Model Creation: Particles representing the ramp and reaction wall were
created. Particle spacing is an analysis parameter. In Case 1, particles were spaced at intervals equal to the
particle radius. In Cases 2 and 3, particles were spaced at intervals equal to the particle diameter. These
particles were fixed. The particle flow velocity is controlled by the particle spacing. A smaller spacing
leads to a higher velocity. Consequently, Case 1 will have a faster particle flow velocity than Cases 2 and
3.

5) Creation of the Final Analytical Model: A final analytical model was created by integrating all
elements: soil particles, soil hopper, ramp, and reaction wall. Subsequently, the analytical soil hopper was
rotated, simulating the lifting of one side of the soil hopper in the experiment, causing the soil particles to
flow down the slope.

Analysis parameters shown in Table 1 and dimensions of the analytical model shown in Figure 5.

Table 1: Analysis parameters.

Particle radius 0.0Im

Particle density 2040(kg/m?)

Stiffness (Normal and tangential) | 1x10 %(N/m)

Damping coefficients 84.3(Ns/m)

Friction coefficient 0.0:casel, 0.0:case2, 0.577:case3

Rotational friction coefficient 0.0:casel, 0.0:case2, 0.1:case3

Particle spacing of ramp radius:casel, diameter:case2, diameter:case3
¥ Soil Hopper

1344:3cm } 11.5cm
100cm A
420cm
Retaining
212cm Wall
40cm
30°
Y
< 1§
363.7cm

Figure 5. Dimensions of the analytical model
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RESULTS OF REPRODUCTION ANARYSIS FOR THE EXPERIMENT

Figure 6 shows the downslope movement of soil particles at 1, 3 and 5 seconds after the start of soil hopper
rotation for Cases 1 and 2. At 1 second, no significant difference is observed between the two cases.
However, at 3 and 5 seconds, when the downslope movement is complete, Case 1 shows many soil particles
reaching the bottom of the slope and overflowing the retaining wall. In Case 2, soil particles remain on the
slope in a long, thin configuration, failing to fully flow down. In the experiment, the soil particles did not
overflow the retaining wall. Comparing these results to the experimental observations, Case 2 shows better
agreement with the experimental data.

Figure 7 shows the time history of the reaction force on the retaining wall, including experimental
data for comparison. The experimental results lie between case 2 and case 3.

From these analysis, it is suggested that further fitting of the experiment can be achieved by using
the particle spacing of the ramp as the diameter and controlling the friction.
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Figure 6. Comparison of analysis results with experimental results (Flow Conditions).

5



28 International Conference on Structural Mechanics in Reactor Technology
Toronto, Canada, August 10-15, 2025
Division IX

2,100 —Case 2
1,800 “ —Case 3
1,500 — Experiment
1,200
900
600

300

Working load (N)

2 3
Time (s)

Figure 7. Comparison of Analysis and Experimental Results (Reaction Force)

APPLICATION TO REAL-WORLD DAMAGE CASE

In the model experiments, relatively dry materials were used; however, here, I will introduce an attempt to
apply the aforementioned model to actual debris flows saturated with water.

In Japanese river systems, irrigation ponds are often constructed at valley mouths, potentially
mitigating the force of debris flows. However, these ponds are not designed to suppress sediment outflow
like sand control or mountain conservation facilities. Therefore, there’s a risk of breach during major
disasters due to an inability to contain the sediment volume (see Figure 8). Here, we attempted debris flow
analysis using the Case 2 model for an upstream area including a pond damaged during the 2017 Kyushu
Northern Heavy Rainfall event.

Reservoir;
(Itrigation pond) 7

Eroded
embankment of
= reservoir

| Collapsed
1 embankment of
reservoir

Figure 8. Pond with Inflowing Debris Flow

Figure 9 shows the topographical changes caused by the 2017 Kyushu Northern Heavy Rainfall. Red
areas indicate regions where the elevation decreased by more than 2 meters compared to the pre-disaster
state, while blue areas indicate regions where the elevation increased by more than 0.2 meters. In other
words, red areas represent areas of ground erosion, and blue areas represent areas of deposition. The
rectangular area in the figure is defined as the analysis area. Within this area, the red region enclosed by
the orange dashed ellipse is assumed to be the collapse area at the head of the debris flow. Soil particles
with 1m diameter are filled in the gap between the current and original ground surfaces in this area to define
the initial state of the analysis (see Figure 10: Initial state of the analysis).
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Figure 9. Topographical Changes Due to the 2017 Kyushu Northern Heavy Rainfall

The calculation was performed under the same conditions as Cases 1, 2, and 3 in the previous section.
However, since the particle diameter was increased 100 times, the spring constant and viscosity coefficient
were adjusted to maintain similarity. The viscosity coefficient was set to achieve a restitution coefficient of
0.1 in order to represent the repulsion between actual stones. The analysis parameters are listed in Table 2.
Figure 10 shows the parameters used for the analysis.

Table 2: Analysis parameters.

Particle radius 1.0 m

Particle density 2040(kg/m>)

Stiffness (Normal and tangential) | 1x10 ¥(N/m)

Damping coefficients 843(Ns/m)

Friction coefficient 0.0:casel’, 0.0:case2’, 0.577:case3’
Rotational friction coefficient 0.0:casel’, 0.0:case2’, 0.1:case3’
Particle spacing of ramp radius:casel’, diameter:case2’, diameter:case3’

Legend
Relative Height (m)

60m ~ 70m
50m ~ 60m
40m ~ 50m
30m ~ 40m
20m ~ 30m
10m ~ 20m
S5m ~ 10m
2m ~ S5m
~ 2m

Soil Particles

/ Reservoir

Figure 10. Initial state of analysis
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In the actual damage, the debris flow reached the reservoir as shown in Figure 8, overflowing and

breaking the embankment. In contrast, the analysis shown in Figure 11 did not reach the reservoir even in
Case 1, which has the smallest roughness.

bird's-eye view

Reservoir

Reservoir

Reservoir

 eservoir ; T [

i
Figure 11. Analysis Results (50 second later)

CONCLUSION

This study employed the Discrete Element Method (DEM) to analyze the loads on a pond embankment
caused by sediment inflow. The model, calibrated using established boundary conditions, successfully
reproduced key trends observed in experiments related to both sediment flow behavior and the loading on
the embankment.

However, in the reproduction analysis of the actual disaster, not only did the equivalent models
such as case 2’ and case 3°, which showed good agreement with the experimental results, stop well before

the debris flow reached the reservoir, but even case 1’, which slid too much, did not allow the debris flow

to reach the reservoir. Since the experimental flow was composed solely of soil particles, it became clear
that to accurately represent a debris flow influenced by water, it is necessary to adopt a model with a smooth
slope surface as shown in case 1’ and to consider buoyancy and other factors Further investigation will be
conducted from this perspective.
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