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A B S T R A C T

This study investigates the interaction between dry debris flows and a rigid barrier through discrete element
modeling (DEM) of flume tests. The debris materials were modeled as an assembly of loosely packed spherical
particles and the rigid barrier was represented by a layer of fixed particles. The numerical model was validated
by comparing the numerical results with the experimental data reported in the literature, in terms of the debris
flow morphology and evolution of impact forces acting on the rigid barrier. This model was further employed to
examine the influence of barrier slope on the debris-barrier interactions. Based on the numerical results, three
interaction stages were identified, namely the frontal impact, run-up and pile-up. The maximum impact force
measured in this study exhibits a power law dependence on the barrier slope. In addition, during the impact
process, the majority of initial total energy was dissipated by particle-particle and particle-flume interactions,
while only a negligibly small amount of energy was dissipated by particle-barrier interaction. The numerical
results also indicate that long spreading debris flows are very effective in facilitating energy dissipation, di-
minishing the impact force acting on the rigid barrier. These considerations can finally contribute to the design
of effective debris flow barriers.

1. Introduction

Debris flows are rapid solid mass movements in which a mixture of
loose soil, rock, organic matter, air and water are mobilized to flow
downslope. They are also called granular flows because of the granular
nature of the involved solid materials (Law, 2015). Due to the high
mobility and huge entrained solid volume, debris flows can always pose
significant hazards to human lives, infrastructures and lifeline facilities
worldwide, threatening populated areas located even far away from the
slope source region (Legros, 2002; Hürlimann et al., 2006; Liu et al.,
2014; Chen et al., 2015; Gao et al., 2017; Fan et al., 2018). Thus,
protective structures like rigid barriers are widely constructed to miti-
gate such destructive hazards. In these cases, the estimation of the
maximum impact force exerted by debris flows is always a prerequisite
parameter for barrier design.

In engineering practices, several semi-empirical methods have been
used to estimate the maximum impact force of debris flows acting on a
rigid barrier, such as hydrostatic approach, shock wave approach and
hydrodynamic approach. These methods calculate the impact force
based on the peak debris flow velocity and flow thickness, which are
estimated by some widely accepted debris mobility models such as

DAN-W (Hungr, 1995) and 2d-DMM (Kwan and Sun, 2006). Never-
theless, these available methods still have the difficulty in reconciling
theoretical concepts with field and experimental observations and thus
would possibly lead to high discrepancies (Koo et al., 2017). As a result,
none of them have been acknowledged as a universal formula for es-
timating the impact force of debris flow on rigid barriers. This is be-
cause each method was obtained in specific impacting and boundary
conditions with strong assumptions, such that they cannot be general-
ized for wider applications. In addition, these methods fail to consider
the influence of debris-barrier interaction (Koo et al., 2017). Koo et al.
(2017) investigated the debris-barrier interaction using laboratory
flume tests and observed that during impact, the maximum momentum
of a debris flow was 30% lower than the testing results without con-
sidering the debris-barrier interactions. Ng et al. (2017b) investigated
the impacting process of the debris flow on a rigid barrier using geo-
technical centrifuge testing. They concluded that the debris-barrier
interaction can facilitate the dissipation of energy in the flowing solid
mass. Thus, it is worthwhile to highlight the importance of debris-
barrier interactions in barrier design.

The dynamic interaction between debris flow and a rigid barrier are
very complicated because it depends on the kinematics of debris flows
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(e.g. solid mass and velocity), mechanical characteristics of soil, the
stiffness and geometrical characteristics of the barrier (Brighenti et al.,
2013; Jiang and Towhata, 2013; Choi et al., 2015; Jiang et al., 2015;
Song et al., 2016). The dynamic motion of debris flows can always lead
to large deformation, displacement, as well as energy transformation
and dissipation, which in turn change the debris-barrier interactions. In
the literature, the debris-barrier interactions have been addressed by
several laboratory flume tests (Moriguchi et al., 2009; Jiang and
Towhata, 2013; Jiang et al., 2015; Song et al., 2016; Koo et al., 2017).
Brighenti et al. (2013) and Ashwood and Hungr (2016) investigated the
interaction between debris flow and a flexible barrier. Their results
indicate that the deflection of the flexible barrier can prolong the
duration of debris-barrier interaction. Such long interaction duration
can effectively reduce the peak impact force. Moriguchi et al. (2009)
investigated the influence of slope angle on debris-barrier interactions
and concluded that the impact force increases with the slope angle.
Jiang and Towhata (2013) investigated the debris-barrier interaction
through a series of experiments on dry debris flow impacting a rigid
barrier. They found that the impact force consists of debris drag force,
gravitational and frictional forces and passive earth force. Jiang et al.
(2015) investigated the influence of particle characteristics on the im-
pact process of a debris flow. They concluded that the particle char-
acteristics can dramatically influence the impact force by changing the
flow deposition morphology behind the barrier. Song et al. (2016) in-
vestigated the influence of solid fraction of a debris flow on the debris-
barrier interactions. They observed that the solid fraction can sig-
nificantly influence the shape of debris deposition behind the barrier.

The debris-barrier interaction can also be addressed conveniently by
the discrete element method (DEM) (Cundall and Strack, 1979; Gabrieli
and Ceccato, 2016). The DEM has been widely used for numerical
modeling of rock avalanches and debris flows (Calvetti et al., 2000;
Salciarini et al., 2010; Shan and Zhao, 2014; Zhao et al., 2014; Zhao
et al., 2016; Calvetti et al., 2017; Shen et al., 2017; Zhao et al., 2017b;
Zhao et al., 2018). It is an appropriate tool for modeling debris flows
because of the discrete nature of materials involved in these phenomena
(Law, 2015). In addition, the energy evolutions can also be recorded
through DEM simulations, while it is almost impossible to obtain such
information from measurements in experiments (Utili et al., 2015; Zhao
et al., 2017a). Albaba et al. (2015) and Wu et al. (2016) simulated the
process of dry debris flow impacting a rigid wall using the DEM. In their
analyses, the DEM has been found to be an efficient method for quan-
tifying the dynamics of debris flow.

While the main stream DEM models use the circular or spherical
particles, they are not commonly appeared for soil particles or gravels
in debris flow. The use of spherical particles in DEM simulations will
inevitably lead to a soil structure different from that of real natural soils
with a reduced granular internal friction (Zhao et al., 2015; Gao and
Meguid, 2018). However, through careful model calibrations, an as-
sembly of spherical particles with proper mechanical and physical
properties can still be used to simulate the behavior of debris flows
(Plassiard and Donzé, 2010; Law, 2015). Therefore, in the present
study, the spherical particles are considered as a reasonable initial
proxy to study debris-barrier interactions. The objective is to reveal the
detailed mechanism of debris-barrier interactions and quantify the
impact parameters for barrier design.

2. DEM model of flume test

2.1. DEM theory

The open source DEM code ESyS-Particle (Wang and Mora, 2009)
was employed to run all the simulations presented in this paper. In
DEM, the granular materials are modeled as a collection of rigid
spherical particles. The translational and rotational motions of each
single particle are governed by the Newton's second law of motion as,

⎯→⎯
= →F m d

dt
ri i i

2

2 (1)

→
= ⎯→⎯T I d
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2
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where
⎯→⎯
Fi is the resultant force acting on particle i; →ri is the position of

its centroid; mi is the particle mass;
→
Ti is the resultant moment acting on

the particle; ⎯→⎯ωi is the angular velocity and Ii is the moment of inertia.
In DEM, the inter-particle interactions are computed by the cohe-

sionless frictional model (CFM). This model consists of a linear elastic
spring-dashpot model for the normal contacts and a Coulomb-like
contact law for the tangential contacts (see Fig. 1). In order to replicate
the energy dissipated by particle asperities being sheared off and the
plastic deformations of the granular assembly, a linear viscous damping
model (dashpot) is employed in the normal direction to dissipate a
small amount of kinetic energy. The normal contact force (Fn) is cal-
culated as,

= +F k u Fn n n n
d (3)

where un is the overlapping length between two particles in contact; kn
is normal contact stiffness and Fnd is the normal damping force. The
normal contact stiffness is defined as,

= +k E R Rπ ( )/4n A B (4)

where E is the particle Young's modulus; RA and RB are the radii of the
two contacting particles.

The damping force (Fnd) is calculated as,

= +F β m m k ν2 0.5( )n
d

A B n n (5)

where β is the damping coefficient; mA and mB are the mass of the two
contacting particles and vn is the relative velocity between particles in
the normal direction.

The tangential contact force at the current time step (Fsn) is calcu-
lated incrementally as,

= + +−F F F F(Δ Δ )s
n

s
n 1

s
(1)

s
(2) (6)

where Fsn‐1 is the tangential contact force at the previous time step;
ΔFs(1) and ΔFs(2) are the components of incremental tangential contact
force, respectively. Here, ΔFs(1) results from the incremental tangential
displacement (Δus), while ΔFs(2) is related to the rotation of particle
contact plane. A detailed description of the algorithm to compute these
two force components can be found in Wang and Mora (2009).

The magnitude of tangential force is limited by the following
equation,

≤F μ F| | | |s n (7)

where μ is the coefficient of particle friction.

Fig. 1. The DEM contact model between two particles.
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2.2. Model configuration

The numerical model configurations of flume test are set the same as
those employed in the experimental tests by Jiang and Towhata, 2013
(see Fig. 2 (a) and (b)). The flume is 2.93m in length, 0.3m in width
and 0.35m in height. The slope angle (α) of the flume is 40°. The initial
granular deposition has dimensions of L=44 cm, H=15 cm and width
of 30 cm. The spreading distance of debris materials is defined as L2. A
rigid barrier, which is inclined at an angle of θ to the horizontal plane,
is installed at the bottom end of the flume. The flume base and the rigid
barrier are represented by a layer of fixed spherical particles with
constant radii of 0.2 cm. The two lateral side walls are set frictionless as
with the experiments in order to minimize the influence of boundary
effects on the granular dynamics.

The initial debris deposition is composed of an assembly of 6993
randomly distributed poly-dispersed spherical particles. The particle
size distribution (PSD) employed in this study is shown in Fig. 3 with
the particle size ranging from 10mm to 25mm. In numerical simula-
tions, the particles of size smaller than 10mm were ignored because of
their relatively low mass percentage in the initial granular sample (see
Fig. 3). The input parameters of the DEM model are listed in Table 1.

In this study, the particle Young's modulus, Poisson's ratio and
density are set according to the commonly used values in numerical
simulations of granular medium, as listed in Table 1 (Salciarini et al.,
2010; Law, 2015). The damping coefficient is set as 0.05 which was
obtained by trial and error, so that the overall numerical results of

debris dynamics can match the experimental observations in the model
validation process. The friction coefficients of the debris particles (μ1),
the flume base (μ2) and the rigid barrier (μ3) are chosen according to the
experimental observations in Jiang and Towhata, 2013. In all the si-
mulations, the debris flow is initiated by instantaneous removal of the
top trigger gate. Then, the granular mass would slide under gravity
downwards the flume with confined motions by the two side walls. At
the bottom end of the flume, the granular mass is arrested by the rigid
barrier. The simulation lasts around 12 hr on a standard desktop com-
puter (Intel® Core™ i7 CPU, 4.00 GHz×8, and 16 GB RAM).

2.3. Model validation

The proposed DEM model of flume test has been validated by
comparing the numerical results with the experimental data reported in
Jiang and Towhata, 2013, regarding the debris flow morphology and
impact force. Fig. 4 illustrates that the debris flow morphology in nu-
merical simulations (Fig. 4 (b1–b6)) can approximately match the ex-
perimental results (Fig. 4 (a1–a6)). During the tests, the debris motion
can be categorized into four stages. In the first stage (see Fig. 4 (a2) and
(b2)), the frontal trigger gate was removed and the debris mass started
to collapse (Fig. 4 (a2) and (b2)). Then, in the second stage, with the
ongoing sliding, the rear section of the debris mass departed from its
original location (Fig. 4 (a3) and (b3)) and the frontal debris mass
became a thin layer. The middle section experienced less perturbation
with small deformation. In the third stage, the debris front hit the rigid
barrier and rebounded. Meanwhile, part of the debris mass started to
deposit behind the barrier wall at the bottom end of the flume (Fig. 4
(a4) and (b4)). In the last stage, an increasing amount of incoming
debris mass arrived and moved onto the deposited debris until the ar-
rest of granular motion for all particles (Fig. 4 (a5) and (b5)). The final
deposition is shown in Fig. 4 (a6) and (b6).

The evolution of normal impact force exerted by debris materials on

Fig. 2. (a) Sketch of the experimental flume (after Jiang and Towhata, 2013), (b) Numerical model configuration.

Fig. 3. Particle size distribution of the debris materials used in the experiments
(Jiang and Towhata (2013)) and numerical simulations.

Table 1
Input parameters used in the DEM simulations.

DEM parameters Value DEM parameters Value

Debris particle radius, r
(mm)

5–12.5 Debris particle friction
coefficient, μ1

1.327

Debris particle density, ρ
(kg/m3)

2500 Flume friction coefficient,
μ2

0.466

Young's modulus of particle,
E (MPa)

1×102 Barrier friction coefficient,
μ3

0.384

Particle Poisson's ratio, υ 0.25 Gravitational acceleration,
g (m/s2)

9.81

Viscous damping coefficient,
β

0.05 Time step size, Δt (s) 1× 10−6
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the barrier is shown in Fig. 5. It can be observed that the numerical
results can match well the experimental measurements. In particular,
the numerical simulation can capture the characteristics of peak and
residual impact forces observed in experiments. It should be noted that
the agreement of residual force also indicates that the final debris de-
positions in both the numerical and experimental tests should have
approximately the same shape (see Fig. 4 (a6) and (b6)). This is because
the residual force is effectively determined by the geometry of final
debris deposition shape (Jiang and Towhata, 2013). In the analyses, the
Fast Fourier Transformation (FFT) function is also used to smooth the
numerical data. It is apparent that the FFT transformation can represent
the general trend of the impact force evolution.

A more detailed quantitative comparison between the numerical
and experimental results is shown in Table 2, regarding the velocity (v),
depth (h) and Froude number (Fr) of the debris flow at the peak force
time. In the analyses, the Froude number is used to characterize the
debris flow regime, defined as =Fr ν gh/ , with g being the

gravitational acceleration. It can be seen that the debris flow velocity,
depth and Froude number in the simulation are 4.8m/s, 3.5 cm and 8.2,
respectively. These values are very close to the experimental results.
According to Iverson (2015), the Froude number is a key parameter
governing the debris flow dynamics in an inclined flume. Therefore, the
agreement of Froude number between the numerical and experimental
results indicate that the DEM model can effective reproduce the fun-
damental flow characteristics of real debris flows.

3. Numerical results

3.1. Dynamics of debris-barrier interaction

In this section, the general features of debris flow impacting on a
rigid barrier of θ=50° are illustrated. Fig. 6 shows the evolution of
granular profiles during the impacting process. For visualization pur-
pose, the granular mass has been divided into five sections (S_1, S_2,
S_3, S_4 and S_5) at a time instance just before the impact (t=0.7 s).
Each section contains the same number of particles and is set with
distinct colors (see Fig. 6 (c)). It can be observed that after the impact,
the frontal particles (S_1) are arrested by the barrier forming a thin
layer of deposits (see Fig. 6 (c–e)). These deposits can act as a cushion
layer for the incoming particles. Thus, particles in the second section
can collide onto and climb up over the deposits, reaching the barrier at
a high elevation (Fig. 6 (e–f)). Over time, the subsequent incoming
debris sections deposit one by one behind the barrier. The final de-
position is shown in Fig. 6 (h). Due to the embedding and upward
movement of upper flowing particles, the shape of deposited debris
layer becomes gradually convex with respect to the barrier.

In order to show the detailed debris-barrier interaction process, a

Fig. 4. Snapshots of debris flow impact process (θ=50°) in the experimental (a1–a6) (Jiang and Towhata (2013)) and numerical (b1–b6) tests. Reference grids
(10× 5 cm) are plotted on the lateral side wall to measure the relative location of debris materials. In numerical simulations, the location of trigger gate is marked as
a solid red line. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. Evolution of normal impact force in the experimental and numerical
tests (θ=50°).

Table 2
Fundamental flow characteristics of debris flow at peak force time for numer-
ical simulation and experimental test.

Quantity Frontal velocity, v (m/s) Depth, h (cm) Froude number, Fr

Simulation 4.8 3.5 8.2
Experiment 4.1 3.9 6.7

W. Shen et al. Engineering Geology 241 (2018) 86–96

89



side view of granular motions near the rigid barrier (θ=50°) from
t=0.9 s to t=1.3 s is presented in Fig. 7 (a1–a5). The corresponding
granular velocity fields are shown in Fig. 7 (b1–b5). According to the
plots, it can be observed that a small static (deposition) zone exists
behind the barrier after the frontal impact between t= 0.9 and t=1.0 s
(see Fig. 7 (b1)). This static zone can impede the debris flow motion
leading the subsequent incoming debris to climb onto the static zone
with reduced dynamics (see Fig. 7 (b2–b4)). Meanwhile, as the volume
of deposited mass increases, the static zone gradually extends to the
upstream regions. After some time, the incoming debris materials
cannot run over the static granular deposits (see Fig. 7 (b5)) and the
run-up height of the debris flow on the barrier reaches the peak value
(see Fig. 7 (a4) and (a5)). After that, debris materials in the rear section
can only impact and pile up on the existing deposits increasing the total
deposits volume. The evolutions of debris deposition, frontal impact,
run-up and pile-up have also been observed in some laboratory ex-
periments (Choi et al., 2015; Koo et al., 2017; Ng et al., 2017a; Ng et al.,
2017b) and numerical simulations (Law, 2015). Actually, the formation
of a static debris deposition zone behind the barrier after the frontal
impact has been recognized as the main reason of energy dissipation for
the subsequent debris flows (Ashwood and Hungr, 2016; Koo et al.,
2017; Ng et al., 2017b).

To analyze the debris motion, the linear momentum of particles in
each section was investigated. In fact, measurements of linear mo-
mentum have already been proved valuable to characterize the motion
of granular materials (Utili et al., 2015). In the current analyses, the
linear momentum (Pi) of i-th section can be decomposed into compo-
nents normal (Pin) and tangential (Pit) to the barrier as,

⎧

⎨

⎪

⎩
⎪

= ∑ −

= ∑ +
< ≤=

=

° °

P P P

P P P

[ sin(θ) cos(θ)]

[ cos(θ) sin(θ)]
(0 θ 90 )

in
j

N

jx jy

it
j

N

jx jy

1

1 (8)

where N is the number of particles in the i-th section; Pjx and Pjy are the
momentum components of particle j in x and y directions, respectively.

Fig. 8 shows the evolution of momentum components during a si-
mulation of θ = 50°. Before impact (t < 0.7 s), the tangential mo-
mentum component (Pit) of each section is nil because the linear mo-
mentum (Pi) is perpendicular to the barrier. After the debris flow
reaches the barrier (t=0.8 s), P1t increases slowly as the debris mate-
rials gradually pile up behind the barrier. Meanwhile, the normal mo-
mentum component (Pn) of S_1 increases slightly to reach the peak
value, then decreases gradually to zero. In this process, the rigid barrier
changes the flow direction, which makes the granular materials in S_1
to climb up onto the barrier (see Fig. 7 (b2)). For the second section
(S_2), P2n reaches the peak value of 16.8 kgm/s at t=1.1 s, then it
decreases gradually to nil due to the interactions with the deposited
particles in S_1. Similar to P1t, P2t firstly increases to the maximum
value as the debris materials climbing onto the deposits in S_1 (see
Fig. 7 (a3)). Then, it decreases slowly to zero due to intensive inter-
particle collision and friction. The momentum evolution patterns of S_3,
S_4 and S_5 are similar to that of S_2. In these processes, the incoming
debris materials can climb onto the previous deposits, changing the
tangential momentum.

In the analyses, the barrier was divided into six segments from the
bottom to the top regions (indexed as No. 1 to No. 6), as shown in

Fig. 6. Evolution of debris motions during the impact against a rigid barrier (θ=50°). The particles are divided into five equi-numbered sections at t= 0.7 s with
distinct colors (cyan, red, blue, yellow and magenta, respectively). (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

Fig. 7. Snapshots of debris-barrier interactions from t= 0.9 s to t= 1.3 s (θ=50°). (a1–a5) are the side snapshots of the debris materials. (b1–b5) are the corre-
sponding velocity fields. The length of the arrow is proportional to the velocity magnitude.
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Fig. 9(a). The height of the sixth segment is 15 cm which is much larger
than that of the other five segments (5 cm), because quite few particles
can reach the upper barrier region. The evolution of normal impact
force (F1–F6) acting on each segment during the simulation is shown in
Fig. 9(b). In this figure, the peak values of the normal impact forces are
also marked near the curves (F1max, F2max, F3max, F4max, F5max and
F6max). As shown in Fig. 9(b), after the debris flow reaches the barrier
(t=0.7 s), the impact forces acting on each barrier segment firstly in-
crease to the peak value and then decrease to the residual stable value.
From the bottom to the upper segments, a time delay exists for the
emergence of impact force and the corresponding peak value. Since the
debris flow cannot climb up to the No. 6 segment (see Fig. 6 (h)), the
normal force acting on this segment is almost nil throughout the si-
mulation. In addition, it can be seen that the peak impact force de-
creases gradually from the bottom to the top of the barrier. This de-
creasing trend is related to the reduced dynamics of incoming debris
particles when they climb onto the existing deposits behind the barrier.
From Fig. 9, a non-linear distribution of residual forces with depth can
be observed. For example, the residual force of F2 is nearly the same as
that of F1. According to Jiang and Towhata (2013), this is attributed to
the formation of an arch-like protective debris layer behind the barrier.

Analyses of the energy components of the debris flow are important

for a comprehensive understanding of the interaction process between
the debris flow and rigid barrier. The total energy (ET) of the granular
system consists of potential energy (EP), kinetic energy (EK), elastic
strain energy (ES) and the energy loss due to friction (EF) and local
contact viscous damping (ED). The potential energy (EP) is defined with
respect to the toe of the flume as,

∑=
=

E m gH
i

N

i iP
1 (9)

where N is the total number of debris particles; mi and Hi are the mass
and height of particle i, respectively. In addition, before release, EP also
corresponds to the total energy of the system, E0. The kinetic energy
(EK) of the debris flow is calculated as the summation of the transla-
tional and rotational kinetic energy of all debris particles.
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where Ii=0.4miri2 is the momentum of inertia; ri is the particle radius;
vi and ωi are the translational and rotational velocities, respectively.

The elastic strain energy (ES) is the energy stored in the normal and
tangential contacts, which can be expressed as,
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where Nc is the number of contacts; Fin and Fis are the normal and shear
forces; kin and kis are the normal and shear stiffness, respectively.

The energy loss due to friction (EF) occurred after the shear failure
between any two spherical particles can be expressed as,

∑= + −−

=

E E F u u( (Δ (Δ ) ))j j

i

N

i i iF F
1

1

s s s elastic
c

(12)

where EFj and EFj−1 are the cumulative energy loss by friction at the
current and previous time steps; Δuis is the total incremental shear
displacement; (Δuis)elastic is the shear displacement related to the in-
cremental shear force.

The energy loss by viscous damping at contact (ED) is computed by
the viscous dashpot model as,

∑= +−

=

E E F u(| Δ |)D
j

D
j

i

N

i i
1

1

n n
c

(13)

where EDj and EDj−1 are the cumulative energy loss by damping at the
current and previous time steps; Δuin is the incremental normal dis-
placement.

Fig. 8. Evolution of momentum components of five debris sections during a
simulation of θ=50°. Pn is the momentum component normal to the barrier
(solid lines). Pt is the momentum component in the tangential direction of the
barrier (dashed lines).

Fig. 9. (a) Rigid barrier division from the bottom to the top. (b) Evolution of normal impact forces on the rigid barrier (θ=50°). Zero time corresponds to the time
instance at which the granular mass is released.
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All these energy components can be recorded during the simulations
and subsequently analyzed regarding the energy evolution and trans-
formation, as shown in Fig. 10. In this study, the energy dissipated by
friction at the flume base (Edf), rigid barrier (Edb) and inter-particle
interaction (Edp) were recorded separately. The strain energy (ES) is not
plotted since its value is negligibly small. As shown in Fig. 10, the
debris flow involves a cascade of energy evolution which begins at
debris flow initiation and ends at deposition. As the granular materials
flow downslope, the gravitational potential energy decreases gradually.
A portion of the reduced energy transforms into the kinetic energy,
increasing the debris velocity. The remainder input energy is dissipated
by the flume friction, grain contact friction and inelastic collisions. At
impact (t0= 0.7 s), a small portion of granular energy is dissipated due
to friction and damping arisen from debris-barrier interactions (Edb).
The subsequent interactions between the incoming and deposited
debris materials will further reduce the granular dynamics and thus
increase the energy loss. Finally, Ek reduces to 0 and around 90% of
initial total energy has been dissipated. In particular, the energy dis-
sipated by rigid barrier (Edb) only amounts to 1.9% of E0, while it can
be> 85% by particle-particle and particle-flume interactions. The nu-
merical results indicate that the majority of the initial total energy is
not dissipated by particle collisions on rigid barrier, but by inter-par-
ticle and particle-flume interactions during the propagation and de-
position stages of debris flow. However, the debris-barrier interaction
can facilitate the deposition of debris materials behind the barrier,
forming a loose granular layer to absorb the kinetic energy of sub-
sequent approaching debris. This finding is in agreement with the

experimental observations in Ashwood and Hungr (2016), Ng et al.
(2017b) and Koo et al. (2017).

3.2. Influence of barrier slope

As discussed above, several laboratory flume tests and numerical
simulations have been conducted to investigate debris-barrier interac-
tions with the barrier perpendicular to the flume. In fact, the barrier
slope has a great influence on the debris-barrier interactions (Chu et al.,
1995; Mancarella and Hungr, 2010). It affects the run-up height and
deposition characteristics of debris flows, because the collision angle of
particles onto the barrier can affect the debris deceleration and mo-
mentum transformation significantly (Chu et al., 1995). Therefore, it is
also necessary to investigate the influence of barrier slope on the debris-
barrier interactions. This section presents numerical results of tests with
barrier slope (θ) varying from 30°, 50°, 70° and 90° to the horizontal,
while the slope inclination angle remains constant (α=40°).

Fig. 11 shows the final depositions of debris particles behind the
barrier for simulations with various barrier slopes. The effective run-up
height (He) and spreading distance (Ls) of the debris flow is labeled in
the figure. In case of gentle barrier slopes (θ≤ 50°), the first section of
the debris is convex in the final deposition, while for steeper barrier
slopes, it becomes a wedged shape. Indeed, the convex deposition of
particles exhibits very high resistance, which can effectively reduce the
subsequent dynamics of the incoming debris materials. As the barrier
slope increases, the spreading distance of S_1 decreases. For the test of
θ=30°, the first section can reach the No. 6 segment of the barrier (see
Fig. 11 (b1)). Nevertheless, for the test of θ=90°, the first section can
only reach the No. 4 segment (see Fig. 11 (b4)). As the barrier slope
increases, the number of granular sections interacting with the barrier
also increases. As shown in Fig. 11 (b1–b4), the steeper the barrier is,
the more particles in S_2 can reach the barrier. For the test of θ=90°,
particles in the third section (S_3) can also reach the barrier (Fig. 11
(b4)).

Fig. 12 shows the evolutions of normal (Pn) and tangential (Pt)
momentum components of each section during simulations of various
barrier slopes. It is apparent that before impact, at gentle barrier slopes
(θ≤ 50°), Pt is positive, while at steep barrier slopes (θ > 50°), Pt is
negative. In addition, the initial value of Pt is nil for the case of barrier
being perpendicular to the slope (θ=50°). According to Fig. 12, the
normal momentum component generally increases approximately lin-
early to the peak value (either positive or negative) and then decreases
gradually to zero. For test of θ=30°, the tangential momentum com-
ponent keeps positive during the whole process of debris flow. After the
peak, Pt decreases gradually to zero. Due to the positive momentum
component, the debris particles in S_1 can spread to a long distance and
reach a large height behind the barrier (see also Fig. 11 (a1) and (b1)).
For tests of θ > 50°, Pt keeps negative, indicating that the momentum
component contributes little to the spreading of debris materials. In
particular, the spreading distance of the first section is obviously

Fig. 10. Evolution and transformation of debris energy during a simulation of
θ=50°. The vertical dashed line indicates the arrival time of granular flow at
the barrier. All energy components are normalized by the initial gravitational
potential energy (E0).

Fig. 11. Side view of the final debris deposition (a1–a4) and distribution of particles behind the barrier (b1–b4) (view from the direction perpendicular to the barrier)
for simulations with various barrier slopes.
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shorter than that in tests of θ < 50° (see Fig. 11). Therefore, as the
barrier slope decreases, the spreading distance of the first section in-
creases due to the positive tangential momentum component. However,
the number of particles in S_2 reaching the barrier decreases due to
intensive particle interactions with the S_1 deposits (see Fig. 11).

Based on the normal forces recorded in each barrier segment, the
total normal force (F) acting on a barrier can be calculated as,

∑=
=

F F
i

i
1

6

(14)

Fig. 13 shows the evolution of total normal impact force acting on
the rigid barrier for tests of various barrier slopes. After the debris flow
reaches the barrier (t > 0.7 s), the impact force increases quickly to the
peak value. Then, it decreases gradually to a residual stable value which
is related to the earth pressure of the final deposition. The maximum
impact force (Fmax) increases with the barrier slope.

In engineering practice, the maximum impact force (Fmax) is

commonly evaluated via the hydrodynamic approach (Kwan, 2012) as,

= °F κρv hw αsin(180 ‐ ‐θ)2
max (15)

where κ is the dynamic pressure coefficient; ρ is the density of the flow
(kg/m3); v is the frontal velocity; h is the flow depth (m); w is the barrier
width (m), α is the flume inclination angle (40° in this study). The
dynamic pressure coefficient is a function of the Froude number (Fr),
which is expressed as,

=κ aFrb (16)

where a and b are two empirical coefficients. In this study, the dynamic
pressure coefficient is calculated by the empirical formula proposed by
Jiang and Towhata (2013) with a=10.8 and b=−1.3.

According to Eq. (15), when the barrier slope (θ) equals to 50°, the
maximum impact force Fmax (see the definition in Fig. 13) can reach the
peak value, because in this case, the flow velocity is perpendicular to
the barrier (see the theoretical results in Fig. 14). However, as shown in

Fig. 12. Evolution of normal (Pn, solid lines) and tangential (Pt, dashed lines) debris momentum components for tests of various barrier slopes.

Fig. 13. Evolution of total normal impact force acting on the rigid barrier for
tests of various barrier slopes.

Fig. 14. Relationship between the maximum impact force and the barrier slope.
The theoretical results are evaluated by the hydrodynamic approach.
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Fig. 14, in the DEM results, Fmax increases with the barrier slope, fol-
lowing a power law relationship. The mismatch of numerical and the-
oretical results can be attributed to the impacting process of debris flow
originating from the microscopic particle-barrier interactions. A de-
tailed discussion will be given in the following sections.

As a detailed comparison, the maximum impact force acting on each
segment (e.g., F1max to F6max) for different barrier slopes are plotted in
Fig. 15. In the plot, Fimax denotes the maximum impact force acting on
the i-th segment of the barrier. As shown in Fig. 15, for the first seg-
ment, F1max increases to the peak value at θ=50° and then decreases to
a minimum value at θ=90°. This indicates that the relationship be-
tween F1max and the barrier slope can follow well the hydrodynamic
formula. However, for the second, third and fourth segments, the
maximum impact forces (i.e. F2max, F3max, F4max) increase with the
barrier slope. F5max and F6max tend to decrease slightly as the barrier
slope angle increases from 30° to 70°, while they increase quickly for
larger barrier slope angles and reach the peak values at θ=90°.
Therefore, it is the increasing pattern of F2max to F6max that can finally
lead to the increase of the overall maximum total impact force (Fmax)
with the barrier slope (see Fig. 14).

As discussed before, at a gentle barrier slope (e.g. θ=30°), the in-
terface of successive granular deposition layers is curved (see Fig. 11
(a1)), while it becomes gradually flat at steeper barrier slopes (see
Fig. 11 (b1)). The curved deposition surface would increase the sliding
distance of overlaying granular materials with intensive particle-par-
ticle interactions, leading to relatively low debris impacting velocity
and force on the barrier. As shown in Fig. 16, the impacting velocity of
the debris particles on the barrier wall increases with the barrier slope.
In addition, as the barrier slope increases, the angle between the im-
pacting velocity and the rigid barrier would increase accordingly (see
Fig. 16). Meanwhile, the spreading distance of the debris flow front (i.e.
S_1) decreases, such that the incoming granular materials can impact on
the barrier directly (see Fig. 11). For tests of gentle barrier slopes, the
incoming debris materials can have intensive interactions with the pre-
deposited grains due to long spreading distance, dissipating a con-
siderable amount of kinetic energy. As a result, very little or none of the
incoming debris materials can reach the barrier slope. This process can
greatly reduce the impact force of the incoming debris materials on the
rigid barrier.

The obtained numerical results indicate that the barrier slope angle
is an important factor that should be considered in the design of a rigid
barrier. At gentle barrier slopes (θ≤ 50°), the spreading distance of the
debris flow front is relatively long due to the positive momentum
component in the tangential direction of the barrier (see the discussion

on Fig. 12). On the contrary, at steep barrier slopes (θ > 50), the
spreading distance is relatively short due to the negative momentum
component. Given that the deposited debris materials behind the bar-
rier would exert friction and damping on the overlaying sliding debris
materials, it can be concluded that deposits of long spreading distance
are very effective in facilitating energy dissipation of debris flows,
which diminishes the impact force acting on the barrier. This result also
suggests that the rigid barrier of steep slope is more vulnerable than the
gentle ones. Therefore, a higher dynamic pressure coefficient in Eq.
(16) should be adopted in preliminary designs of a rigid barrier with
steep slope.

4. Discussion

4.1. Model scale effect

As the current DEM model of flume test has relatively smaller di-
mensions than real natural debris flows, it is necessary to investigate
the potential influence of model size on the behavior of debris-barrier
interactions. In particular, when applying the current numerical study
to filed work, the problem would arise immediately as to what extent
the small-scale simulations are representative of field observations.
According to Valentino et al. (2007) and Jiang and Towhata (2013), the
flume experiment can be considered as a two-dimensional representa-
tion of real debris flows, which should be configured to obtain a sys-
tematical dynamic similarity to the prototype. According to Buck-
ingham's Π theorem, two dimensionless parameters, d/h and Froude
number ( =Fr ν gh/ ) should be identical in both small-scale model test
and the corresponding prototype (d is the mean particle diameter; h is
flow depth and v is the flow front velocity). From Table 1 and Table 2, it
can be calculated that d/h is 0.5 and Fr is 8.2. Therefore, the numerical
model in this study can be considered identical to a type of dry debris
flows with d/h being equal to 0.5 and Fr being equal to 8.2.

4.2. Fluid effect

In this study, the interactions between dry debris flows and a rigid
barrier are investigated. Actually, the fluid plays a vital role in all debris
flows and many other landslides (Iverson, 2015). The interaction be-
tween the fluid phase and solid phase can lead to very complex flow
dynamics. Song et al. (2016) investigated the influence of water content
on the impact of debris flows against a rigid barrier. Their results in-
dicate that the Froude number (Fr) of debris flow increases with the
water content. The variation of Fr gives rise to different mechanisms of
debris-barrier interactions. For tests of high water content (> 50%), the
debris barrier interaction process is dominated by the run-up me-
chanism. On the contrary, the dry debris flow exhibits a predominant
pile-up mechanism. As shown in Fig. 6, the interaction process is
dominated by the pile-up mechanism, which is in accordance with the
experimental results of Song et al. (2016). Therefore, the results of this
study can still give some new insights into the interactions between dry
debris flows and a rigid barrier.

5. Conclusions

The impact of a dry debris flow onto a rigid barrier has been ana-
lyzed via a numerical flume test using the open source DEM code ESyS-
Particle. This model was validated by comparing the numerical results
with the experimental testing data under the same model configura-
tions. The validated model was then used to investigate the influence of
barrier slope on debris-barrier interactions. The obtained numerical
results revealed the characteristics of flow-barrier interactions, with the
potential applications to a rigid barrier design.

Based on the numerical modeling, three key interaction stages,
namely the frontal impact, run-up and pile-up were identified. These
stages are in good agreement with the experimental and numerical

Fig. 15. Maximum impact forces acting on the six segments of the barrier at
different barrier slope.
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observations reported in the literature. The frontal impact stage is
characterized by the formation of an initial static debris zone. The run-
up stage involves the flowing debris materials climbing up onto the
deposits of the flow front. The pile-up stage is featured by the pro-
gressive increase of deposit volume with no debris materials colliding
onto the barrier. In addition, the analyses of energy transformation
show that> 85% of the initial total energy of the debris system was
dissipated by particle-particle and particle-flume interactions, while
only 2% by particle-barrier interactions. The results also indicate that
the maximum impact force increases with the barrier slope, following a
power law relationship, which is not in accordance with the prediction
by the hydrodynamic formula as commonly used in engineering prac-
tices. This conventional formula can predict well the impact force under
the condition that the barrier is perpendicular to the slope. However,
for a steeper barrier slope, the formula would underestimate the max-
imum impact force. Thus, more robust theories of debris-barrier inter-
actions need to be established based on a large amount of numerical,
experimental and field investigations.
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