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Geological disasters such as slope failure and landslides can cause loss of life and property. Therefore,
reproducing their evolution process is of great importance for risk assessment and mitigation. The
recently developed SIMSAND critical state sand model combined with the smoothed particle hydrody-
namics (SPH) method is adopted in this work to study slope failure under large deformations. To illus-
trate the efficiency and accuracy of the SIMSAND-SPH approach, a series of slope collapse studies using
the discrete element method (DEM) considering various particle shapes (i.e. spherical, tetrahedral and
elongated) is adopted as benchmarks. The parameters of the SIMSAND model are calibrated using DEM
triaxial tests. In comparison to the DEM simulations, the runout distance and final slope height are well
characterized with the SIMSAND-SPH approach with less computational cost. All comparisons show that
the SIMSAND-SPH approach is highly efficient and accurate, which can be an alternative numerical tool
to simulate real scale granular flow.
� 2022 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Geological disasters accompanied by large deformations and
failure of geomaterials and geo-structures occur regularly around
the world, e.g. landslides (Liu et al., 1995; Wang et al., 2021), snow
avalanche/rockfalls (Bovet et al., 2010), debris flow (Jeong et al.,
2015), dam breaks (Shakibaeinia and Jin, 2011), soil liquefaction
(Di and Sato, 2003), seepage damage (Maeda et al., 2006; Yang
et al., 2019a), tunnel excavation (Shi et al., 2019) and dynamic
erosion (Yang et al., 2019b, 2020; Lei et al., 2020). Large-scale solid-
failure sliding plays an important role in these geological hazards
that generally cause huge destructions and present a long-distance
impact. Reproducing their evolution process is therefore necessary
for risk assessment and mitigation.
vironmental Engineering, The
.
n).
ock and Soil Mechanics, Chi-

s, Chinese Academy of Sciences. Pr
y-nc-nd/4.0/).
In recentyears, thediscrete elementmethod (DEM)hasbeenoften
used to numerically reproduce granular collapse (Lacaze et al., 2008;
Soundararajan, 2015; Utili et al., 2015) and landslides (Barla et al.,
2012; Scholtès and Donzé, 2012; Lu et al., 2014). Unlike the finite
element method (FEM), DEM treats the material as an assemblage of
rigid discrete particles. Contact forces are used to reproduce the
particle interactionsand thus thephysical nature of the granularbody
is taken into account. It isworth noting that thenumberof particles in
the DEM simulations should be very small. Therefore, parallel
computational strategies are often necessary in order to reduce the
computational cost. However, the number of particles in themajority
of DEM simulations is limited for computational efficiency and often
far from a realistic physical model. In view of this, coupling the DEM
with other numerical methods (such as finite elements, finite differ-
ences and the material point method (MPM)) is regarded as an
alternative approach. Taking the FEM-DEM coupling for example, the
granular materials presenting large deformations are modeled by
DEM particles, whereas finite elements are used for the domain
presenting small deformations. This allows the number of DEM par-
ticles to be greatly reduced, improving the computational efficiency,
so that themodel canbeapplied to real case studies.Nevertheless, the
oduction and hosting by Elsevier B.V. This is an open access article under the CC BY-
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computational efficiency of the DEM is relatively low compared to
phenomenological constitutive models, such as the classical Mohr-
Coulomb model (Coulomb, 1973) or the more advanced Modified
Cam Clay model (Roscoe and Burland, 1968), the SIMSAND (simple
sand)model (Yin et al., 2016; Jin et al., 2017a) and the 3Delastoplastic
model (Hong et al., 2017, 2020).

Another important limitation stems from the fact that severe
deformations of the mesh limit the application of the FEM. In
contrast, mesh-free methods such as smooth particle hydrody-
namics (SPH) and MPM are good alternatives to simulate land-
slides (McDougall and Hungr, 2004; Haddad et al., 2010; Cascini
et al., 2014; Llano-Serna et al., 2016; Soga et al., 2016; Peng et al.,
2019; Ren et al., 2019; Xiong et al., 2021). For example, SPH has
been successfully adopted to analyze the impact of landslide-
induced tsunami on shipping in reservoir (Wang et al., 2021).
However, numerical simulations considering mesh-free methods
and state-dependent advanced constitutive models are still
seldom in the literature (Jin et al., 2018a; Yin et al., 2018a).

In order to efficiently reproduce slope collapse taking into
account some advanced features such as the influence of soil
density and large deformations, the SIMSAND critical state
constitutive model and the SPH method are hereafter coupled. In
order to validate the approach, DEM slope collapse simulations
are used as benchmarks. For the DEM simulations, three different
particle shapes are considered: spherical shape (SS), tetrahedral
shape (TS) and elongated shape (ES). The SIMSAND-SPH param-
eters are calibrated from DEM triaxial tests using an optimization-
based identification method. Comparisons of the DEM and the
SIMSAND-SPH simulations illustrate the performance of the
approach and its ability to take into account the effect of the
particle shape and the soil density on the final deposit
configuration.
2. Numerical model

2.1. Smoothed particle hydrodynamics (SPH)

The SPH method, implemented in the finite element code
ABAQUS/Explicit, is adopted due to its ability to simulate large
deformation problems. This method was introduced in 1977
(Gingold and Monaghan, 1977), initially for problems in astro-
physics. Further developments extended SPH to solid mechanics
where its main advantage is the possibility of dealing with larger
local distortions over mesh-based methods.

The core of SPH is interpolation, and all macroscopic variables
(such as density, pressure, speed, etc.) are conveniently expressed
as integral interpolation calculations by means of a set of values at
discrete points. The field variable f ðxÞ at point x in the numerical
domain U is obtained by the following equation accounting for the
effect of neighbouring particles:

f ðxÞ ¼
Z
U

f ðx0ÞWðx� x0; hÞ dx0 (1)

where W is a weighting function, the so-called kernel or
smoothing function. Particles in the numerical domain interact
with each other through the kernel function with a characteristic
radius known as the “smoothing length”, represented by h in Eq.
(1). In other words, the physical quantity of any particle is ob-
tained by summing the relevant properties of all the particles that
lie within the range of the kernel. The function f ðxÞ in Eq. (1) is
further approximated by the summation over neighbouring par-
ticles as
f ðxÞ ¼
XN
i¼1

f ðxiÞWðx� xi; hÞVi ¼
XN
i¼1

f ðxiÞWðx� xi;hÞ
mi

ri
(2)

where Vi, ri andmi are the volume, density and mass of the particle
i, respectively; and N is the number of influencing particles. The
derivatives of the above interpolated integrals are obtained by or-
dinary derivation without the use of finite differences and without
grids, which is the main advantage of SPH over conventional nu-
merical methods (finite differences or finite elements).

By assigning at each particle its own smoothing length and
allowing it to vary with time, a SPH simulation is automatically
adapted on local conditions. In a very dense region where particles
are close, the smoothing length can be relatively short, yielding a
high spatial resolution. Conversely, in low density regions where
individual particles are far apart and the resolution is low, the
smoothing length can be increased, optimizing the computational
time. Since the particles can interact and then separate during
calculation, SPH is able to deal with very large deformations
(Baranowski et al., 2014).

2.2. Explicit finite element method (FEM)

The SPHmethod implemented in ABAQUS uses the explicit time
integration method (Hibbitt et al., 2014). The equilibrium condition
is first written with the balance of internal and external forces:

M €uðtÞ ¼ PðtÞ � IðtÞ (3)

where M is the mass matrix, €u is the acceleration, P is the applied
external force vector, I is the internal force vector, and the subscript
t refers to the time in an explicit dynamic step.

The equations of motion for the body are then integrated using
the explicit time central-difference integration rule as follows:

_un ¼ unþ1 � un�1

2Dt

€un ¼ unþ1 � 2un þ un�1

ðDtÞ2

9>>>=
>>>;

(4)

where u is the displacement, _u is the velocity, and Dt is the time
increment. For stability reasons, the time increment Dt should be
smaller than a limited value, i.e. DtzLmin=cd; where Lmin is the
smallest finite element dimension and cd is the dilatory wave
speed. The incremental displacement is used to calculate the in-
cremental strain. The stresses are updated using the constitutive
model and then the internal forces up to a new equilibrium state.

2.3. SIMSAND, a critical state-based model for sand

The SIMSAND model is based on the classical Mohr-Coulomb
model with some additional advanced features: the critical state
concept (Yin et al., 2016; Jin et al., 2017a), nonlinear elasticity, non-
linear plastic hardening, interlocking effects and a simplified three-
dimensional (3D) strength criterion. The model is able to capture
both the state-dependent peak strength and stress-dilatancy
(contraction or dilation) (Jin et al., 2017a). The basic constitutive
equations are summarized in Table 1. The model parameters and
their definitions are summarized in Table 2. Their calibration can be
carried out using either trial-error (Wu et al., 2017) or optimization
methods (Jin et al., 2016a, b, 2019a).

The SIMSAND model was implemented into ABAQUS/Explicit as
a user-defined constitutive model, via the user material subroutine
VUMAT. The implementation of the model follows the procedure



Table 2
Parameters of the SIMSAND model used in slope collapse simulations.

Parameter Definition SS TS ES SS_R01

K0 Referential bulk modulus
(dimensionless)

100 100 100 100

n Poisson’s ratio 0.2 0.2 0.2 0.2
n Elastic constant controlling

nonlinear Stiffness
0.51 0.51 0.51 0.51

4m Critical state friction angle 18.5� 24� 26� 24�

eref Initial critical state void ratio 0.76 0.76 0.74 0.84
l Constant controlling the

nonlinearity of CSL
0.04 0.04 0.04 0.04

x Constant controlling the
nonlinearity of CSL

0.3 0.3 0.3 0.3

Ad Constant of magnitude of the stress-
dilatancy

1 1 1 1

kp Plastic modulus related constant 0.0015 0.0015 0.0015 0.0015
np Interlocking related peak strength

parameter
3.3 3.3 3.3 2.3

nd Interlocking related phase
transformation parameter

1 1 1 1

Fig. 1. Flowchart of explicit analysis of the SIMSAND model combined with the SPH
method in ABAQUS/Explicit.

Fig. 2. Schematic plot and spatial discretisation of the slope.

Table 1
Basic constitutive equations of the SIMSAND model.

Components Constitutive equations Note

Elasticity
_εeij ¼ 1þ n

3Kð1� 2nÞs
0
ij �

n

3Kð1� 2nÞs
0
kkdij;

K ¼ K0pat
ð2:97� eÞ2

1þ e

�
p0

pat

�z

pat is the atmospheric pressure (pat¼ 101.3 kPa), and p0 is the effective mean pressure

Yield surface f ¼ q
p0

� H q is the deviatoric stress
Potential surface vg

vp0
¼ Ad

�
Mpt � q

p0

�
;

vg
vsij

¼ f1 1 1 1 1 1 g Mpt is the stress ratio corresponding to the phase transformation

Hardening rule
H ¼ Mpε

p
d

kp þ ε
p
d

Mp is the peak stress ratio

Critical state with
interlocking
effects

ec ¼ eref � l

�
p0

pat

�x

; tan 4p ¼
�ec
e

�np

tan 4m;

tan 4pt ¼
�ec
e

��nd

tan 4m

ec is the critical state void ratio, 4p is the peak friction angle, 4pt is the phase
transformation friction angle, 4m is the critical state friction angle, and np and nd are
the interlocking parameters controlling the degree of interlocking due to
neighbouring particles (Yin et al., 2010; Yin and Chang, 2013)

3D strength
criterion

Mp ¼ 6 sin 4p

3� sin 4p

"
2c14

1þ c41 þ ð1� c41Þsinð3qÞ

#1
4
; c1 ¼ 3� sin 4p

3þ sin 4p

Mpt ¼ 6 sin 4pt

3� sin 4pt

"
2c24

1þ c42 þ ð1� c42Þsinð3qÞ

#1
4
; c2 ¼ 3� sin 4pt

3þ sin 4pt

q is the Lode’s angle, and its effect is introduced as proposed by Sheng et al. (2000),
and Yao et al. (2004, 2008, 2009)
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shown in Fig. 1 (Hibbitt et al., 2014). The cutting plane algorithm
(Ortiz and Simo, 1986) is adopted for the stress integration. The
implementation was verified by simulating drained triaxial tests.
3. Slope collapse simulation using discrete element method
(DEM)

In order to validate the combined SIMSAND-SPH approach, a
series of DEM simulations is first conducted and used as benchmark
data. More specifically, the 3D discrete element software PFC3D

coupled with the finite difference code FLAC3D are used for the
simulations. Fig. 2 shows the schematic diagram and spatial dis-
cretisation of the slope that has the following dimensions: height is
1 m, top width is 2 m, bottomwidth is 6 m, and an angle is 45�. The
slope thickness in the y direction is 0.1 m, which is about 10 times
the average particle size (d50). In the discrete particle region, the
total number of particles is about 100,000. The slope is divided in
two regions, as shown in Fig. 2: the PFC model region where
discrete particles are used for the discretisation, and the FLAC
model region where finite elements are used for the discretisation.
The corresponding areas (PFC and FLAC areas) of the model are
built to match the characteristics of slopes in the reality.



Fig. 3. Particle shapes: (a) Spherical, (b) tetrahedral, and (c) elongated.

Table 6
Calibrated parameters of the SIMSAND constitutive model.

Particle shape eref l x 4 kp Ad np nd

SS (rolling resistance ¼ 0) 0.76 0.04 0.3 18.5 0.0015 1 3.3 1
TS 0.76 0.04 0.3 24 0.0015 1 3.3 1
ES 0.74 0.04 0.3 26 0.0015 1 3.3 1
SS (rolling resistance ¼ 0.1) 0.84 0.04 0.3 24 0.0015 1 2.3 1
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In order to study the effect of particle shape on landslides, three
kinds of particle shapes are studied: SS, TS and ES, as displayed in
Fig. 3. Furthermore, a “dense” slope and a “loose” slope are
considered. For the “dense” slope, the initial friction coefficient of
the particles is considered equal to 0. Under the action of gravity,
the particles can thus fall and deposit more easily, thereby gener-
ating a dense slope. For the “loose” slope, the initial friction coef-
ficient of the particles is taken equal to 1. Table 3 lists the
parameters of the 8 studied slope types. In the discrete particle
region (PFC model), the contacts between the particles are
described with a linear contact model, as shown in Table 4. In the
finite volume area (FLAC model), the classical Mohr-Coulomb
constitutive model is adopted, calibrated from drainage triaxial
tests (Table 5). A gravity field is applied to the entire model.
Table 3
Parameters of the discrete particles for the 8 slopes.

Test
No.

Particle
shape

Rolling
resistance

Relative
density

e0 Number of
particles

1 SS 0 Dense 0.629 107,936
2 SS 0 Loose 0.736 102,277
3 TS 0 Dense 0.475 118,109
4 TS 0 Loose 0.681 104,930
5 ES 0 Dense 0.481 117,997
6 ES 0 Loose 0.672 105,871
7 SS 0.1 Dense 0.629 107,936
8 SS 0.1 Loose 0.736 102,277

Table 4
Inter-discrete particle properties.

Density, rs
(kg/m3)

Friction coefficient, m Normal contact
stiffness,
kn (N/m)

Tangential contact
stiffness
ks (N/m)

Particle-
particle

Particle-
wall

2500 0.5 0.0/0.5 1 � 107 6 � 106

Table 5
Parameters in the finite volume area.

Particle
shape

Kind of
slope

Young’s
modulus,
E (kPa)

Poisson’s
ratio

Friction
angle (�)

Dilation
angle,j (�)

Cohesion, c
(kPa)

SS Dense 3800 0.3 24 30 0
Loose 1300 0.3 24 13 0

TS Dense 4300 0.3 33 31 0
Loose 1000 0.3 33 15 0

ES Dense 4400 0.3 36 33 0
Loose 1100 0.3 36 17 0
4. Slope collapse simulation using the combined SIMSAND-
SPH approach

4.1. Numerical model

The geometric size of the DEM calculations is followed in the
SIMSAND-SPH approach. The discrete particle and finite volume
regions are now replaced by SPH particles and conventional
Lagrangian finite elements, respectively. For the SPH domain, a
cell size of 0.015 m is estimated by checking mesh-dependency
and the total number of particles is 55,300. In the Lagrangian
domain, the element size and number are consistent with those of
the FLAC3D model. The inner restraining wall is supposed to be
smooth and the friction between particles and inner surface of
restraining wall is negligible. The bottom of the slope is consid-
ered fixed while symmetrical conditions are assumed for the four
lateral boundaries. In the finite element area, the classical Mohr-
Coulomb constitutive model is again adopted and calibrated
from drainage triaxial tests (see Table 5), while the SIMSAND
model is considered in the SPH domain. A gravity field is applied
to the entire model.

It is worth noting that compared to the DEM cases which require
an average simulation time of 24 h for each simulation by adopting 8
CPU cores (processor clock speed equals 2.5 GHz), the average
computation time for each SPH case approximately equals 2 h.
Moreover, several cases canbesimultaneously calculatedon theTAIYI
server in the Center for Computational Science and Engineering at
Southern University of Science and Technology, Shenzhen, China.
Therefore, the calculation efficiency of proposed method is
acceptable.
4.2. Calibration of the SIMSAND model parameters

A series of DEM drained triaxial tests is conducted to calibrate
the parameters of the SIMSAND constitutive model. For the three
kinds of particle shapes, a total of 6 tests, i.e. 3 tests on dense
samples and 3 tests on loose samples, are carried out under
different confining pressures (10 kPa, 5 kPa and 2 kPa). Compared



Fig. 4. Comparison between DEM triaxial tests (red symbols) and the SIMSAND constitutive model for different particle shapes (blue lines): (a) SS (rolling resistance ¼ 0); (b) TS
(rolling resistance ¼ 0); (c) ES (rolling resistance ¼ 0); and (d) SS (rolling resistance ¼ 0.1).
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to DEM simulation, the simulated performance of SPH signifi-
cantly depends on the selected soil model and parameters. Only
the appropriate soil model with optimal parameters adopted in
SPH can generate the ideal simulation performance. To obtain a
set of accurate parameters, the model parameters are determined
through optimization-based or Bayesian-based parameter iden-
tification procedure (Jin et al., 2017b, 2018b, 2019b; Yin et al.,
2017, 2018b; Jin and Yin, 2020). The parameters with more
importance are put into the optimization procedure, as summa-
rized in Table 6. An interesting phenomenon can be observed for
the parameters optimized with the optimization-based or
Bayesian-based parameter identification procedure. The largest
difference in the model parameters is in the friction angle values,
while other model parameters remain basically the same. One
possible reason is that the different geometries (SS, TS and ES)
lead to different contact conditions between the particles in the
DEM simulation. As the particles become rough (from spherical
to tetrahedral particles), the friction and shearing between the
particles will increase on a microscopic level, resulting in the
increase of friction angle on macroscopic level. Fig. 4 presents the
results of the SIMSAND model compared with the DEM triaxial
data. A good agreement is observed between both simulations.
5. Results and discussion of slope collapse simulation

During the landslide process, the top width of the slope grad-
ually decreases and the slip particles move along the upper
boundary to the foot of the slope and slide to the far end. The
maximum runout particle distance is named Dm and the final top
width of the slope Lf. The “loose” slope generated by spherical
particles that do not consider the particle rotation effect should
have the largest landslide distance. In Fig. 5, it can be seen that even
in this extreme case, the maximum displacement of the FLAC and
Lagrangian domains is very small (less than 1 mm), and it is
Fig. 5. Displacement field of a “loose” slope with spherical p
therefore ignored. Only the large deformation area results, dis-
cretized with DEM or SPH, are discussed hereafter.

Figs. 6 and 7 show the final failure modes of the 8 cases using
the DEM and the SPH approaches, respectively. It can be seen
from Fig. 6 that the particle shape has a significant effect on
landslide morphology. The cases shown in Fig. 6a and e have the
largest runout distance Dm. The top of the slope is completely
destroyed in the “loose” slope case (Fig. 6e). For the cases of
regular tetrahedron (Fig. 6b) and elongated particles (Fig. 6c), the
slope runout distances are relatively small and the final deposit
configurations are similar, indicating that the mechanical prop-
erties of the two particle shapes are relatively close. For the cases
shown in Fig. 6d and h, where the anti-rotation effect of the
particles is considered, the runout distance Dm decreases and the
top slope width Lf increases, compared with the cases presented
in Fig. 6a and e. The results obtained by the SPH method (Fig. 7)
show the same trends.

In order to quantify the accuracy of the simulations, the final
deposit configurations provided by the DEM and SPH are presented
in Fig. 8. A good agreement can be observed for different soil
densities and particle shapes. The values of the runout distance Dm

and the slope width Lf by SPH follow closely the DEM benchmark
results.

Fig. 9 monitors the velocity field at several time steps for the 8
slopes considering different initial conditions provided by SPH.
The runout distance Dm tends to be stable around T ¼ 3 s for all
slopes. It can be observed that the particle velocity at the foot of all
slopes is zero at this time step, only a small number of particles
near the top of the slope are still moving. It is also obvious that the
particle shape has a significant effect on the landslide
morphology. From Fig. 9aeg and for different particle shapes (i.e.
SS, TS, ES), the time required for the slope collapse to reach the
final stable state (i.e. when the velocity of all particles reaches
zero) decreases in sequence. Furthermore, as shown in Fig. 9d and
g, the rolling resistance increases the time for the collapse to reach
articles without rolling resistance: (a) DEM and (b) SPH.



Fig. 7. Final failure patterns by SPH: (a)e(d) “Dense” slopes with (a) SS (no rolling resistance), (b) TS, (c) ES, and (d) SS (rolling resistance of 0.1); (e)e(h) “Loose” slopes with (e) SS
(no rolling resistance), (f) TS, (g) ES, and (h) SS (rolling resistance of 0.1).

Fig. 6. Final failure patterns by DEM: (a)e(d) “Dense” slopes with (a) SS (no rolling resistance), (b) TS, (c) ES, and (d) SS (rolling resistance of 0.1); (e)e(h) “Loose” slopes with (e) SS
(no rolling resistance), (f) TS, (g) ES, and (h) SS (rolling resistance of 0.1).
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Fig. 8. Comparison of final deposit configurations using DEM and SPH: (a)e(d) “Dense” slopes with (a) SS (no rolling resistance), (b) TS, (c) ES, and (d) SS (rolling resistance of 0.1);
(e)e(h) “Loose” slopes with (e) SS (no rolling resistance), (f) TS, (g) ES, and (h) SS (rolling resistance of 0.1).
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the final stable state (compared with the SS cases where the
rolling resistance is considered equal to zero).

The porosity distributions of slope collapse at the final stable state
are finally provided in Fig. 10 (SPH simulations). It can be observed
that the porosity in the non-sliding area remains basically unchanged
(before and after the landslide), while it increases in the sliding area.
This is due to the particle redistribution after the landslide. For the
loose slopes, it is also worth noting that the porosity distribution of
the sliding area does not tend to be looser and the porosity does not
significantly change. One possible reason is that the spatial distribu-
tion of the particles after collapse is similar to that at the initial state.
Another explanation could be that the shear expansion caused by the
particles in the sliding area is not significant.

6. Conclusions

Based on the critical state sand model SIMSAND and the SPH
method, a highly efficient and accurate approach for numerical
simulation of slope collapse is proposed in this paper. Using DEM
results as benchmark studies, a total of 8 slopes with different
initial conditions were simulated: 3 different particle shapes (SS,
TS and ES), and 2 different initial densities (dense and loose), and
a set of numerical simulations considering the anti-rotation ef-
fect of spherical particles were studied. The results of landslide
distance, particle rotation and velocity distribution were
analyzed.

Comparisons show that the adopted numerical strategy is able
to reproduce qualitatively and quantitatively the main charac-
teristics of slope collapse, i.e. free surface, final deposit configu-
rations and final runout distance. The results also illustrate that
the particle shape, initial density and particle anti-rotation co-
efficient have a significant effect on the landslide. Compared with
regular spherical particles, the slope generated by irregular par-
ticles is less prone to sliding damage, its sliding area is smaller
and the impact of landslide damage is less. Particles with irreg-
ular shape can therefore restrict the rotation of the particles.
Compared with the “loose” slope, the “dense” slope presents less
landslide damage. The numerical simulation results of regular
tetrahedral and elongated particles are similar, indicating that
these two particle shapes have similar restraining effects on
particle rotation.

The combination of SPH with the SIMSAND critical state
constitutive model is able to reproduce slope collapse considering
the effect of particle shapes and soil densities. The proposed



Fig. 9. Velocity field variation during collapse using SPH: (a)e(d) “Dense” slopes with (a) SS (no rolling resistance), (b) TS, (c) ES, and (d) SS (rolling resistance of 0.1); (e)e(h) “Loose”
slopes with (e) SS (no rolling resistance), (f) TS, (g) ES, and (h) SS (rolling resistance of 0.1).
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strategy has a higher computational efficiency compared to DEM,
while maintaining the computational accuracy. Therefore, it is an
effective numerical tool that can be further applied to study real
scale field landslides.



Fig. 10. Porosity distribution at the final state using SPH: (a)e(d) “Dense” slopes with (a) SS (no rolling resistance), (b) TS, (c) ES, and (d) SS (rolling resistance of 0.1); (e)e(h) “Loose”
slopes with (e) SS (no rolling resistance), (f) TS, (g) ES, and (h) SS (rolling resistance of 0.1).
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