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Novel SPH SIMSAND–Based Approach for Modeling of
Granular Collapse

Zhen-Yu Yin1; Zhuang Jin2; Panagiotis Kotronis3; and Ze-XiangWu4

Abstract: Granular collapse is a common issue in natural hazards. This paper proposes a novel numerical approach on modeling granular col-
umn collapse. A newly developed critical state–based constitutive model, SIMSAND, was adopted to combine with the smoothed particle 
hydrodynamics (SPH) method for realistically reproducing large deformation during collapse. A rectangular channel and two-dimensional 
column tests were first simulated for the validation. The effects of aspect ratio and initial soil density were further investigated by additional 
simulations. It was demonstrated that the novel SPH-SIMSAND approach is helpful in improving the understanding of granular collapse 
and should be an effective computational tool for the analysis of real-scale granular flow.

keywords: Granular material; Collapse; Smoothed particle hydrodynamics (SPH); Large-deformation analysis; Granular flow; Critical 
state.

Introduction

Granular collapse, such as debris, rock avalanches, and landslides,

is a common issue in natural hazards. To understand this phenom-

enon, two types of experiments have been performed: rectangular

channel flowing tests (Balmforth and Kerswell 2005; Lajeunesse

et al. 2005; Lube et al. 2005, 2007; Bui et al. 2008; Crosta et al.

2009) and column flowing tests (Lube et al. 2004, 2005, 2007). In

the first, granular collapse is obtained by putting the granular mate-

rial in a rectangular channel and quickly removing a vertical side

boundary, whereas in the second, the granular material is in a hol-

low cylinder pipe.

Daerr and Douady (1999) demonstrated that the final deposit

morphology for the column collapse tests depended on the ini-

tial soil density based on only a low aspect ratio test. Later, ex-

perimental results by others (Lajeunesse et al. 2004; Lube et al.

2004, 2005, 2007) showed that the final deposit morphology

(deposit radius, deposit height, and slumping velocity) mainly

depended on the initial aspect ratio of the granular column with-

out showing the influence of soil density. More recently, vari-

ous numerical studies were also conducted to investigate the

granular collapse using the physics-based discrete-element

method (DEM). The results also showed that the final deposit

morphology depended on the initial aspect ratio (Staron and

Hinch 2005; Zenit 2005; Lacaze et al. 2008; Girolami et al.

2012; Soundararajan 2015; Utili et al. 2015). In these studies,

the effect of the initial void ratio (corresponding to the soil den-

sity) was again ignored. To confirm this, Kermani et al. (2015)

and Soundararajan (2015) simulated the effect of initial poros-

ity on three-dimensional (3D) asymmetrical collapse consider-

ing different aspect ratios. However, the number of particles in

the majority of DEM simulations is limited and far from a real

physical model or case due to computational efficiency issues.

The applicability of the DEM to a real-scale problem is, thus,

still questionable.

The finite-element method is a powerful way to simulate prob-

lems in geotechnics (Shen et al. 2014, 2017; Wu et al. 2016, 2017a).

The method has also been applied to analyze granular column col-

lapse using Mohr-Coulomb and Drucker-Prager constitutive mod-

els and the arbitrary Lagrangian-Eulerian (ALE) technique (Crosta

et al. 2009), the particle finite-element method (PFEM) (Zhang

et al. 2015), the smooth particle hydrodynamics (SPH) method

(Bui et al. 2008; Nguyen et al. 2017), and the material point

method (MPM) (Sołowski and Sloan 2015). However, these con-

stitutive models adopted up to now are not appropriate for

describing the state-dependent behavior of soils. Because the con-

stitutive model is a key component controlling the physics of

finite-element analysis, the well-accepted critical-state modeling

theory for granular material should be considered.

In this paper, a critical state–based model accounting for soil

density effects was first adopted and implemented in combination

with the SPH method for large-deformation analysis. Then, rec-

tangular channel soil collapse tests were simulated and the com-

bined numerical tool was validated. Granular column collapse

tests with different aspect ratios were simulated for further valida-

tion in terms of the final deposit morphologies, dynamic flowing

profiles, and undisturbed areas. Finally, additional simulations

for different initial void ratios (e0 = 0.75, 0.85, 0.95, and 1.05)

were conducted to investigate the effect of soil density on the final

deposit morphology. The collapse evolution process was moni-

tored, and the ability of the adopted modeling strategy to repro-

duce the influences of the initial aspect ratio and the soil density

was evaluated.
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Numerical Methods and Constitutive Model

for Simulation

SPHMethod

The SPH method implemented in the finite-element code ABAQUS/

Explicit was adopted in this study to solve large-deformation

problems. The method was initially proposed by Gingold and

Monaghan (1977) for numerical analysis in astrophysics. Further

developments allowed for applications to various problems in the

field of solid mechanics. In the SPH method, number of particles

is used to discretize the numerical domain. The particle represents

the volume and mass of soils and carries numerical parameters,

such as acceleration, velocity, and void ratio (Chen and Qiu

2012), as shown in Fig. 1(a).

The field variable f xð Þ at point x in the numerical domain can

then be obtained by the following equation accounting for the effect

of neighboring particles:

f xð Þ ¼

ð

X

f x0ð ÞW x� x0; hð Þdx0 (1)

whereW = weighting function, or the so-called kernel or smoothing

function. The f xð Þ is further approximated by the summation over

neighboring particles by

f xð Þ ¼
X

N

i¼1

f xið ÞW x� xi; hð ÞVi ¼
X

N

i¼1

f xið ÞW x� xi; hð Þ
mi

r i

(2)

where Vi, r i, and mi = volume, density, and mass of the particle i,

respectively; and N = number of influencing particles. The spatial

derivative of f xð Þ is approximated by the differential operations on

the kernel function

∂f xð Þ

∂x
¼

X

N

i¼1

mi

r i

f xið Þ
∂W x� xi; hð Þ

∂xi
(3)

Thus, the kernel function has a significant influence on the effi-

ciency and accuracy of SPH calculations. The particles serve as

interpolation points for estimating all variables in the continuous

medium. These particles can also be separated by a big distance.

The variables between particles can be approximated by smoothing

shape functions. When a particle gets to a certain distance, which

is the smoothing length (h), from another one, particles start to

interact. Only when the SPH particles are in the influence domain

will they interact with each other. Thus, a smoother or more contin-

uous behavior can be achieved by a larger smoothing length.

Otherwise, more discrete behaviors will be obtained using a smaller

smoothing length, because particles are more independent in this

case.

The main advantage of the SPH method is that, when calcu-

lating spatial derivatives, there is no need for a fixed computa-

tional grid. Instead, using analytical expressions based on the

derivatives of the smoothing functions, estimates of derivatives

can be obtained (Li and Liu 2002). Because the particles during

the calculation can be interacted and separated over the time, the

SPH method can deal with very-large-deformation analysis

(Bojanowski 2014).

Explicit Finite-Element Method

The SPH method implemented in ABAQUS uses the explicit time-

integration method (Hibbitt, Karlsson and Sorensen 2001). As

shown in Fig. 1(b), the equilibrium condition is first written with the

balance of internal force and external force

M€u tð Þ ¼ P tð Þ � I tð Þ (4)

whereM = mass matrix; €u = acceleration; P = applied external force

vector; and I = internal force vector.

The equations of motion for the body are then integrated using

the explicit time central-difference integration rule as follows:

_u
tþ

Dt

2

� � ¼ _u
t�

Dt

2

� � þ
Dt tþDtð Þ þ Dt tð Þ

2
€u tð Þ

u
tþDtð Þ ¼ u

tð Þ þ Dt tþDtð Þ _u
tþ

Dt

2

� �

(5)

where u = displacement; subscript t = time in an explicit dynamic

step; _u = velocity; and Dt = increment of time. For the stability of

calculation, the time increment (Dt) should be smaller than a limited

value (Dt � Lmin=cd) with the smallest element dimension of mesh

(Lmin) and the dilatory wave speed (c
d).

Finally, incremental strain calculated by incremental displace-

ment is used by the constitutive model to update stresses and then

internal forces, up to a new equilibrium condition.

Equilibrium equation 

VUMAT

For t

Lagrangian SPH movement

SPH particle

Particle interaction

Neighbourhood zone

i t

iI t

i t t

iI t t

i

iu t t

(a) (b)

Fig. 1. SPH numerical method: (a) deformation of SPHmethod; and (b) flowchart of explicit analysis.
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Adopted Critical State–Based Model SIMSAND

The SIMSANDmodel was developed based on the Mohr-Coulomb

model by implementing the critical-state concept (Yin et al. 2017a;

Jin et al. 2017) with nonlinear elasticity, nonlinear plastic harden-

ing, and a simplified 3D strength criterion. The state-dependent

peak strength and stress dilatancy (contraction or dilation) are well

captured by the SIMSAND model (Jin et al. 2017). The basic con-

stitutive equations are summarized in Table 1. The model parame-

ters with their definitions are summarized in Table 2. The calibra-

tion of the model parameters can be carried out in a straightforward

way (Wu et al. 2017b) or using optimization methods (Jin et al.

2016a, b; Yin et al. 2017b).

The adopted SIMSANDmodel was implemented into ABAQUS/

Explicit as a user-defined material model via user material sub-

routine VUMAT. The procedure of model implementation

followed that of Hibbitt, Karlsson and Sorensen (2001). In

ABAQUS/Explicit combined with VUMAT, the strain incre-

ment on the element D« at Dtwas first solved by ABAQUS using

the presented explicit time central-differential integration

method. Then, the stress increment (Ds ) was updated through

VUMAT using the solved D« . For the stress integration, the

cutting-plane algorithm proposed by Ortiz and Simo (1986) was

adopted. Implementation of the finite-element method was then

verified by simulating the aforementioned drained triaxial tests

before modeling the granular collapse.

Rectangular Channel Soil Collapse Simulations

Experimental and Numerical Simulation Configurations

To validate the SIMSAND model and the adopted numerical inte-

gration scheme, the rectangular channel soil collapse tests (Bui

et al. 2008) were simulated hereafter. In the experiments, small alu-

minum bars of various diameters (0.1 and 0.15 cm) were used to

model the soil. The bars were initially arranged into an area of 20-

cm length � 10-cm height � 2-cm width, delimited by two flat

solid walls. The experiment was started by quickly moving the right

wall horizontally to the right, causing the flow of the aluminum bars

to the side due to gravity (Fig. 2).

For the numerical model, the spatial discretization domain is

shown in Fig. 3(a). SPH particles were used to model the soil while

the two solid walls were discretized with rigid hexahedral finite ele-

ments. The initial SPH particle distance was (approximately) the

same in the horizontal and vertical directions to reproduce homoge-

neous conditions.

A cell size of 0.2 cm was estimated by checking mesh de-

pendency (Fig. 3 with different size from 0.1 to 0.2 cm) so that

the particle space or the particle diameter was half of the cell

size (eight particles in each cell). The total number of particles

was around 400,000. The bottom surface was set as a fixed

boundary, whereas symmetrical conditions were assumed for

the four lateral boundaries.

The simulation was carried out in two steps: to balance the geo-

static field and to move the right wall along the horizontal direction

with a speed of 1 m/s to the right. The contacts between the sand

Table 1. Basic constitutive equations of SIMSANDmodel

Components Constitutive equations

Elasticity
_ɛeij ¼

1þ y

3K 1� 2yð Þ
s 0

ij �
y

3K 1� 2yð Þ
s 0

kkd ij K ¼ K0 � pat
2:97� eð Þ2

1þ eð Þ

p0

pat

� �z

Yield surface
f ¼

q

p0
� H

Potential surface
∂g

∂p0
¼ Ad Mpt �

q

p0

� �

;
∂g

∂sij
¼ 1 1 1 1 1 1

� �

Hardening rule

H ¼
Mpɛ

p
d

kp þ ɛ
p

dCritical state with interlocking effects

ec ¼ eref � λ
p
0

pat

� �j

tan f p ¼
ec

e

� �np

tan f m tan f pt ¼
ec

e

� ��nd

tan f m

3D strength criterion

Mp ¼
6 sin f p

3� sin f p

2c1
4

1þ c14 þ 1� c14ð Þsin 3u

" #1
4

with c1 ¼
3� sin f p

3þ sin f p

Mpt ¼
6 sin f pt

3� sin f pt

2c2
4

1þ c24 þ 1� c24ð Þsin 3u

" #1
4

with c2 ¼
3� sin f pt

3þ sin f pt

Note: pat = atmospheric pressure (pat = 101.3 kPa); p0 = effective mean pressure; q = deviatoric stress; ec = critical-state void ratio; f p = peak friction angle;

f pt = phase transformation friction angle; Mpt = stress ratio corresponding to the phase transformation; Mp = peak stress ratio; u = Lode’s angle with its

effect introduced by using Sheng et al. (2000), which is similar to Yao et al. (2004, 2008, 2009); and np and nd = interlocking parameters controlling the

degree of interlocking due to neighboring particles according to Yin et al. (2010) and Yin and Chang (2013).

Table 2. Parameters of SIMSAND model and values of parameters for
Toyoura sand

Parameters Definitions Value

K0 Referential bulk modulus (dimensionless) 130

y Poisson’s ratio 0.2

n Elastic constant controlling nonlinear stiffness 0.5

f Critical-state friction angle 31.5

eref Initial critical-state void ratio 0.977

l Constantly controlling the nonlinearity of CSL 0.0596

j Constantly controlling the nonlinearity of CSL 0.365

Ad Constant of magnitude of the stress dilatancy 0.7

kp Plastic modulus–related constant 0.0044

np Interlocking related peak strength parameter 2.4

nd Interlocking related phase transformation

parameter

2.9

Note: CSL = Critical State Line.
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and walls were described by the classical Coulomb friction law

with a friction coefficient¼ tan(f /2)¼ 0.28.

Following Lube et al. (2004, 2005), the collapse behavior

was less sensitive to the grain properties of granular material

compared to the density. Meanwhile, due to a lack of mechanical

tests on used material, the model parameters of Toyoura sand

were adopted for simulations. Fig. 4 presents the typical state-

dependent behavior of granular materials simulated by the

model under a very low confining stress in the experiments. As

shown in Fig. 4, the initial void ratio (or initial density) signifi-

cantly influenced the peak strength and the dilation/contraction

of granular material, which should be considered in granular col-

lapse because the density changes greatly during collapse.

Numerical Validation

Different void ratios from 0.75 to 1.05 were assumed for simula-

tions and compared with experimental results. As shown in Fig. 5,

the higher the initial density (or the smaller the void ratio), the

stiffer the free surface and failure line were and the longer the

runout distance was. This agrees with the experimental results of

Lube et al. (2005). Luckily, the simulation with e0 = 0.95 fit the

experiment well. Thus, e0 = 0.95 was adopted as a reference void ra-

tio for the following sections.

During simulation using the SPH method, each particle repre-

sents one gauss integration point. Accordingly, similar to the ele-

ment in FEM, the total strain of each particle is divided into the elas-

tic and plastic strains when using the SIMSAND model in SPH.

In this study, the equivalent plastic strain was defined as
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2=3 _e
p
ij : _e

p
ij

� �

r

(where _e
p
ij is the tensor of the deviatoric plastic

strain rate) and was used to describe the plastic deformation. Fig. 6

shows the calculated deformed column with the distribution of

deviatoric plastic strain at different time steps. The movement took

place for approximately 0.6 s.

Influence of Aspect Ratio

Numerical Simulation Configurations

To have a further understanding of the granular column collapse,

the two-dimensional column collapse with a different initial aspect

ratio was simulated.

In the numerical model, the spatial discretization domain had the

same dimensions as in the experiments by Lube et al. (2005), as

shown in Fig. 7, where hi is the initial height, di is the initial basal

length, and a = hi/di is the aspect ratio of the granular column. As in

the experiments, six aspect ratios were studied (a = 0.5, 1.0, 1.5,

Soil sample

Solid plate used

to model the wall

5cm

20cm

10cm

2cm

Fig. 2. Rectangular channel soil collapse experiments.

0 20 30

10

25
0

20

10

10

0 20 3010 25

10

0

20

20

0

0 20 3010 25
0

1
0
 c

m

Unit: cm

Unit: cmUnit: cm

20 cm(a) (c)

(d)(b)

Fig. 3. SPH particle density and mesh dependency: (a) two-dimensional (2D) spatial domain discretization for SPH particles and rigid hexahedral fi-

nite elements; (b) element size of 0.1 cm; (c) element size of 0.15 cm; and (d) element size of 0.2 cm.
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3.0, 7.0, and 9.0) in which the column initial basal length was con-

stant and equal to 10 cm. The element size for all aspect ratios was

0.2 cm, with which a total number of elements from 31,250 to

562,500 were discretized for different aspect ratios of columns, as

summarized in Table 3.

Comparisons and Discussions

Three different aspect ratios (a = 0.5, 1.5, and 7.0) in the numerical

results were compared with the experimental results of Lube et al.

(2005) in Fig. 8, where the gradually varied shading represents the

distribution of the deviatoric plastic strain. A good agreement was

observed in terms of deposit morphology. Furthermore, simulations

captured the progressive collapsing process; more specifically:

1. For a = 0.5, the outer region at the bottom flowed and the length

of the runout region at the column foot increased. The inner

region was less disturbed than other cases, and a flat area

remained at the top.

2. For a = 1.5, the runout distance at the bottom increased and a

flat undisturbed area was created at the top during the initial

stage. A cone tip formed at the end.

3. For a = 7.0, an important degradation of the column height

occurred first. Then, the runout distance at the column foot

increased and the upper initially undisturbed surface began to

flow. Finally, a very large runout distance with a cone tip formed.

p 0 = 5kPa p 0 = 5kPa

CSL

e0 = 0.75

e0 = 0.9

e0 = 1.05

p 0 = 5kPa

e0 = 0.75

e0 = 0.9

e0 = 1.05

(a) (b) (c)

Fig. 4. Simulated stress–strain behavior of conventional triaxial tests using parameters of Toyoura sand: (a) deviatoric stress versus axial strain;

(b) void ratio versus axial strain; and (c) void ratio versus mean effective stress in demilogarithmic scale. CSL = Critical State Line.

Fig. 5. Simulation results of column collapse: (a) final free surfaces and failure lines for various initial void ratios e0 = 0.75, 0.85, 0.95, 1.05; (b) final

deformed column in experiment; and (c) final deformed column by simulation with e0 = 0.95.
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Flow Description

Fig. 9 shows the successive numerical granular collapse profiles for

the three aspect ratios. Lube et al. (2004) summarized three deposit

morphologies based on an aspect ratio range: (1) a< 0.74, (2)

0.74< a< 1.7, and (3) a> 1.7. These distinctive flow processes

were well captured by simulations:

1. For a = 0.5 (<0.74), a lateral flow developed at the column

foot, and a flat undisturbed area remained at the top. The de-

posit height (h0) stayed constant.

2. For 0.74< a = 1.5< 1.7, the evolution of the lateral flow was

accompanied by a small decrease of the initial height (h0). A

wedge shape formed at the end.

3. For a = 7> 1.7, initially, the column height greatly decreased

but the upper surface remained unchanged. Then, the lateral

flow developed quickly. Simultaneously, the length of the

upper surface decreased and formed a dome-like shape. At the

final stage, the runout distance (d1Þwas important, and a

wedge shape formed at the top h1ð ).

Fig. 10 shows the comparison of plastic strain fields between

simulations with different aspect ratios, where the smallest value of

deviatoric plastic strain (ɛ
p

d) is black, and the undisturbed stable

area inside the granular column is suggested by a relatively small

value of deviatoric plastic strain. Then, it was found that an undis-

turbed trapezoid area developed on the upper free surface of the col-

umn only for the cases of small aspect ratios (a = 0.5, 1.0, and 1.5),

highlighted in black in Fig. 10. However, for the cases of large as-

pect ratios (a = 3.0, 7.0, and 9.0), the upper free surface developed a

triangle area and the repose angle presented an increasing trend.

Influence of Soil Density

Deposit Morphology

To study the influence of soil density, granular columns with four

initial void ratios (e0 = 0.75, 0.85, 0.95, and 1.05, corresponding to

unit weights of g = 1.51, 1.43, 1.36, and 1.29 when Gs = 2.65) and

six aspect ratios (a = 0.5, 1.0, 1.5, 3.0, 7.0, and 9.0) were simulated

hereafter. The numerical results were compared with the best-fitting

equations shown in Fig. 11. The numerical results were in agree-

ment with the best-fitting equations of Lube et al. (2005) for the nor-

malized final runout distance when e0 = 0.95. However, a difference

appeared for smaller initial void ratios, especially in the cases of

larger aspect ratios. The normalized final deposit height seemed less

sensitive to the soil density. However, the effect increased for the

cases of higher aspect ratios. All comparisons indicated that the de-

posit morphology (final runout distance and final deposit height)

depended on not only the aspect ratio but also the initial density.

This was also in agreement with DEM results (Kermani et al. 2015).

Fig. 12 presents the final deposit morphology of the simulations

with different initial void ratios. The final deposit morphology was

sensitive to the initial void ratio or soil density. For the cases of lower

column a< 1.15, the height of the circular undisturbed zone in the

upper surface remained the same, but its area decreased. The runout

distance increased with the increase of the initial void ratio (or

decrease of initial soil density). For the cases of higher column

a> 1.15, the denser granularmaterial caused a shorter runout distance

and higher final deposited height in agreement with the DEM simula-

tions by Kermani et al. (2015) and experiments by Daerr and Douady

(1999). This illustrates that the influence of the void ratio or soil den-

sity on granular collapse was well captured by using the SPH tech-

nique with the critical state–based SIMSAND model. The difference

in deposit morphology between different void ratios for the same as-

pect ratio can be explained by the stress dilatancy of granular soils.

For dense sand, a stronger interlocking force between particles devel-

oped with a higher mobilized strength and finally formed a stable

inner region during the stage of collapsing. Therefore, a denser granu-

lar column corresponded to a bigger inclination of the slope surface

with a higher deposit height and smaller runout distance.

Monitoring Collapse

The collapsing time (t) was normalized by the intrinsic critical time

(tc) used for the dimensionless analysis, where the value of tc can be

calculated by the initial height of the sand column (tc =
ffiffiffiffiffiffiffiffiffi

hi=g
p

)

(Soundararajan 2015). Figs. 13 and 14 present the simulation results

of the normalized runout distance [ d1 � dið Þ=di] and the normal-

ized deposit height (h1=diÞwith the normalized time (t/tc). All

t=0.05s

t=0.1s

t=0.3s

t=0.6s

0 2 4 6 8 10 12

1 3 5 7 9 11

Deviatoric plastic strain: %

Fig. 6. Deformed shape and deviatoric plastic strain distribution of the

granular column at different time steps.

Fig. 7. Discretization domain plane views for six aspect ratios (a).

Table 3. Discretization parameters for all simulations

Aspect

ratio (a)

Initial basal

length

[di (cm)]

Initial

height

[hi (cm)]

Column size

(cm3)

Number of

SPH particles

0.5 10 5 10� 5� 5 31,250

1.0 10 10 10� 10� 5 62,500

1.5 10 15 10� 15� 5 93,750

3.0 10 30 10� 30� 5 187,500

7.0 10 70 10� 70� 5 437,500

9.0 10 90 10� 90� 5 562,500
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results present an S-shaped curve with two successive stages,

regardless of the initial aspect ratios and void ratios. First there was

an acceleration and then a deceleration stage starting close to 1.5tc–

2.0tc. The collapse ceased at approximately 3.5tc.

The following conclusions can also be made:

1. For the same initial void ratio, a higher aspect ratio leads to a

more important normalized runout distance and deposit height.

2. For the same aspect ratio, denser sand (smaller initial void ra-

tio) leads to a more important deposit height but to a shorter

runout distance in the same timescale.

3. The normalized deposit height initially increases when the right

boundary plate is lifted [Figs. 14(a–c)]. This uplift depends

strongly on the soil density. A denser soil leads to a more im-

portant uplift. The reason for this is again the density effect,

which develops more on denser sand due to the stronger inter-

locking between particles at initial shearing.

Conclusion

A numerical investigation on granular collapse based on the

critical-state soil model SIMSAND and the SPH method was car-

ried out. The validation was first provided by comparing experi-

mental data from rectangular channel and two-dimensional column

Fig. 8. Comparison of progressive granular collapse between simulations and experiments for different aspect ratios of (a) a = 0.5; (b) a = 1.5; and

(c) a = 7.0.
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Fig. 9. Numerical progressive column collapse profiles for different aspect ratios of (a) a = 0.5; (b) a = 1.5; and (c) a = 7.0.
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collapse tests. Then, the influence of the initial aspect ratio and the

soil density was studied in detail.

All comparisons showed that the adopted numerical strategy was

able to reproduce qualitatively and quantitatively the main behaviors

of granular column collapse (i.e., free surface, failure line, final

deformed profile for the rectangular channel test, final runout dis-

tance, and deposit height).More specifically, when the initial soil den-

sity decreased, the failure surface shrank and the free surface

enlarged. A lower initial void ratio generated a stronger interlocking

force, leading to a higher deposit height and a shorter runout distance.
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Fig. 10. Side view of plastic deviatoric strain after collapse with different a: (a) a = 0.5; (b) a = 1.0; (c) a = 1.5; (d) a = 3.0; (e) a = 7.0; and (f) a = 9.0.

Fig. 11. Comparison between the numerical simulations and the best-fitting equations of Lube et al. (2005) for different aspect ratios and initial void

ratios: (a) normalized final runout distance; and (b) normalized final deposit height.
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Fig. 13. Evolution of the normalized runout distance for different aspect ratios and initial void ratios: (a) for a = 0.5, (b) for a = 1.5; and (c) for a = 7.0.
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The combination of the SIMSANDmodel with the SPH method

is able to reproduce granular collapse, taking into account the influ-

ence of different aspect ratios and soil densities. Therefore, it pro-

vides an effective computational tool for the analysis of real-scale

granular flow.
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