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Debris flow is an important natural hazard in moun-
tain zone because it can threaten human lives with
very little warning. Since laboratory experiments on
debris flows at real scale are difficult to perform, nu-
merical simulations are important in evaluating the
impact of such flows. Among several candidate mod-
els, the smoothed particle hydrodynamics (SPH) is a
particular attractive numerical method for this pur-
pose. SPH is a particle-based numerical hydrody-
namic method originally developed in the astrophys-
ical field before extension to elastic bodies. Several
works have already tested the applicability of SPH to
debris flow, despite there are only few detailed vali-
dations. In this report, thus, we aimed to check the
applicability of SPH to debris flows. Since the accu-
rate treatment of the elastic bodies tends to be com-
putationally expensive, we have developed a massively
parallel SPH code. A comparison between laboratory
experiments and numerical simulations using SPH
showed qualitatively similar features, though there are
differences in quantitive comparisons.
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1. Introduction

Debris flow is an important natural hazard in moun-
tain zone because its destructive features can threaten hu-
man lives. Laboratory experiments of full-scale debris
flows are difficult; therefore, numerical simulations are
important in evaluating their impact. Until now, many re-
searches about debris flow have been performed, but the
problems still remain to be solved (e.g., see [1]). Fun-
damental problem in applying numerical simulation is its
computational scheme. Establishment of governing equa-
tions of debris flow based on solid-liquid mixed phase
flow enables us in applying two-dimensional horizon-
tal special scheme by depth-integrated governing equa-
tion as shallow-water-type flood analyses. This ap-
proach become very successful in practical application
into real hazards, however the following uncertainty re-
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mains: (1) There are no practical three-dimensional ap-
proach of debris flow due to complexity in expressing
free-surface boundary. Although it is technically possible
to do it, huge difference in aspect ratio between horizon-
tal and vertical grid spacing makes it almost impossible
in practical application. (2) By applying depth integrated
governing equations of debris flow deteriorate all com-
plex discussions in developing their governing equations.
To circumvent these issues, it is essential to numerically
solve vertical motion of debris flow.

Euler-Lagrangian approach was performed in or-
der to trace particle velocity in debris flow using
Hydro-debris2D [2]. In their study velocity field of water
flow was calculated using the Marker and Cell Method,
which involves a Subgrid-Scale (SGS) model and the Par-
ticle Source in Cell (PSI-Cell) Method. The study per-
formed good agreement of velocity distribution between
numerical and laboratory experiments. At the same time,
two dimensional constrain of the model disable them in
applying more-realistic debris flow motion. Moreover, in-
teraction between water (expressed using Eulerian equa-
tion) and sediment particles (expressed using Lagrangian
equation) needs lots of empirical coefficients, such as vir-
tual mass.

Recently, a particle-based numerical hydrodynamic
scheme, smoothed particle hydrodynamics (SPH; [3,4]),
has been applied to numerical simulations of debris flow
(e.g., [5,6]). It was originally developed in the astrophys-
ical field and was recently applied to numerical simula-
tions of the natural hazards. Because SPH is Lagrangian
in nature, it offers advantages to systems involving large
deformations and multi-material flows. Debris flows have
these features; therefore, SPH is an attractive approach for
numerical simulations thereof.

In numerical simulations of debris flows, the interac-
tions between solid and liquid can be important. Recently,
Canelas et al. [5, 7] coupled the discrete element method
(DEM) with SPH. They showed that the DEM-SPH suc-
cessfully reproduced the experimental results of debris
flows.

This approach, however, is limited in treating solid ma-
terials as rigid bodies. Thus, the deformation of materials
is neglected. During large-scale debris flows, deformation
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and breakdown of solid materials occur. These effects are
important in predicting the actual damage to human lives.

One possible approach to overcome this problem is
the incorporation of continuum mechanics with SPH. The
elastic (and plastic) behaviors of solid materials in SPH
have already been developed for impacts between celes-
tial bodies [8]. In addition, recently, SPH was applied to
simulations of the impacts of droplets on elastic planes
(e.g., [9]). During the impact phenomenon, solid mate-
rials undergo high bulk compression and shear deforma-
tion. Debris flows are not as destructive as impact phe-
nomena; however, this approach could be a useful way to
perform numerical simulations of debris flows. However,
no detailed comparisons exist for adopting this approach
for debris flows.

One potential problem with this approach is that
is computationally expensive. Unlike the DEM-SPH
method, the approach must solve continuum bodies more
accurately. In numerical simulations of fluids, the time
step per step is determined by the size of the cell or par-
ticle and the speed of sound in the materials. The sound
speeds of rocky materials tend to be much higher than that
of water. Thus, it would be difficult to perform large-scale
simulations.

In order to accelerate the speed of numerical simula-
tions, we deployed the Framework for Developing Par-
ticle Simulator (FDPS, [10,11]) software. FDPS is a
general-purpose software suit used to perform massively
parallel numerical simulations of arbitrary particle-based
methods. Another way to accelerate the calculation speed
is to reduce the sound speed. Monaghan [12] noted that,
as long as the speed of sound is much higher than the
“typical” speed of the fluid, the essential results are un-
changed. However, it is unclear that whether this ap-
proach is applicable to multi-material flows.

There are several research works on debris flow focus-
ing on a depth-integrated shallow-water equation based
model for simulating debris flow fan and characteristics
of grain concentration, etc. (e.g., [13, 14]). We also have
used such a model for simulating mixture grain focusing
on distribution of diameters and velocity in debris flow.
In this survey, we focus first on the application of the
Lagrangian approach using Smoothed Particles Hydrody-
namics to simulate non-steady liquid and solid phase mo-
tion. Since this approach has not been studied yet, we
focus for the first time on comparing the velocity distribu-
tion of grains and water motion all together. We also at-
tempted to simulate a vertical two-dimensional numerical
approach to simulate each grain with a velocity distribu-
tion simulation for all. However, such approach was not
popular yet. Our proposed two-dimensional non-steady
full Lagrangian SPH approach is new, and none of the
past studies actually focus on a practical comparison with
laboratory experiments for detailed flow motion. Full La-
grangian approach consisted by two-distinct particle (sed-
iment and water phase) enables simpler and fundamental
expression for most of the term associated with generat-
ing governing equation for mixture flow, and still generate
vertical two-dimensional and full-three dimensional ap-
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proach by avoiding free-surface boundary issue in Eule-
rian numerical simulation.

Also, in this study, in order to determine the applica-
bility of reduced sound speeds to debris flows, we per-
formed numerical simulations of debris flows by combin-
ing the above approaches. As a benchmark, we compared
the results of the 2D numerical simulations with labora-
tory experiments like [15], but we use one-size particles.
The experimental setup is similar to that in [15]; 20 kg of
debris particles are placed on a slope and then flushed by
water. In the experiments, after the water hit the debris
particles, several debris particles pushed by the water pre-
ceded the water. Then, the water eroded the debris parti-
cles and carried them downstream. The detailed behaviors
of the water and debris particles are recorded by a high-
speed video camera (HSVC), thus, we can compare the
behavior with the results of numerical simulations. Com-
parisons between laboratory experiments and numerical
simulation using fully SPH manner are performed for the
first time.

This report is organized as follows. In Section 2, we
provide brief descriptions of SPH. In Section 3, we de-
scribe the numerical and experimental setup. In Section 4,
we show the results of SPH and comparisons with the ex-
perimental results. In Section 5, we summarize the study.

2. Numerical Method

2.1. Basic Equations

The governing equations to describe the motions of flu-
ids and solid bodies are as follows:

dp

—=—pVV, ... 1
7 pV -V, (1)
v 1

—=-V g, . ... ... 2
a7 o +g, (2)

where ¢, p, ¥, 0, and g are the time, density, velocity,
stress tensors, and the gravity acceleration, set t0 9.8 m/s2.
Note that, in general cases, we must solve the equation of
the energy. However, this is negligible for debris flows.
Thus, we do not solve for the internal energy.

The stress tensor ¢ is important in expressing differ-
ent materials. In the case of solid materials, ¢ can be
expressed as

o=-pE+S, . . ... ... .. ...0

where p is the pressure, E is the identified matrix, and
S is the deviatoric stress tensor arising from the material
strength. The first term describes the reactance of the ma-
terial on the bulk compression (see below) and the latter
term describes that of the shear deformation. The devia-
toric stress tensor S is derived by directly integrating the
derivative of it:

s 1 B ol L

#SR-RS, . . . . ... @
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Table 1. Lists of material parameters used in this paper.

Name || co [m/s] | po [kg/m’] [ po [GPa] |

Water 1400 1000 N/A

Basalt 3116 2750 227
Aluminum || 5277 2700 255

where R is the rotation rate tensor given by:

R:%[vm—(vmﬂ. N ),

The material parameter Uy is the shear modulus, which
describes the strength of the materials under shear stress.
The value depends on the kind of materials. In the case
of Basalt, it is 22.7 GPa. In the case of Aluminum, it is
25.5 GPa (see Section 2.2).

On the other hand, for liquid materials, o can be ex-
pressed as

c=-pE+1, . . .. ... ... ...

where 7 is the deviatoric stress tensor from the viscosity,
given by:

T=2pV
y 1[V®V+(V®V)T} Lwwel, o
> 3 -

where Vj is the kinetic viscosity, set to 107° m?/s for wa-
ter.

2.2. Equation of State

The pressure p is given by the function of the density
(and, in the general case, the energy), referred to as the
equation of states (EoS). Monaghan [12] applied the so-
called Murnaghan EoS for weakly compressible flows in
SPH. In this study, we applied a modified version of the
Murnaghan EoS, vis., Birch-Murnaghan EoS. The sim-
plest form of the Birch-Murnaghan EoS is

7 5
pP\5 (p\?
2p0C0l<po) (%) 1, e e e (8)

where cg is the sound speed and pg is the density, which
depends on the material. The subscription “0” denotes the
value of the variable at the reference state.

Table 1 shows the values of these variables for each
material used in this study, as given by [16]. Note that
these values are not applied to the actual runs in this study;
a numerical trick should be used for these values (for de-
tail, see Section 2.4).

2.3. Equations of SPH

In SPH, fluids are represented as collections of hypo-
thetical particles (SPH particles). The governing equa-
tions are converted into interactions between two parti-
cles. In SPH with multi-material system, each particle
is assigned to one single material. In the following case,
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what we need to solve are the motions of water and de-
bris. If a particle is assigned to water, we set ¢ to Eq. (6)
and otherwise to Eq. (3). Note that there is no need to nu-
merically solve the material mixture, because the motions
of each particle reflect material mixtures. The motions of
particles would result in important behaviors, such as en-
trainment and deposition. This is an advantage of SPH
to other mesh methods. Since many reviews of SPH ex-
ist (e.g., [17]), here we provide only a brief summary of
SPH.

There are two ways to obtain the density of each par-
ticle. In the first, the mass is summed for the particles
surrounding particle 7; in the second, the equation of con-
tinuity is evolved for each particle. Monaghan [12] re-
ported that the latter approach was much more applicable
to systems involving free surfaces. The widely accepted
SPH expressions of divergence, rotation, and dyadic pro-
duction are

V * V,' = — Zm j

= V)« VW(X; —Xishi), . (9)

where m is the mass of SPH particles, W is the so-called
kernel function, the values noted in brackets of the kernel
function are parameters, % is the smoothing length, X is
the position vector, and * is a placeholder operator in * €
{'7 X ®} .

The kernel function must be a compact support func-
tion. Amongst several forms of kernel functions, we em-
ployed the Wendland C6 kernel [18, 19] with the “kernel
support width” H = 2.5. The value of smoothing length
is determined by

1

m,-ﬁ
hi=n(—) , .. ... . ... ...10
n(Pi) {10

where D is the number of spatial dimensions and 7 is a
factor which is typically set to 1.2. Note that kernel func-
tions must be zero outside of Hh. Thus, Hh indicates the
“interacting” radius and particle i regards other particles
within Hh as particles composing a single continuum.
Then, the equation of continuity can be written as:

ZmJ

the mass of the total system is conserved. Similarly, the
equation of the motion can be written as:

o O; (o
a; = ij <_2+_2+Hij>
7 pi P

;[VW( i)+ VW(E - %sh)]

A ¢ 1))

where d is the acceleration, o is the stress tensors, and
g is the gravity acceleration, set to 9.8 m/s?>. SPH is a
Lagrangian method, therefore, we set a kind of particles
first, for example, basalt, water, and aluminum particles.
Even if some materials interfuse, Egs. (11) and (12) are
true (e.g., [20]).

)-VW (% —%shi), . . (11)
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Here, IT is the so-called pair-wise artificial viscosity,
which is necessary to address shocks. Amongst several
forms of I, we used that proposed in [21];

sig

OtAVsz wij
j=9 "2 p; S )
0 (otherwise),
,.j:(’?f_f")'(ff_vf), N ¢ !
|%; — Xi
v?}gzci—ﬁ—q—?ﬁwij, N € )|
i +Pj

where c is the sound speed, given by:

_ . |dr
c= dp...............(17)

The parameter oYY determines the strength of the artifi-
cial viscosity (AV). Throughout this study, we set Y =
1.0. Note that this AV sometimes leads to a nonphysical
shear force. Thus, we introduce the Balsara switch [22].

The size of time step for each step is controlled by the
AV and the acceleration:

2h; h;
At; = min CCFLilsigaCf”Tl .
max;v;; |dil

Both Ccpr and Ct are set to 0.1 throughout this study. The
time-stepping is done by a leap-frog integrator.

Here we note that the most important thing which dis-
tinguish given materials is ¢ given in Egs. (3) and (6).
Other variables and/or functions, such as the kernel func-
tion and V %V do not have essential role to distinguish
different materials. Hence, SPH does not require ad-
hoc terms of the interactions between solid and liquid.
Eq. (12) naturally introduces forces which acts on be-
tween solid and liquid.

. (18)

2.4. Reduction of the Sound Speed and Time Step
Criteria

Recall that the EoS employed in this study is given in
Eq. (8). However, we note that the typical sound speeds of
the materials used in this study are much higher than that
in bulk flows of water. It has been reported that for sound
speeds much higher than that of the bulk speed of flows,
the results are not changed significantly [12]. [12] per-
formed a dam break problem by reducing sound speed
of water (1400 m/s) to ten times of typical velocity of
the bulk flow of water. Thus, in this study, we reduced
the sound speed to the value of ten times the typical bulk
speed. We define the lowest sound speed amongst the ma-
terials as ¢y and the “reduction factor” & as:
v2¢H

e ¢ 1))
€0

E=10x

where H is the typical height of the system. Then, the
sound speeds listed in Table 1 are replaced with & cq. With
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this change, we also reduce the shear modulus. Since the
shear modulus has the dimension of poc3, we multiply &2
by the shear modulus values listed in Table 1. For our
experiment setup, H ~ 2 m and ¢y = 1400 m/s. Thus,
& ~ 0.05 throughout this study.

This technique allows us to perform numerical simula-
tions much faster because we can take the size of time
step much longer than the actual value without losing
any fundamental features of flows. Adopting the reduc-
tion of sound speed, the sound speeds for all materials
in a concerning system become & times smaller than the
actual value. Recall that the size of time step is deter-
mined by the sound speed (see Egs. (15) and (18)). Note
that w;; has a comparable value to AV -V, thus, in the
case of debris flows, w;; is smaller than ¢; +c;. Con-

sequently, v?}g ~ ¢;+c;. Adopting the reduction of the

sound speed, v?ig — év?i-g. Hence, the time step deter-
mined by CFL condition (left side of the terms in the
parenthesis in Eq. (18)) becomes 1/& times larger.

2.5. Code Parallelization

Particle based numerical simulations require much
higher calculation costs than that of mesh simulations, be-
cause we need to search neighbor particles amongst all
particles for each particle, which means that the calcula-
tion costs is O(N?), where N is the number of particles
deployed in a run. In this report, in order to carry out runs
quickly, we employed FDPS [10,11]. FDPS automati-
cally adopts two techniques to perform particle-based nu-
merical simulations quickly. One is the tree method, de-
veloped by [23,24], and another is massively paralleliza-
tion.

The tree method uses octree structure to search neigh-
bor particles. Firstly, make the “root” cell which con-
tains all particles, and then, divide it to eight same-size
sub cells which are called “branch.” Then, recursively di-
vide branches into eight sub cells until the branch contains
greater than N particles. After this procedure finished,
then, we can search neighbor particles by traversing tree
structure (for detail, see [24]). This method can reduce the
calculation costs to Nlogg N. In this report, we set Ny to
16.

Another technique is the massively parallelization us-
ing the Message Passing Interface (MPI). To combine
massively parallelization and the tree method, FDPS uses
“multi-section” method [25] so that each process has
roughly the same number of particles.

3. Experimental and Numerical Setups

In order to understand the characteristics of debris flow
routing mechanisms and deposition behavior, it is neces-
sary to create an experimental physical model of debris
flow. The model comprises three main parts: a rectangu-
lar flume, deposition board, and water intake tank. The
total length of the rectangular flume is 5 m and the debris
is placed 3.5 m from the bottom of the flume. The floor of
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Fig. 1. Illustration of the experimental setups.

the flume is not moving but fixed. The details of the de-
bris loaded in the rectangular flume are shown in Fig. 1.
The gradient of the rectangular flume is 20°. After the
flume and board were set to the prescribed slopes, a con-
stant discharge of water was supplied from the upstream
end of the channel through an electromagnetic valve. The
constant discharge (3 L/s) was supplied for 7 s.

During the water supply period, the HSVC recorded
images of particle routing. The HSVC captured video
footage over short time intervals of 0-9 s. It was placed
near the downstream of the rectangular flume. To record
images of particle routing without effect of roughness
from the side of the experimental physical model, a laser
beam optical device was used. The laser irradiated the de-
bris flow in a location separated by 1 cm from the side of
the experimental physical model, as is shown in Fig. 2.
Moreover, two video cameras were set at different loca-
tions to record the continuous and simultaneous processes
of the debris flow deposition.

Firstly, we set the slope by placing the fixed particles.
These fixed particles give interactions to the other SPH
particles but do not change their positions at all. The den-
sity is set to that of aluminum.

Then we placed debris particles composing 20 kg of
basaltic rocks. The rocks are in a dry condition. The mass
density of the rock is 2.65 g/cm>. We used one debris
size in one experiment: it was 10 mm. In this study, we
performed the numerical simulations using a single debris
size. The numerical resolutions were then determined so
that the radius of one particle became roughly equivalent
to that of the actual debris particles. Thus, one debris par-
ticle consisted of one SPH particle. Then, we flushed wa-
ter from the top of the slope at the discharge rate of 3 L/s.
The angle of the slope was set to 20°.

4. Results

Before showing the results of numerical simulations
which mimicked laboratory experiments, we show the ev-
idence that one debris particle can reproduce necessary
features of rock to the experiment. Consider that two
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Flow

HSVC
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15¢cm

Fig. 2. Test recording on video camera.

debris particles whose diameter are 10 mm collide each
other with the relative speed of 6 m/s. We performed
numerical simulations of this situation by SPH with two
cases; one case is that each debris particles consist of only
one particle and another case is the same but consist of
793 particles. Note that in this case, since the typical ve-
locity is 6 m/s and the sound speed of a debris particle is
3116 m/s, we set & to 10 x 6/3116. Also, to check the
applicability of the reduced sound speed technique, we
carried out a run with 793 particles but with & = 1.

Figure 3 shows the results of this test. We can see
that in the second row, the positions of two particles are
slightly different. In the case of the 793-particles run, two
particles are touching each other, whereas in the case of
the one-particle run they are off. However, we state that
the overall features are the same. The right particle gives
its momentum to the left particle and the left particles is
popped out.

Figure 4 shows the same to the right column of Fig. 3
but without the reduction of sound speed. We can see
somewhat different velocity distributions to the right col-
umn of Fig. 3. However, the essential behavior of two
debris particles is the same. In the following case, the ve-
locity distributions inside of the debris particles are not
important.

Hence, we can conclude that despite one particle, SPH
can roughly deal with a collision of two debris particles.
Thus, following, we use only one SPH particle to one de-
bris particle.

Here we note that the number of SPH particles which
consist of “one” debris particle would eventually change.
Recall the right column of Fig. 3. In the first and third
panel, we can clearly say that two debris particles are sep-
arated enough to distinguish them. We, however, state that
in the second panel we can see that two debris particles
are apparently touching. Consider particles near the con-
tact surface in the debris particle on the right side. Since
these particles interact with particles in the debris particle
on the left side, they act as if the right debris particle and
the left one compose a single continuum, and vice versa.
Thus, it is difficult to say the number of SPH particles
which composes one continuum.

Here we will provide the comparisons of the numerical
results within the early stages of the experiments given
in Section 3 and [15]. Several debris particles from our
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Fig. 3. Snapshots of the collision test. Left column shows
the results of one-particle run, whereas the right column
shows the same but of 793-particle run. The size of each
particle correspond to Hh for each particle. The color bar
indicates the x-directional velocity. The snapshot times are
t=0,25x 1073, and 5.0 x 1073 from top to bottom, re-

spectively.
l 1
0
H-1
H -2
00 |
i -4
-5
-6
-7

Fig. 4. Same as Fig. 3, but without the reduction of sound speed.
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Fig. 5. The binned speed vs. the number of particles is

shown. The both panels show that of the “with-flow” frame.
The bin width is set to 0.1 m/s. Red rectangles indicate the
results of SPH, whereas gray ones indicate those of experi-
ments.

experiments are shown in Fig. 5. Hereafter we focus on
the behavior of the early stages.

We consider two cases: one is the “no-strength” case,
which ignores the shear strength so that only bulk com-
pression works. The second is the “with-strength” case,
which considers both the bulk compression and shear
strength. Firstly, we show the results of the no-strength
case, before considering the with-strength case.

Figures 6 and 7 show snapshots of the “no-flow” and
“with-flow” frames respectively for debris of 10 mm in
size, which mean the debris particles movement just be-
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20cm

20cm

Fig. 6. Snapshots of the “no-flow” frame for the 10-mm de-
bris size. The color of each particle in the upper panel indi-
cates the material. Red, black, and blue particles are debris,
slope, and water, respectively. The color of each particle in
the lower panel indicates the velocity in the x-direction. The
size of each particle is set to the size of SPH particles, viz.,
Hh. The horizontal length of these panels is 1 m and the ver-
tical length of those is 20 cm.

20cm

20cm

Fig. 7. Equivalent to Fig. 6, but showing the “with-flow”
frame for the debris size of 10 mm. The horizontal length of
these panels is 1 m and the vertical length of those is 20 cm.

fore and after water flow, each. The qualitative features
seem similar to the results of the experiment: the wa-
ter flow moves debris particles downstream. According
to [15], in this frame, several debris particles of 10 mm in
size precede the water, while other debris particles float
on the water. However, we observed different qualitative
features. Whilst [15] showed that the measured velocity
of the water is about ~—2 m/s, SPH predicts a much lower
velocity of ~—1 m/s.

Figure 5 shows the quantitative comparison between
SPH and experiments. The experimental measure-
ments are obtained similarly to the manner demonstrated
in [15]’s. By measuring the distances between each pair
of particles, the velocity of each particle can be calcu-
lated. Note that we picked 30 particles randomly from
all particles in the intermediate stage. We then derived
the velocity distributions of the SPH particles around the
end of the slope. We can see that the mean speed of SPH
particles is lower than that of the experimental particles,
especially in the intermediate stage.

We show the results of the “with-strength” model.
Fig. 8 shows the debris particles on the slope. After the
water hits the debris particles, it runs over the debris par-
ticles before eroding them. However, the amount of the
eroded particles is much lower than expected. The eroded
particles move to the bottom of the water. However, in
this simulation, the debris particles stop in the middle of

ER)
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Fig. 8. The top three panels show the time series of the
with-strength case around the debris load. In these panels,
the horizontal length of these panels is 1 m and the vertical
length of those is 20 cm. The last panel shows the deposi-
tion area. In this panel, the horizontal length is 1 m and the
vertical length is 20 cm. The color of each particle indicates
its material.

the slope.

In order to investigate the source of this difference, we
review the results of the experiments done in [15]. Ac-
cording to [15], some of the larger debris particles pre-
cede the water and while others float on it; smaller debris
particles tend to sink. When the water hits the debris par-
ticles, they are first pushed and then popped out. These
particles can be recorded by HSVC as preceding parti-
cles. Meanwhile, the particles carried by the water are
from the eroded particles. When the water runs over the
debris particles, it drags on and erodes the debris parti-
cles. The motions of these eroded particles are controlled
by frictional forces.

Combining this discussion with Fig. 8, we can con-
clude that the SPH provided in this study does not have
sufficient capability to address drag forces acting among
the particles. A much stronger frictional force between
particles must exits. Therefore, the debris particles are
first eroded by the water, but then decelerate by nonphys-
ical friction. This also causes the sticking behavior of the
debris particles deposited in the middle of the slope. One
possible reason for the numerical simulations’ poor de-
scription of the drag force is the poor resolution, partic-
ularly for water particles. Macro-scale turbulence gen-
erated by mutual interactions between surrounding water
and sediments is better illustrated by smaller water par-
ticles compared to the mean diameter of the sediments,
which has not been established in this numerical simu-
lation. Since debris SPH particles and water SPH parti-
cles have equal sizes, a much stronger frictional force may
emerge. Otherwise, the poor description of the shear flow
by SPH has been reported by several works (e.g., [26—
28]). SPH tends to generate large errors in formulating
the pressure gradient and/or the AV, which can cause un-
wanted shear forces.
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5. Summary

In this study, we demonstrated the results of numerical
simulations of debris flows including the effects of solid
mechanics. This was the first attempt to perform a nu-
merical simulation of a debris flow by a fully SPH man-
ner, which could free us from conceptual assumptions for
rigid bodies. The validation problem was established as
similar to the experiments given in Section 3 and reported
in [15]; water was flushed onto debris particles lying in
the middle of a slope. The results roughly depicted of two
types of debris particles, composing those that preceded
the water and those carried by the water. The SPH simu-
lation showed qualitatively similar results, although there
are several differences in quantitive comparison. This dis-
crepancy could arise from two factors; one is the resolu-
tion and the other is the poor capability of SPH in model-
ing shear flow. Lately, several novel SPH flavors and for-
mulations to improve the description of shear flow have
been suggested (e.g., [26,29-31]). In addition, FDPS al-
lowed us to deploy a large number of particles easily.

Recent studies about debris flow by SPH [5, 7] solved
the interactions between fluid and solid phase by us-
ing DEM techniques. They applied the Hertzian con-
tact model to the bulk compression of solid materials and
dash-pot models to mimic friction forces between solid
materials. Despite the success of this technique, the ap-
proach could be limited with applicability only for the less
destructive phenomena. Another approach to solve the in-
teractions to between fluid and solid is to solve the equa-
tions of elastic bodies. Ma and Geni [9] showed the capa-
bility of this approach for modeling the impact of droplets
onto solid materials. While this approach is attractive in
terms of generality, no existing works has focused on de-
bris flow. However, the results given in this study demon-
strate less accurate results for shear-driven debris parti-
cles. Since SPH has less dependence on conceptual as-
sumptions, this mismatch is attributed to numerical errors
in the SPH formulation, or more simply, to numerical res-
olution. We will address the problem in a forthcoming
study.
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