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Abstract

Slit-type barriers serve as active countermeasures against debris flow. However, the dynamic interaction between debris
flows and slit-type barriers is extremely complicated. To model the fluid-solid behavior of debris flows, a coupled approach
of smoothed particle hydrodynamics (SPH) and discrete element method (DEM) is developed. We use the model to
investigate the dynamics of how debris flows impact slit-type barriers. The proposed approach is able to simulate the
embedding of arbitrarily shaped particles in viscous debris flows. A GPU acceleration technique is employed to overcome
large computational costs. The approach is first validated by comparing numerical results to experimental observations for
some standard conditions. Subsequently, experiments of the impact of water-enriched debris on slit-type barriers are
modeled and validated. Moreover, the effects of barrier arrangement, solid volume fraction and boulder shape on debris-
barrier interactions are further explored. This study analyzes the interaction between debris flows and slit-type barriers by
coupled SPH-DEM and provides insight into the optimal design of barriers.

Keywords Debris flow - Impact force - Slit-type barriers - SPH-DEM

1 Introduction

Debris flows are gravity-driven multiphase mixtures with
complicated composition and rheological behavior, which
may present viscous laminar or dilute turbulent flow [35].
As one of the most destructive natural disasters, debris
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kinematics (such as velocity and fluid viscosity), but also
on stiffness and geometric characteristics of the barriers
[8, 11, 32, 81]. Researchers have utilized various methods
to explore the impact dynamics of debris flows on barriers
[1, 10, 42, 83]. Some field experiments have been con-
ducted at Jiangjia Ravine in China [29, 30, 36] and Ohya in
Japan [34, 86, 87]. Due to the unpredictable and destructive
nature of debris flow disasters, it is a significant challenge
to track the impact force acting on the barriers during
disasters in real time. Alternatively, some semi-empirical
methods have been applied to the construction of debris
flow barriers in engineering practice, such as the hydro-
static approach [4, 43], the shock wave approach [19, 72]
and the hydrodynamic approach [76, 80]. However, it
remains demanding to reconcile theoretical concepts with
field and experimental results by these means, which can
result in significant discrepancies [43]. Recently, the deb-
ris-barrier interaction has been addressed by a number of
laboratory flume experiments [7]. Moriguchi et al. [63]
investigated the effect of slope angle on debris-barrier
interactions through small-scale laboratory physical mod-
eling and concluded that the impact force increases with
increasing slope angle. Jiang and Towhata [38] studied
debris-barrier interactions through a series of experiments
on dry debris flows impacting rigid barriers. They verified
that the impact force acting on the barriers is comprised of
drag force, gravity, friction force and passive earth force.
Jiang et al. [] explored the effect of particle characteristics
on the process of debris flows impacting rigid barriers.
Their results showed that particle characteristics can
directly affect the flow velocity of the debris flows and the
flow deposition regime of debris flows behind barriers.
Song et al. [81] examined the effect of the solid fraction on
the impact of debris flows against rigid barriers through a
series of centrifuge experiments. They observed that the
transition from the pile-up mechanism to the run-up
mechanism is governed by the solid fraction. Wang et al.
[90] developed three different barrier shapes and investi-
gated the effect of barrier shape on debris-barrier interac-
tions. They found that trapezoidal-shaped barriers reduced
the velocity of debris flow impacting the barrier to a greater
extent. Huang et al. [32] investigated the effect of barrier
stiffness on debris flows impact barriers using flume
experiments. They derived that the reduction in barrier
stiffness had a buffering effect on debris flow impact and
diminished the peak impact force.

Due to the development of the numerical simulations,
various numerical methods have been extensively imple-
mented to analyze the impact dynamics of debris flows on
barriers. To the best of our knowledge, the commonly
available numerical models include continuum models
[96, 98], discrete medium models [84, 95, 99], and coupled
computational models [53]. For example, Rickenmann
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et al. [75] applied the finite element model (FEM) and the
finite volume method (FVM) model to simulate a debris
flow event in the Wartschenbach torrent in Austria. Jeong
et al. [37] used the Eulerian-Lagrangian FEM to examine
the impact force of debris flows on a closed-type barrier.
Leonardi et al. [50] explore possible applications of the
Lattice-Boltzmann method (LBM) for the simulation of
geophysical flows. Choi et al. [9] presented a methodology
for modeling debris flows described as a single-phase
medium using the arbitrary Lagrangian Eulerian (ALE)
method. Zhang et al. [105] developed a novel three-di-
mensional computational fluid dynamics (CFD) code to
acquire the affected areas, runout distances, deposition
depths, and velocities of potential debris flows at Xiaojia
Gully, located in Sichuan Province, China. However, the
aforementioned methods are grid-based methods that suffer
from unavoidable drawbacks such as difficulty in capturing
free fluid surface, mesh distortion and mesh redivision
when dealing with free fluid surface, large deformation and
multiphase flow. Meshless techniques, which include the
smoothed particle hydrodynamics (SPH) method [59, 100],
the particle finite element method (PFEM) [65], and the
material point method (MPM) [82, 94], have been devel-
oped to avoid these problems. SPH has proven to be robust
and reliable in simulating fluid dynamics with large
deformations due to the absence of computational grids
[23, 57, 67, 68, 107]. Dai et al. [17] applied SPH to model
debris flows as a viscous fluid, predicted the propagation
behavior of debris flows, and obtained the evolution of
debris flow impact on the barriers. Favero Neto et al. [22]
present an updated Lagrangian continuum particle method
to gain insight into the accuracy and robustness of the SPH
framework for modeling debris flows. Choi et al. [13]
investigated the effect of barrier location, especially the
distance from the source to the barriers, on the velocity and
volume of debris flows using SPH. They found that the
installation of barriers close to the source seemed to be
more effective in the case of long flow paths. More
recently, the discrete element method (DEM) has been
widely used for numerical modeling of rockfalls and debris
flows [21, 39, 45, 73, 77] and has been found to be an
effective way to simulate solid boulders in debris flows.
Wu et al. [93] simulated the process of a dry debris flow
impacting a rigid wall using DEM. Shen et al. [79] further
quantified the effect of dry debris flows on rigid barriers
using DEM simulations. They identified three stages of the
interaction of the dry debris flow with rigid barriers,
namely frontal impact, run-up and pile-up. The aforemen-
tioned methods simplified debris flow as an equivalent
fluid. Nevertheless, it is apparent that both the solid and
fluid phases significantly affect the dynamics of debris flow
[35] and the gross simplifications of using an equivalent
fluid approach limit the comprehensive understanding of
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two-phase interaction. Therefore, several coupling
approaches have been proposed, such as the coupled CFD-
DEM model [53, 58, 97, 101], the coupled SPH-DEM
model [74, 102], the coupled ALE-SPH model [69], and
the FEM-DEM-LBM model [48]. Li [52] used the coupled
CFD-DEM model to simulate debris flows and to analyze
the impact of debris flows on rigid or flexible barriers.
Their simulations resulted in a new, physically based
model of the impact pressure of debris flows on rigid
barriers. Leonardi and Pirulli [49] validated the developed
DEM-FEM model by the concordance of field measure-
ments and numerical simulations. Liu et al. [54] investi-
gated complicated fluid-particle-structure interactions
using the coupled SPH-DEM-FEM approach, and the
impact of debris flows on barriers was accurately predicted.
The DEM models used in the above studies are all spher-
ical particles because of their computational convenience
and low cost. However, simplifying arbitrarily shaped
solids to spherical particles will inevitably lead to com-
putational discrepancies.

This study proposes a coupled SPH-DEM approach in
which arbitrarily shaped solids can be considered. The
numerical code of the proposed approach is fully acceler-
ated by GPU devices to model large numbers of particles.
The goal is to reveal the detailed mechanisms of debris-
barrier interactions and to explore the effects of different
factors on debris-barrier interactions. The remainder of this
paper is organized as follows: Section 2 illustrates the
methodology of the SPH-DEM. Section 3 compares the
numerical simulations with the results of two classical
experiments to validate the proposed approach. Section 4
establishes and validates the numerical model of water-
enriched debris flow impacting slit-type barriers. Section 5
analyzes the effects of barrier arrangement, solid volume
fraction and boulder shape on debris-barrier interactions.
Section 6 provides the main conclusions of this study.

2 Methodology
2.1 Fluid phase governed by SPH

SPH is a meshless Lagrangian approach that was originally
proposed by [25] for astrophysical applications and has
been extensively applied in fluid hydrodynamics. SPH has
been proven to be a significant strength in dealing with free
surface flows [], highly deformable geometries [78] and
multiphase flows [55].

In SPH, the computational domain of the fluid is dis-
cretized into a set of particles with material properties and
kinematics. The continuous fluid field can be obtained by a
weighted average of neighboring particles through kernel
functions. Thus, the properties of the fluid particle at

position r are approximated by using an integral repre-
sentation of the smooth kernel function (W(r — r’, h)) as
follows:

<F(r)>:/QF(r’)W(r—r’,h)dr' (1)

where () represents the kernel approximation; Q is the
support domain of a particle with position vector r; r’ is a
neighboring particle position vector in Q; h is the
smoothing length, which defines the influence domain of
the kernel. The smoothing kernel function W(r — r’, h) is
an important factor in determining the performance of SPH
simulations, which not only dictates the interpolation
accuracy of SPH approximation, but also is relevant to
numerical stability.

Various kernel functions have been developed and used
in SPH, among which the most commonly used are the
cubic spline kernel function [62] and the Wendland kernel
function [92]. In this study, the Wendland kernel function
is chosen as the smoothing kernel function in three
dimensions because it can achieve a favorable balance
between numerical accuracy [56] and computational cost
[20]:

q4
177) 1+29), 0<g<2
W(g,h) = op ( 2 (I+29), 0=g<
0, q=>2

(2)

where g = |r — r/|/h, which is the normalized distance
between particle r and r’; ap is a normalized factor which
is 7/(4nh?) in 2-D cases and 21/(167h?) in 3-D cases [26].

As mentioned above, the support domain in SPH is
represented by a set of particles associated with material
properties. By estimating the field variables on these
arbitrarily distributed particles within the support domain,
the particle approximation discretizes the continuous form
of the SPH kernel approximation as a summation of
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W(r-r',h) F(r) :IQF(r‘)W(r—r',h)dr'

Fig. 1 Particle approximations for particle i within the support
domain kh of the kernel function W
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neighboring particles, as shown in Fig. 1. As a result, the
final form of Eq. (1) is approximated as:

N
= ﬁzF(rj)W(rz
Pj =

where i and j in the subscript denote the concerning particle
and the neighboring particle, respectively; N is the number
of particles within the support domain of the kernel func-
tion; m is the mass of the particle; and p is the density of
the particle.

The continuity and momentum equations for the fluid
phase in the Lagrangian frame are written as follows:

- h) (3)

dv VP Ko

— 4
i Vv+g (4)
dp

0 . 5
o= PV (5)

where v represents the velocity field; p represents pressure;
p is fluid density; and u and g represent kinematic viscosity
and gravitational acceleration, respectively.

The fluid is usually assumed to be weakly compressible
in SPH, so the equation of state is applied to estimate the
pressure in the density field [14]:

s ](2)

where p, = 1000kg/m? is the reference density; co is the
speed of sound and y is a constant (usually taken as 7.0 for
ideal fluid according to []). It is worth noting that the speed
of sound ¢ is not an actual physical property in SPH, but a
parameter intended to control the compressibility. When
the speed of sound is high enough, the fluid is incom-
pressible. Typically, cq is selected to be 10 times larger
than the expected maximum velocity in the flow. The
purpose of this, according to [60], is to ensure that the
relative density fluctuates by less than 1%.

The discretized form of the continuity equation in SPH
can be written as:

d
pz ij _Vj

where the subscripts i and j denote fluid particles;
r;j =r; —r;; m; is the mass of fluid particle j; p; is the
density of fluid particle i; v; and v; are the velocities of
fluid particles i and j, respectively; V represents the kernel
gradient taken with respect to the coordinates of particle i;
and ®@; is an additional density diffusion term called 6-SPH
[3], which is employed to eliminate spurious numerical
noise in the pressure field and is written as:

ij - VW(ry,
—25hcoz ”7(1'1)
|rlj| pj

-VW(ry, h) + ®; (7)

(3)
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where the constant 6 is used to control the intensity of
density diffusion. Based on many numerical calculations
and theoretical analysis [51, 70, 104], it is identified that &
= 0.1 is an appropriate value for both Newtonian and non-
Newtonian flows in SPH simulations.

The discretized momentum conservation equation can
be expressed as:

dv; pi | Dj
e N | B B\ vwry,h)
R (RN

i J

n Zm (4,ur,]VW(r,J7 ))V 9)

(pl +pj)|rll|

+y om ( >VW(r,],)+F?+g
PPy

J

where the first term on the right-hand side represents the
symmetric, balanced form of the pressure term, respecting
the action-reaction principle [60]; the second and third
terms denote the viscous stresses [64] and sub-particle
scale (SPS) stresses [27], respectively, where u is the
kinematic viscosity of the fluid; F,D denotes the external
forces from DEM grains. The SPS term is introduced to
represent the effect of turbulent motion at scales smaller
than the kernel scale (the effective filtration scale of the
system). The SPS stress tensor 7 can be written as:

T 1 2
; =2y (S — géktr(S)> — §C]|l',:]"25k|S|2 (10)

where v, = (CS|rU|)2|S\ is the turbulent eddy viscosity;
Cs = 0.12 is the Smagorinsky constant; C; = 0.0066; the
Kronecker delta 6, = 1; and S is the local strain rate tensor,
with [S| = v/2SS.

Current studies in three-dimensional numerical simula-
tion of debris-flow based on SPH mainly select the Bing-
ham model to describe the complex rheological behavior of
debris-flow [16, 31]. For this study, the Herschel-Bulkley-
Papanastasiou (HBP) model proposed by Papanastasiou
was used to describe the rheological behavior of debris
flows [66]. In HBP model, the shear stress tensor can be
calculated by the effective viscosity:

— e_z’"“/;) b (11)

o = 2y =2 KO+ 3 (1

where 1, is the yield stress, which is commonly calculated
by the Mohr—Coulomb yield criterion as:
T, = ¢ + ptang (12)

where ¢ and ¢ denote the cohesion and the frictional angle
of debris-flow mass, respectively; p is the pressure.
" is local strain rate tensor defined as:
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7 is the shear rate, which can be calculated by:

?:\/%G“ﬁe“ﬁ
_ [y @y o, oy
A2 |\ oxP 2 \oxf ~ Oxx

K, m and n present constant coefficients. At the same, the
second term of the right-hand side of Eq. (11) satisfies:

lim«/;ﬂozl? (l — efzmy) =m (15)
Compared with the widely accepted Bingham model, two
additional coefficients, m and n, are involved in the HBP
model. The coefficient m mainly controls the initial rapid
growth of shearing stress, and the coefficient n majorly
controls the linear or nonlinear behavior in the high
shearing rate range.

2.2 Solid phase governed by DEM

DEM, first proposed by [15], has been extensively applied
to the simulation of rock avalanches and debris flows
[2, 103]. The basic principle of DEM is to simulate solids
with a series of discrete particles, each of which serves as a
unit with a specific size and shape. These particles can
squeeze and overlap each other within a small area, gen-
erating interaction forces. The motion parameters of the
particles are then calculated by Newton’s law of motion.
By such iterative calculations, the movements of the
studied elements are tracked. Furthermore, the shape and
type of elements in DEM are not constrained to spherical
granular elements and can include arbitrary shaped block
elements, or composite elements consisting of several
single elements.

Considering the contact between grains of arbitrary
shape or between grains and boundaries, the DEM pro-
posed here allows to calculate the distance at which any
two grains overlap and the corresponding contact forces
and moments between the grains. Nevertheless, it works on
the same principle as the classical DEM: for each grain in
the system, here denoted as particle a, its dynamics is
simulated by numerically integrating the Newton’s equa-
tions of motion for translational and rotational degrees of
freedom once all the forces acting on it are known:

dv,

mgy d_tu = ZkGaFc’k + m.g + (FZ + FZ + vaa) (16)
d(I,
% = Zkeu(xc’k - Xa) x F‘«'ﬁk’” (17)

where m, and v, are the mass and translational velocity of
grain a; subscript k denotes any one particle, belonging to
set of particles a; F. denotes the contact force; F), is the
buoyant force; F, represents the drag force; F'm is the
virtual mass force; I, is the 3x3 inertia matrix; w, denotes
the angular velocity; x° is the contact point position vector
of the particles; and X, is the centroid position vector of the
grain.

DEM considers each simulated particle as rigid, yet al-
lows a small interpenetration d between the particles in
order to calculate the contact force F{ and moment T
according to the selected contact model. In fact, various
contact models with different levels of sophistication have
been developed, such as Herztian or Hookean contact with
particle-scale dampfig [70, 104], incorporating rolling
resistance [27, 64], considering hysteresis [61]. In this
study, a master—slave approach is proposed [40] to detect
the contact between two particles, where a slave level set
function is applied to evaluate the values of all nodes of the
master. If the value of the level set function for any node is
negative, then contact exists and the force and moment for
each penetrating node are calculated and then summed to
give the total contact force and moment between the two
particles, as shown in Fig. 2b. In the proposed DEM
implementation, the total force F¢ exerted by particle b on
a is calculated according to the following equations:

FC = F 4 F¢ (18)

F =3 \F, = 2V k,diiiy (19)
c M m As .

F, =X Fo=-X, mml”(kr|A5|vﬂs|Fn,kD (20)

where M is the total number of nodes where grain a pen-
etrates grain b; F,; and F,; are the normal and tangential
forces computed at node k, respectively; di, n; and As;
have the same meaning as in the above statement, but are
now computed at each node k. By utilizing this level set
function approach, contact detection between two arbi-
trarily shaped grains becomes extremely trivial and
requires very little computational effort.

In addition, each individual grain is represented by two
quantities: a set of spatially distributed discrete points
{X1,X2, ere. ,X,} on the grain surface and a discretized
level set function ¢(p), where p are the grid points in the
DEM herein, as shown in Fig. 2a. {x1,Xy,...... , Xy} pro-
vides the geometric information of the particle, while the
discretized level set function ¢(p) is scalar-valued and
implicit, giving the distance from a point p to the particle
surface, which is formed by connecting {xp,xz, ...... ,Xn }:
¢(p) > 0 when p is outside the surface; ¢(p) = 0 when p
is on the surface; and ¢ (p) <0 when p is inside the surface.

@ Springer
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Fig. 2 a An example of constructing one grain with arbitrary shape using level set function; b Schematic representation of contact between two
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Fig. 3 Schematic diagram of the coupling approach of SPH particles with arbitrarily shaped DEM particles

2.3 SPH-DEM coupling algorithm

In the resolved coupling between SPH and DEM, the sur-
face of the DEM particles is considered as a rigid moving
boundary of the SPH fluid phase. The interaction forces are
calculated by integrating the stresses on the surface of
DEM nparticles. In this work, the focus is placed on parti-
cles with arbitrary shapes; therefore, an approach should be

@ Springer

developed that can calculate the interactions along arbi-
trarily complex moving interfaces.

In this approach, the density of solid particles is
obtained from ghost positions within the fluid domain by
linear extrapolation. Thanks to an additional boundary
interface, located half a particle spacing from the layer of
the closest boundary particles to the fluid, a ghost node is
mirrored, with respect to this interface, into the fluid
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Fig. 4 Calculation flowchart of coupling SPH-DEM algorithm
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domain. In this ghost node, the fluid properties are found
through a first-order consistent SPH spatial interpolation
over the surrounding fluid particles only. Once the density
and its gradient are computed at the ghost nodes, the
density of the boundary particle is obtained by means of a
linear extrapolation with the found values. In this way, the
boundary density is presented as part of the fluid contin-
uum and pressure from the equation of state gives smoother
and more physical pressure fields, avoiding the non-phys-
ical gap between the boundary and the fluid.

Thus, the density of the solid boundary particle py is
expressed as:

ps = pg + (r8 — 1) - (Vpg) (21)

where rp and rg are the position of the boundary particle
and associated ghost node, respectively, with B() G, and
(Vpg) is the corrected SPH gradient at the ghost node. The
velocity at the ghost node is found using a Shepard filter
sum:

_ 2per VoW
ZbeF VW

where F is the floating solid and b is the particle on it.

The boundary particle then receives this velocity with
the direction reversed to create a no-slip condition at the
boundary interface. With this method, it is also possible to
create a free-slip boundary by assigning the exact tangen-
tial velocity found at the ghost node to the boundary
particles.

In addition, proper determination of the time step size
plays an essential role in numerical integration since it
affects the stability and accuracy of the calculated results.
In the coupled SPH-DEM algorithm, the Courant-Frien-
drich-Lewy (CFL) criterion condition can be written as:

v (22)

At = CCmein[Atf; Atcv; AtDEM] (23)
. h
Arp =min () (24)
! ( |fi|>
. h
Aty =mn [ — " (25)
co + max; [~5" |
i
i T kn.ab
At _min [ 26
o =" (50 m) (26)

where Ccpy. is the Courant number of the order of 10~!; Aty
is considered from the perspective of force []; At is an
item that considers the CFL conditions and the restrictions
on viscous items []; Afpgy is the term obtained under DEM
stability constraints []. Therefore, the time step is variable
in this study.

@ Springer

A flowchart of the coupled SPH-DEM is shown in
Fig. 4. First, the particle data are initialized. All particle
information is uploaded to the GPU memory, and subse-
quently computations are performed in a massive parallel
manner based on the GPU. At the beginning of each loop, a
neighbor particle search is first performed to create two cell
chains for SPH particles and DEM particles, and the time
step is estimated. Then the SPH-DEM interactions are
calculated using Eq. (9). For fluid particles, the SPH-SPH
interaction is calculated, and the combined force of the
SPH particles is obtained by combining the effect of the
solid boundary on the SPH particles and updating the
particle velocity and position information. For solid parti-
cles, the DEM is used to calculate the contact forces
between the solid particles, and all the forces applied to the
DEM nparticles are added up and then summed. The forces
and moments of the rigid body are calculated, and the
velocity, position, and rotation information are updated.
Thus, a full calculation cycle is completed. The Verlet al-
gorithm is used for time integration. All intensive opera-
tions are performed by the GPU, which greatly improves
the computational efficiency.

2.4 GPU implementation

The coupled SPH-DEM approach is realized using C++
and CUDA developed by NVIDIA. GPU acceleration is
implemented through the use of the SPMD technique [18],
in which a single program is simultaneously executed by
multiple threads. Due to the discrete nature of particle-
based methods, the GPU acceleration technique seamlessly
supports the coupled SPH-DEM algorithm. GPU threads
are assigned to perform different GPU kernel functions for
each particle, such as neighbor search, force calculation,
and time integration. However, an important difference
between the GPU implementations of DEM and SPH is
that the former requires recording contact information

Water

|
weeo

BXGm Flow direction

w60

A

z]/y, <
Nig
K

0.584 m

Fig. 5 Numerical model setup of the dam break experiment
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Table 1 Parameters in the simulation of the dam break experiment

Parameter Unit Value
Fluid density kg/m? 1000

Fluid particle spacing mm 2.0

Density viscosity of fluid Pa-s 10-¢
Density diffusion term 0.1

Time step s 6.33 x 107

between the particles in contact, while the latter does not.
This contact information is typically utilized to determine
the friction state, either static or dynamic, and typically
requires a large amount of memory for recording the
contact history. For efficient computation, parameters that
remain constant during the computation, such as material
properties, are stored in GPU cache memory (a GPU
memory with extremely fast data fetch speeds), while other
data, such as particle position, velocity, and force, are
stored in GPU global memory.

In addition, double precision floating point accuracy is
required to minimize numerical errors. Therefore, it is
important to optimize the algorithm to balance memory
consumption and computational efficiency to efficiently
solve large-scale problems. For this purpose, only a list of
neighbors is constructed for the DEM particles since each
SPH particle can have a large number of neighbors due to
the size of its support domain. Particle mapping steps for
SPH particles are performed occasionally, while all levels
of search steps are performed at each time step. When the
cumulative displacement of any particle exceeds the
specified threshold, the reconstruction of DEM neighbor
list and the particle mapping step of SPH particles are
triggered. We also note that all simulation cases in this
study were run on GeForce RTX 3060Ti GPUs.

3 Validation examples
3.1 Verification of SPH: dam break experiment

The dam break experiment conducted by [44] is utilized to
validate the capability of the proposed numerical approach
in solving the fluid problem. The constructed numerical
model is depicted in Fig. 5. A water column of 0.146 m x
0.2 m x 0.292 m is generated on the left side of a tank of
0.584 m x 0.2 m x 0.35 m, where the water column is
simulated of SPH particles with an initial particle spacing
of 2.0 mm. The SPH particles are initialized with hydro-
static pressure in accordance with their positions and ref-
erence densities. The simulation parameters are listed in

Table 1. The entire simulation domain is discretized into
1.05 million fluid particles. The numerical simulation
completed in 7755 s (approximately 2.15 h).

The results of the simulation and experiment on the flow
pattern of the water column in the tank at selected time
instances are shown in Fig. 6. We observed that at 0.2 s the
collapsing water rushes along the bottom of the tank at an
increasing velocity to the right boundary, and then the
water in front is blocked by the right vertical wall at 0.4 s,
thus moving upward. After, a significant amount of water is
deflected vertically and then falls back under the effect of
gravity, producing a swooping surface wave that flows
back toward the left side of the tank. The flow patterns that
are obtained from the simulations are in good agreement
with those observed in laboratory tests, which indicates that
the SPH approach in this study can qualitatively capture the
flow behavior of the fluid.

Additionally, we note that the numerical results of the
water surface elevation are approximately in agreement
with the experimental results at different moments, as
shown in Fig. 7. Clearly, the trends of water surface ele-
vations are essentially the same, with minimal differences
at different horizontal distances. These slight differences
may be attributed to the initial particle spacing and the
smoothing length, although its effect is negligible
[28, 106]. This result further demonstrates the robustness
and reliability of the proposed approach in this study in
simulating the fluid phase.

3.2 Verification of the HBP model: column
collapse experiment

The performance of the HBP model was tested through the
2D column collapse experiment of [5]. In the experimental
setup, aluminum bars with diameters of 0.001 m and
0.0015 m and lengths of 0.05 m were used to simulate 2-D
conditions. The dimensions of the column were 0.2 m X
0.1 m x 0.05 m, and the collapse was triggered by the rapid
removal of the support wall on the right side of the column.

This experiment was simulated by the HBP-based SPH
model. In the simulation, the soil column was modeled by
5,430 fluid particles with an initial particle spacing of
2 mm. Based on the results of four shear box tests on
aluminum bars, the following material parameters were
used in the HBP model: density p = 2650 kg/cm?, yield
shear stress t, = 0.36 kPa, and key coefficients of the HBP
model m = 0.15 and n = 1.01. The numerical simulation
cost 300 s (approximately 0.08 h).

Figure 8 shows a comparison between the experimental
and numerical results of the HBP model including the
surface profile and yielded area comparison with the
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Experiment Simulation in this study
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Fig. 6 Comparisons of experimental and simulated flow pattern evolution at different times

experimental results. The numerical results obtained by the
HBP model match well with the experimental results in
terms of the height profile of the deposit and in terms of the
yield lines inside the column. Overall, the HBP model
utilized in this study demonstrated a good ability to sim-
ulate frictional flow.
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3.3 Verification of DEM: rock collapse
experiment

This section demonstrates the reliability of the proposed
DEM approach in simulating solid particles of arbitrary
shapes. For this purpose, gravity-driven rock collapse
experiments were chosen because they are simple to
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Fig. 8 Column collapse comparison between: a the experimental
results of [5], b results of HBP model and c final surface height profile
and yield lines in experiment and simulation

perform and are widely used as validation experiments for
modeling solid particles [71, 91].

The laboratory rock collapse experiments were con-
ducted in a container made of acrylic panels with dimen-
sions of 5 cm in width, 35 cm in length, and 25 cm in
height. A pumpable baffle was located 5 cm from the left
side of the container, as shown in Fig. 9a. The rocks used
in the experiments were trigonal cone-shaped crushed
rocks of approximately the same size, shape and compo-
sition (see Fig. 9b). Initially, an assembly of approximately
960 rocks was placed on the left side of the container,
confined by the baffle. The rock assembly was 5 cm in

width, 5 cm in length, and 13 cm in height. Once the
experiments began, the baffle was lifted at a low speed to
ensure optimal spreading of the material. During the lifting
of the baffle, the crushed rocks were observed to collapse,
roll and form a slope under gravity. Finally, after the col-
lapsed crushed rocks were stabilized, the repose angle was
measured using a protractor. These experiments were
repeated five times, and the results revealed that the aver-
age repose angle of the collapsed rocks is 31°, as shown in
Fig. 10. A Dimax HS4 high-speed camera was operated to
record the entire experiment at 500 frames per second.

Rock collapse experiments are also simulated using the
proposed approach. The configuration of the numerical
model of rock collapse corresponds to the experiment, as
shown in Fig. 9c. The solid particles in the simulation were
obtained by scanning real crushed rocks using a 3D laser
scanner, and the resulting rock assembly consisting of 960
crushed rocks was populated to the left part of the con-
structed numerical model. Furthermore, the dimensions of
the initial sample are consistent with the experimental
configuration. Since the numerical model of discrete par-
ticles differs from the experimental crushed rocks, to
accurately reflect the actual kinetics of the crushed rock
flow, the key parameters of the discrete model of rock
collapse, including the kinetic friction coefficient and the
restitution coefficient, first must be calibrated through trial
and error. The parameters used in the simulation are listed
in Table 2. When the assembly reached a steady state, the
baffle was set to lift upward at a constant velocity of 4 m/s,
which was consistent with the average speed recorded by
the high-speed camera during the experiment. Driven by
gravity, the rock assembly collapsed and rolled to the right
side of the container. The entire simulation domain is
discretized into 1.9 million solid particles. The numerical
simulation completed in 23,036 s (approximately 6.39 h).

Figure 10 compares the experimental and numerical
studies of rock collapse at different times. The simulated
and experimental rock collapse patterns at the same
moments are essentially in agreement. At first, the rock
assembly was in a stable state, and as the baffle moved
upward, the lower part of the rock assembly started to slide
down to the right. Due to the effect of contact friction, the
rocks in contact with the baffle were resistant to sliding and
even had a tendency to move upward with the baffle. Atz =
6.5 s, the rocks and the baffle were exactly not in contact at
all. Subsequently, the rock assembly slid under the effect of
gravity and eventually formed a slope. The comparison
reveals that the repose angles measured by the experiment
and the simulation are identical, which qualitatively vali-
dates the robustness of the approach.

Quantitative comparisons of rock collapse heights at
different times are depicted in Fig. 11. The simulated
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(a) The device used for the exper-
iment.

wo G7

(c) The model constructed by numer-

ical simulation.

(b) The actual rock used for the
experiment.

(d) The model of rock used in the

simulations.

Fig. 9 Setups and materials used in rock collapse experiments and simulations

results at different times agreed with the experimental
results in terms of the collapse trend, movement pattern
and surface profile of the rocks. Moreover, the propagation
distances of both the experimental and simulated rock
assemblages were approximately 15 cm. Therefore, it is
reasonable and accurate to simulate arbitrarily shaped
solids with the proposed DEM model.

4 Debris flow impacting slit-type barriers

DEM has been proven to be effective in simulating arbi-
trarily shaped solids, while SPH can accurately simulate
the fluid phase, as shown in previous benchmarks. In this
section, a model of a water-enriched debris flow impacting
a slit-type barrier is developed to understand the role of
fluid-solid interaction in the mobility of the flow by com-
parison with [12]’s experiments. Using this model, the
effects of debris flow characteristics and barrier geometric
features on debris-barrier interactions, including barrier
arrangement, boulder shape and solid volume fraction, are
further investigated.

@ Springer

4.1 Numerical model setup

The numerical model configuration for the flume experi-
ments is shown in Fig. 12. (The unit of value marked in the
figure is mm by default.) The length, width and height of
the flume are 1.4 m, 0.4 m and 0.3 m, respectively, with an
inclination of 15°. A debris flow generating box with
dimensions of 0.2 m x 0.4 m x 0.3 m is placed at the top
of the flume. A set of slit-type barriers is installed 0.8 m
from the end of the channel. This set of slit barriers is made
of seven identical rectangular walls, each with dimensions
of 50 mm in width, 90 mm in height and 13 mm in
thickness.

Prior to the initiation of the simulations, all debris flow
components are generated in the debris flow generating
box. The debris flow consists of a water-sand mixture and
boulders. The water-sand mixture with a total mass of 4.5
kg is assumed to be a viscous fluid with a density of 1300
kg/m? and is simulated by SPH. The boulders with a total
mass of 0.149 kg in the experiments, represented by glass
beads with a diameter of 16 mm, are simulated by DEM. In
addition, both the rigid barriers and the flume in the
experiments are modeled by solid DEM particles. By
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Fig. 10 Comparisons of experimental and simulated rock collapse patterns at different times

comparison, we found that a better simulation effect,
including time and computational savings, can be obtained
when the spacing between SPH particles (dp) is 1.5 mm,
namely, the ratio of SPH particle spacing to DEM particle
diameters is 0.09375. Both SPH and DEM simulations are
performed with an average time step of 0.105 s. Gravity is

considered during the simulations, and the gravitational
acceleration is 9.81 m/s®. The duration of the whole sim-
ulation is 6.0 s. Furthermore, according to Kuwabara and
Kono [46], the Froude number (F,), which is the ratio of
inertial force to gravity, can reflect the dynamic similarity
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Table 2 Parameters in the simulation of the rock collapse
experiments

Parameter Unit Value
Particle density kg/m? 2500
Young’s modulus Pa 6 x 108
Poisson’s ratio 0.3
Restitution coefficient 0.3
Kinetic friction coefficient 0.1
Time step S 0.08

16

—e— t=0s (Simulation)

- t=0s (Experiment)

——  t=6.5s (Simulation)

--a-- t=6.5s (Experiment)

—— t=12.5s (Simulation)
- t=12.5s (Experiment)

Height (cm)
o]

Distance (cm)

Fig. 11 Evolution of experimental and simulated rock collapse at
different times

of the physical model of open channel flows including
debris flows. F, is obtained from the following equation:
v

Fr=———
v ghcosf (27)

Debris flow generating box

Channel base  it-type barrier

Table 3 Parameters used in the simulation of flume experiments

Material Parameter Unit value
Water-sand Mass density kg/m? 1300
mixture

Viscosity Pa-s  0.001
Density diffusion value 0.1
Smoothing length mm 2.60

Boulders Mass density kg/m* 2500
Young’s modulus Pa 2.0 x 108
Poisson’s ratio 0.20
Restitution coefficient 0.60
Kinetic friction 0.70

coefficient

Flume and barriers Mass density kg/m? 7800
Young’s modulus Pa 2.1 x 1011
Poisson’s ratio 0.30
Restitution coefficient 0.65
Kinetic friction 0.45

coefficient

where v is the frontal velocity; & represents the flow depth;
and 0 denotes the channel inclination. To ensure that the
results observed in the simulation and the flume experiment
are as consistent as possible, some parameters are set by
trial and error so that F, is 11, which is the same as the
experimental Froude value. The parameters used in the
simulations are listed in Table 3. The entire simulation
domain is discretized into 2.2 million solid particles and
1.4 million fluid particles. The numerical simulations
completed in 77,135 s (approximately 21.43 h).
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Fig. 12 Schematic diagram of the setup for the flume experiment by [12]
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Fig. 13 Comparisons of numerical simulations and experiments for several different cases
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Fig. 14 Evolution of fluid velocity for Case A and Case C in
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4.2 Numerical model validation and analysis

The numerical model of the water-enriched debris flow
impacting slit-type barriers using the modified SPH-DEM
approach was validated by comparison with the experi-
ments conducted by [12]. Several groups of experiments
were simulated, as shown in Fig. 13, including four cases
“A”, “B”, “C” and “D”. Case A represents the barrier
arrangement POO (rectangular walls are uniformly arranged
with 0° to the horizontal direction of the channel) and the
boulders are not contained in the debris flow; Case B
represents the barrier arrangement P30 with a debris flow
that contains boulders; Case C represents the barrier
arrangement V30 (rectangular walls are arranged in a V-
shape and at an angle of 30° to the horizontal direction of
the channel) and the debris flow does not contain boulders;
Case D represents the barrier arrangement V30 with a
debris flow that contains boulders.

The numerically simulated and experimental debris flow
interactions with slit-type barriers for the four cases are
illustrated in Fig. 13. For Case B, the directional deflection
of the debris flow due to the barrier is reproduced; for Case
D, the boulders in the debris flow are blocked behind the
barrier and the accumulation is reproduced. Thus, the
numerical model can effectively morphologically simulate
the movement of the two-phase debris flow in the flume
and its interaction with the barrier. This qualitatively ver-
ifies the reliability and robustness of the modified SPH—
DEM coupling approach in simulating debris flow
dynamics. The evolution of the average velocity of the
fluid in the debris flow along the channel direction is shown
in Fig. 14 for Case A and Case C. We observe that in both
cases, the simulation results mostly match the experimental
data numerically. The results of the numerical simulation at
the first velocity measurement point are lower in both
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cases, which likely occurs because the debris flow reaches
a steady state in the generating box before it is released in
the simulations, while there will be a certain initial velocity
in the experiments. Nevertheless, overall, the results justify
that the numerical approach can quantitatively simulate the
movement of the debris flow in the flume, which leads to
the following analysis.

5 Numerical results analysis

Understanding and predicting the factors that influence
debris flow-barrier interactions is a critical task for
assessing and managing risk in many worldwide moun-
tainous regions that are heavily influenced by debris flows.
Many researchers have explored and found that barrier
configuration [89], landslide volume [], and landslide
material [88] all affect the impact dynamics of debris flows
on barriers. In view of the above, the flume experiment
model constructed is further analyzed to investigate the
effects of different factors on the interaction between the
water-enriched debris flow and the slit-type barrier, in
terms of both the features of the barrier and the initial
characteristics of the debris flow. The total impact force of
the debris flow on the barrier and the run-up height of the
debris flow along the barrier are adopted as two evaluation
indicators.

5.1 Dynamics of debris flow impacting slit-type
barriers

The dynamics of the water-enriched debris flow impacting
the slit-type barrier are presented in this section. Figure 15
shows the evolution of the motion of the debris flow for
Case D. At the initial instance, the debris flow is generated
in the debris flow generating box located at the top of the
flume, with the gate closed to ensure that the debris flow is
sufficiently well mixed and in a steady state. At =25 s,
the gate is removed, and the debris flow then travels
downward along the flume. Clearly, the velocity of the
boulder at ¢+ = 3.0 s is less than that of the fluid. Subse-
quently, the fluid front reaches the barrier. The velocity of
the fluid decreases owing to the barrier and is partially
bounced back and partially flows down the slit. Simulta-
neously, we note that some of the fluid continues to move
forward across the barrier due to a continuous stream of
subsequent fluid convergence. On the other hand, the
boulders keep moving forward due to the interaction with
the fluid and are then blocked at the back of the barrier.
From t = 5.0 s onward, the fluid behind the barrier can only
flow down the slit in streams due to its low kinetic energy.

To better understand the mechanism of the interaction
between the debris flow and the barrier, Fig. 16 reveals the
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variation in the velocity field of the fluid in the debris flow
with time. When the fluid front touches the barrier, part of
the fluid velocity direction goes vertically upward and
reflects backward after reaching a certain height, and the
velocity magnitude sharply decreases, while part of the
fluid flows through the slit, and the velocity magnitude
gradually increases. At t = 3.2 s, with a massive surge of
fluid toward the barrier, carrying the boulder forward, the
movement of the fluid is divided into three parts: part of it
bounces back after running up along the barrier, part of it
flows forward across the barrier, and part of it flows
through along the slit. The rebounded fluid hits the sub-
sequent fluid, which decreases the velocity of the subse-
quent fluid at t = 3.4 s. After r = 3.6 s, the velocity of the

1.50 2.00

2.50

L —

Fig. 15 Evolution of debris flow motion during debris flow impact on slit-type barriers for Case D

3.00

fluid behind the barrier gradually decreases to 0. Most of
the boulders are deposited at the bottom of the barrier
except for a small amount that is wrapped by the fluid
across the barrier.

5.2 Influence of barrier arrangement

In fact, the arrangement of the barrier effectively affects
the interaction of the debris flow with the slit-type barriers
by reducing the velocity of the debris flow and the trap
ratio of the barrier to the debris flow, according to [12] and
[41]. Therefore, it is worthwhile to further investigate the
effect of barrier arrangement on the impact force to which
the barrier is subjected and on the movement of the debris
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Fig. 18 Snapshots of debris flow-barrier interaction under different barrier arrangements

flow. This section simulates the interaction process
between the debris flow and the barrier for the barrier
arrangements of P00, P30, P45, V30 and V45. These bar-
rier arrangements are shown in Fig. 17. Furthermore, in
exploring the barrier performance, this study considered
the effective opening ratio, which is defined as the ratio of
the effective opening width of the flow to the total width of
the channel. The effective opening ratios for these barrier
arrangements of P00, P30, P45, V30 and V45 are 0.125,
0.485, 0.613, 0.128 and 0.220, respectively.

Figure 18 shows the water-enriched debris flow as it
impacts the slit-type barrier at = 3.2 s and r = 4.5 s for five
different barrier arrangements. The differences in the
movement morphology of the debris flow impacting the

barrier under different arrangements are clearly observed:
at r = 3.2 s, the debris flow mainly climbs vertically upward
along the barrier and partly crosses the barrier to flow
forward when the barrier arrangement is POO, while for the
barrier arrangements P30 and P45, most of the debris flow
flows through the slit. Clearly, the flow velocity is faster for
P45. Moreover, both phenomena of debris flow climbing
upward along the barrier and flowing through the slit occur
when the arrangements are V30 and V45, and the flow
velocity is greater for V45. Therefore, we conclude that the
larger the effective opening ratio of the barrier is, the easier
it is for the debris flow to pass through the slit, and at the
same time, the greater the fluid front flow velocity. In
addition, the smaller the effective opening ratio is, the
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more significant the backwater effect is, which is consistent
with what was observed in the experiments of Choi et al.
The backwater effect refers to the fact that part of the
debris flow is bounced back from the barrier and collides
with the following body and tail, leading to a reduction in
kinetic energy and velocity and ultimately to the deposition
of debris and trapping by the barrier. Additionally, we note
that the larger the effective opening ratio of the barrier is,
the smaller the volume of fluid located at the back of the
barrier at t = 4.5 s. This result suggests that reducing the
effective opening ratio of the barrier can, to some extent,
impede the movement of the fluid.
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Impact force, as one of the critical factors in assessing
barrier performance, is a key parameter to consider during
barrier design. The dynamic impact force on the barrier for
different barrier arrangements is shown in Fig. 19a. We
note that for the slit-type barriers in this study, the impact
force data for the rectangular walls marked in red in
Fig. 17 are extracted because, when the barriers are
arranged in a row, the middle barrier tends to be subjected
to the greatest impact force in the collision between the
debris flow and the barrier. Figure 19b shows that the trend
of the impact force on the barrier is essentially the same for
different barrier arrangements: the front end of the debris
flow contacts the barrier at ¢ = 2.9 s, resulting in a sharp
increase in impact force, and the peak impact force is
reached at r = 3.2 s; then, the impact force gradually
decreases until it stabilizes. Furthermore, the peak impact
force of the V-shaped barrier is larger than that of the
P-shaped barrier. For the P-shaped barrier, the larger the
effective opening ratio of the barrier is, the smaller the
peak impact force. This occurs because the increase in the
effective opening ratio allows more debris flow to pass
through the slit, thereby weakening the impact on the
barrier and implying that the barrier has a weaker effect in
trapping the debris flow. In contrast, this phenomenon is
not significant for the V-shaped barrier. Additionally, we
note that there are significant fluctuations in the impact
force until it reaches stability for both V30 and POO. This
fluctuation is caused by the backwater effect after the
debris flow impacts the barrier and the repeated impacts of
the debris flow on the barrier. It further indicates that the
larger the barrier opening ratio is, the weaker the backwater
effect is, while the static impact force is smaller.

In addition, the water surface elevation of the debris
flow on the cross section where the central axis of the flume
is located for different barrier arrangements at ¢ = 3.2 s is
extracted, as shown in Fig. 19b. We observe that the
maximum water surface elevation decreases as the effec-
tive opening ratio increases, which is true for both P-type
barriers and V-type barriers. For P-type barriers, the greater
the effective opening ratio is, the further the distance from
the top of the flume at the maximum water surface eleva-
tion, while for V-type barriers, the opposite is true. Addi-
tionally, for a given angle, the maximum water surface
elevation for the P-type barrier is smaller. In fact, to some
extent, the water surface elevation correlates with the
performance of the barrier. For different barrier arrange-
ments, the front of the debris flow almost touches the
barrier at the same time, while a low run-up height indi-
cates weak barrier interception performance against debris
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Fig. 20 Snapshots of the debris flow impact slit-type barriers for different solid volume fractions

flows. Therefore, it is clear that the overall performance of
POO in the P-type barrier is better. For specific angles,
V-type barriers show better performance than P-type
barriers.

5.3 Influence of solid volume fraction

The contribution of boulders in debris flows cannot be
neglected, despite the nature of water-enriched debris
flows. To further investigate the effect of boulders in water-
rich debris flows, this section considers the effect of the
degree of fluid-solid interaction on the mobility of the
debris flow and its impact against slit-type barriers. The
degree of fluid-solid interaction is represented by the solid
volume fraction v, which is the ratio of the solid volume to
the total volume of the packing. Five values of solid

volume fractions are adopted in this section: 0, 0.167%,
0.334%, 0.822%, and 1.176%.

The general flow trend of the debris flow remains the
same, and all flows exhibit significant upward jets after the
impact, suggesting that a run-up mechanism exists despite
the inconsistent solid volume fractions. Upon reaching the
maximum run-up height, part of the debris flow begins to
roll back and pile up at the back of the barrier, while some
other fluids flow through the slit. Figure 20 compares the
morphologies of debris flows for different solid volume
fractions as they interact with the barrier at t =4.5 sand 7 =
5.5 s. The data clearly show that the increase in boulders in
the debris flow leads to a weakening of the fluid-barrier
interaction so that more fluid is retained at the back of the
barrier at the same moment. This occurs because the fluid-
solid interaction strengthens with the increase in the solid
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Fig. 21 Comparisons of a Impact force on barriers; b Water surface
elevation along the channel with different solid volume fractions

volume fraction, which further reduces the energy dissi-
pation when the fluid impacts the barrier.

Figure 21a shows the development of the dynamic
impact of the fluid on the barrier for several solid volume
fractions. The impact force of each debris flow first exhibits
a rapid increase until it reaches a peak and then decreases
dramatically to a final static force. Nevertheless, it is also
evident that the larger the solid volume fraction is, the
larger the peak impact force of the fluid on the barrier in
the debris flow. This phenomenon may be attributed to
dynamic pressure coefficient increases as the solid volume
fraction increases, which leads to an increase in the
dynamic pressure of the fluid on the barrier. Moreover, we
note that there is a significant fluctuation in the impact
force curve until the final static impact force is reached.

@ Springer

This fluctuation becomes more pronounced as the solid
volume fraction decreases, with the exception of v = 0.
Each reduction in impact force during the fluctuation is due
to the separation of the fluid from the debris flow and its
convergence toward the subsequent fluid. Similar findings
were reported in the studies of [6] and [].

In addition, the water surface elevation at t = 3.2 s when
the fluid impacts the barrier at different solid volume
fractions is extracted in Fig. 21b. The process of fluid-
barrier interaction at the same moment is essentially con-
sistent, but the larger the solid volume fraction is, the lower
the maximum water surface elevation at which the fluid
runs up along the barrier. This is because the increase in the
number of boulders leads to more fluid—solid contact, and
thus, the fluid exerts more buoyancy and drag force on the
solid, resulting in more energy dissipation. Thus, the
energy dissipated on the barrier is weaker, and the run-up
height is lower.

5.4 Influence of boulder shape

Currently, the majority of numerical simulations employ
spheres instead of arbitrarily shaped boulders to simplify
calculations in debris flow modeling. However, this sim-
plification affects the accuracy of the simulation. There-
fore, the effect of spherical and irregular boulders in debris
flows on the impact of water-enriched debris flows against
slit-type barriers is compared. To ensure that other factors
do not affect the simulation, arbitrary irregular boulders of
similar volume to spherical boulders are selected. Snap-
shots of the debris flow movement in the two cases are
shown in Fig. 22. We notably observe that the fluid flow is
faster in the debris flow containing irregular boulders. An
interesting phenomenon occurs in the evolution of the
dynamic impact of the fluid on the barrier, as shown in
Fig. 23a, where the peak impact force of the debris flow
containing irregular boulders on the barrier is greater, yet
its static impact at final stabilization is smaller. We spec-
ulate that this occurs due to the smaller contact between the
irregular boulders and the fluid, resulting in less energy
dissipation in the fluid-boulder interaction and thus a
greater dynamic impact on the barrier. The smaller final
static impact may be attributed to more fluid crossing the
barrier in a debris flow that contains irregular boulders. The
water surface elevation of the fluid was further compared
for both cases at = 3.2 s (see Fig. 23b). We also found that
debris flows containing irregularly shaped boulders had
greater run-up heights. This result is consistent with our
expectations.
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6 Conclusions and recommendations

In this study, a modified SPH-DEM coupling approach is
proposed to study the impact dynamics of debris flows on
barriers. The fluid phase is modeled by SPH, while DEM
simulates arbitrarily shaped solids. The robustness and
reliability of the proposed approach are validated by
comparing the results with those of two classical tests,
namely, the dam-break experiment and the rock-collapse
experiment. Subsequently, a model of a water-enriched
debris flow impacting a slit-type barrier is constructed and
calibrated, and the model is used to further investigate the
effects of the solid volume fraction of the debris flow,

@ Springer

boulder shape, and barrier arrangement on the debris flow-
barrier interaction. Based on the limited number of simu-
lation cases and the parameters used, the conclusions of
this study are as follows:

e The main mechanism of water-enriched debris flow
movement along slit-type barriers is a run-up mechanism.
The main mechanism of water-enriched debris flow
movement along slit-type barriers is also a run-up mecha-
nism. Three types of motion patterns are observed after the
front fluid impacts the barrier: climbing along the barrier
and crossing it; passing through the slit between the rect-
angular walls; climbing along the barrier and then falling
and rebounding; and rolling back and impeding the
advance of the subsequent debris flow.

e Barriers with different arrangements are all subjected
to the maximum impact force of the debris flow at the same
moment. The static impact force and maximum water
surface elevation decrease with increasing effective open-
ing ratio for both P-type and V-type barriers. For a specific
angle, the V-type barrier is subjected to a larger peak
impact force than the P-type barrier, and the debris flow
climbing along the V-type barrier has a larger maximum
water surface elevation.

e Changes in the solid volume fraction affect the
movement of the fluid in the debris flow. The dynamic
impact force of fluid on the barrier decreases with
increasing solid volume fraction, whereas the run-up height
along the barrier demonstrates the opposite trend. A useful
phenomenon is obtained by changing the shape of the
boulder: debris flows containing irregular boulders have
higher peak impact forces, while those containing spherical
boulders have greater static impact forces.

All the simulations modeled in this study were carried
out at a small scale, which might not correspond to phys-
ical instances of debris flow. The water-sand mixture is
simplified as a non-Newtonian fluid rather than being
considered as a mixture, which is at odds with the actual
situation. Extending this design method and installation
technique to a current debris flow barrier and actual field
cases should be considered. Additionally, it is necessary to
confirm that our same conclusions would be drawn from
other numerical models or equations. In addition, when
designing multiple barriers in actual field cases, there are
many possible shapes, scales, and geometries that exist; it
is difficult to select suitable barrier locations and designs
for all possible cases. The developed simulation approach
and obtained results provide an effective tool and insight
that can contribute to the optimum design of debris flow
barriers.
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