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

granular flow.
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1 Introduction

Granular collapse, such as debris, rock avalanches and landslides is a common issue in natural
hazards. In order to understand this phenomenon, two types of experiments were performed:
rectangular channel flowing tests (Balmforth and Kerswell 2005; Lajeunesse et al. 2005; Lube et al.
2005; Lube et al. 2007; Bui et al. 2008; Crosta et al. 2009) and column flowing tests Lube et al.
(2004, 2005 and 2007). In the first, granular collapse is obtained by putting the granular material in
a rectangular channel and quickly removing a vertical side boundary, while in the second the

granular material is in a hollow cylinder pipe.

Daerr and Douady (1999) presented that the final deposit morphology for the column collapse
tests depends on the initial soil density based on only a low aspect ratio test. Later on, experimental
results by others (Lajeunesse et al. 2004; Lube et al. 2004; Lube et al. 2005; Lube et al. 2007)
showed that the final deposit morphology (deposit radius, deposit height and slumping velocity)
mainly depends on the initial aspect ratio of the granular column without showing the influence of
soil density. More recently, various 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 depends 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 density) was again
ignored. To replenish this, Kermani et al. (2015) and Soundararajan (2015) simulated the effect of
initial porosity on the 3D asymmetrical collapsing considering 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 method to a

real scale problem is thus still questionable.



Finite element method is a powerful way to simulate problems in geotechnics (Shen et al.
2014; Shen et al. 2017; Wu et al. 2016; Wu et al. 2017a). The method was also applied to analyse
granular column collapse using Mohr-Coulomb and Drucker-Prager constitutive models 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. 2016) and the Material Point Method (MPM) (Sotowski and Sloan 2015).
However, these adopted constitutive models adopted up to now are not appreciated appropriate to
describe the state-dependent behaviour of soils. Since the constitutive model is a key component
controlling the physics of finite element analysis, the well accepted critical state modelling theory

for granular material should be considered.

In this paper, a critical state based model accounting for soil density effects is first adopted and
implemented into to combine with the Smoothed Particle Method Hydrodynamics (SPH) technigue
method technique for large deformation analysis. Then, rectangular channel soil collapse tests are
simulated and the combined numerical tool is validated. Granular column collapse tests with
different aspect ratios are simulated for further validation in terms of the final deposit morphologies,
the dynamical flowing profiles and the undisturbed areas. Finally, additional simulations for
different initial void ratios (eo =0.75, 0.85, 0.95 and 1.05) are conducted to investigate the effect of
soil density on the final deposit morphology. The collapse evolution process is monitored and the
ability of the adopted modelling strategy to reproduce the influences of the initial aspect ratio and

the soil density is evaluated.

2 Numerical methods and constitutive model for simulation

2.1 SPH method



The SPH method implemented in the finite element code ABAQUS/Explicit was adopted in
this study to solve large deformation problems. The method was first developed by Gingold and
Monaghan (1977) for simulations in astrophysics. Further developments allowed for applications to
a broad range of problems in solid mechanics. In SPH simulations, the computational domain is
discretized into a finite number of particles, each representing a certain volume and mass of
material (fluid or solid) and carrying simulation parameters such as acceleration, velocity, density

and pressure/stress, shown in Figure 1(a).

The material properties f(x)at any point X in the simulation domain are then calculated
according to an interpolation process over its neighbouring particles that are within an influence

domain Q through

FO0)=] FOOWEX " x (1)
where W is the kernel or smoothing function, which is essentially a weighting function. This
continuous integral representation of the field variable f(x) can be further approximated by the

summation over neighbouring particles as
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where Vi, mi and pi are the volume, mass and density of the particle 1 respectively and N is the

number of particles within the influence domain. The spatial derivative of the field variable f (x)

can be approximated through the differential operations on the kernel function
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The efficiency and accuracy of SPH simulations depend on the kernel function. The SPH



particles are used as interpolation points and are the basis for calculating all the field variables in
the continuum. Like the objects in astrophysics, the SPH particles can be separated by a large
distance. The field variables between the SPH particles are approximated (smoothed) by smoothing
shape functions. The interaction between the SPH particles starts when a particle gets to a certain
distance (smoothing length h) from another one. SPH particles interact with each other only if they
are within the influence domain. Otherwise, they are independent from each other. Therefore, a
larger smoothing length (i.e. larger influence domain) generally results in a smoother or more
continuous behaviour as the SPH particles are more interdependent. Whereas, a smaller smoothing
length (i.e. smaller influence domain) generally yields more discrete behaviours as the SPH

particles are more independent.

A major advantage of the SPH method is that there is no need for a fixed computational grid
when calculating spatial derivatives. Instead, estimates of derivatives are obtained from analytical
expressions based on the derivatives of the smoothing functions (Li and Liu 2002). Since the
connectivity between the particles is generated as a part of the computation and can change over the

time, the SPH method can handle very large deformations and displacements.

2.2 Explicit finite element method

The SPH method implemented in ABAQUS uses the explicit time integration method (Hibbitt
et al. 2001). As shown in Figure 1(b), the equilibrium condition is first written with the balance of

internal force and external force,

M= F= “)

where M is the mass matrix; u is the acceleration; P is the applied external force vector, and | is the

internal force vector.



The equations of motion for the body are then integrated using the explicit time

central-difference integration rule as follows:

. Aty +AL
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where u is the displacement and the subscript t refers to the time in an explicit dynamic step. U is
the velocity; Atis the increment of time. For the stability of calculation, the time increment At

should be smaller than a limited value At~L/c, with the smallest element dimension of mesh Lmin

and the dilatory wave speed c“.

Finally, incremental strain calculated by incremental displacement will be called by the

constitutive model to update stresses and then internal forces, up to a new equilibrium condition.

2.3 Adopted critical state based model SIMSAND

The SIMSAND model was developed based on the Mohr-Coulomb model by implementing the
critical state concept (Yin et al. 2016a; Jin et al. 2017) with non-linear elasticity, non-linear plastic
hardening, and a simplified three-dimensional 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 constitutive equations are summarized in Table 1. The model parameters with
their definitions are summarized in Table 2. The calibration of the model parameters can be carried
out using a straightforward way (Wu et al. 2017b) or using optimisation methods (Jin et al. 2016a,b;

Yin et al. 2016b).

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

follows the way of Hibbitt et al. (2001). In ABAQUS/Explicit combining with VUMAT, the strain



increment on the element Asat At is first solved by ABAQUS using the presented explicit time
central-differential integration method. Then, the stress increment Ao is updated through VUMAT
using the solved A¢. For the stress integration, the cutting plane algorithm proposed by Ortiz and
Simo (1986) was adopted. The implementation of finite element method was then verified by

simulating above mentioned drained triaxial tests before modelling the granular collapse.

3 Rectangular channel soil collapse simulations

3.1 Experimental and numerical simulation configurations

In order to validate the SIMSAND model and the adopted numerical integration scheme, the
rectangular channel soil collapse tests (Bui et al. 2008) were simulated hereafter. In experiments
small aluminium bars of various diameters (0.1cm and 0.15cm) were used to model the soil. The bars
were initially arranged into an area of 200-mm-20cm length x 206-mm-10cm height x 26-mm 2cm
width, delimited by two flat solid walls. The experiment starts by quickly moving the right wall

horizontally to the right causing the flow of the aluminium bars to the side due to gravity (Figure 2).

In the numerical model, the spatial discretization domain is shown in Figure 3(a). SPH particles
are used to model the soil while the two solid walls are discretized with rigid hexahedral finite
elements. The initial SPH particles distance is (approximately) the same in the horizontal and vertical

directions, in order to reproduce homogenous conditions.

A cell size of 2mm 0.2cm was estimated by checking mesh-dependency (see Figure. 3(c-d)) so
that the particle space or the particle diameter is one-half of the cell size (eight particles in each cell).
The total number of the particle is 400000. The bottom surface was set as fixed boundary while

symmetrical conditions were assumed for the four lateral boundaries.



The simulation was carried out in two steps: to balance the geostatic field and to move the right
wall along the horizontal direction with a speed of 1m/s to the right. The contacts between the sand

and walls were described by the classical Coulomb friction law with a friction coefficient

u=tan(@/2) = 0.28.

Following Lube et al.(2004 and 2005), the collapse behaviour is less sensitive to the grain
properties of granular material comparing to the density. Meanwhile, lack of mechanical tests on
used material, the model parameters of Toyoura sand were adopted for simulations. Figure 4 presents
the typical state-dependent behaviour of granular materials simulated by the model under a very low
confining stress as the condition in experiments. As shown in this figure, the initial void ratio (or
initial density) influences significantly the peak strength and the dilation/contraction of granular
material, which should be considered in granular collapse since the density is highly changing during

the collapse.

3.2 Numerical validation

Different void ratios from 0.75 to 1.05 were assumed for simulations and compared with
experimental results. As shown in Figure 5, higher the initial density (or smaller the void ratio) is,
stiffer the free surface and failure line, and longer the run-out distance is. This agrees with the
experimental results of Lube et al. (2005). Luckily, the simulation with ep= 0.95 fits well the

experiment. Thus, the eo= 0.95 was adopted as a reference void ratio for the following sections.

During the simulation using the SPH method, each particle represents one gauss integration
point. Accordingly, similarly to the element in FEM, the total strain of each particle is divided into

the elastic and plastic strains when using the SIMSAND-model in SPH. In this study, the equivalent

plastic strain is defined as 2/3(éi}’:éif) (where ¢} is tensor of deviatoric plastic strain rate) was



used to describe the plastic deformation. Figure 6 shows the calculated deformed column with the
distribution of deviatoric plastic strain at different time steps. The movement takes place for

approximately 0.6s.

4 Influence of aspect ratio

4.1 Numerical simulation configurations

In order to have a further understanding on the granular column collapse, the two-dimensional

column collapse with different initial aspect ratio was simulated.

In the numerical model, the spatial discretization domain has the same dimensions as in the
experiments of Lube et al. (2005) shown in Figure 7, where h; is the initial height, d; the initial
basal length and a=hi/d; the aspect ratio of the granular column. As in the experiments, six aspect
ratios were studied (a=0.5, 1.0, 1.5, 3.0, 7.0, 9.0) in which the column initial basal length is taken
constant and equal to 10 cm. The element size for all aspect ratios are 2-+wm 0.2cm, using which a
total of elements from 31250 to 562500 (PC3D) are discretized for different aspect ratios of

columns, summarized in Table 3.

4.2 Comparisons and discussions

Three different aspect ratios (a = 0.5, 1. 5 and 7.0) in the numerical results are compared with
the experimental results of Lube et al. (2005) in Figure 8, where the gradually varied color
represents the distribution of the deviatoric plastic strain. A good agreement is 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 flows and the length of the run-out region at the
column foot increases. The inner region is less disturbed than other cases and a flat area remains
at the top.

(2) For a = 1.5: the run-out distance at the bottom increases and a flat undisturbed area is created at
the top during the initial stage. A cone tip is formed at the end.

(3) For a = 7.0: an important degradation of the column height first happens. Then, the run-out
distance at the column foot increases and the upper initially undisturbed surface begins to flow.

Finally, a very large run-out distance with a cone tip is formed.
4.3 Flow description

Figure 9 shows the successive numerical granular collapse profiles for the three aspect ratios.
Lube et al. (2004) summarised three deposit morphologies based on the aspect ratio range: (1) a
<0.74, (2) 0.74 < a <1.7 and (3) a >1.7. These distinctive flow processes are well captured by

simulations:

(1) For a=0.5 (< 0.74): a lateral flow develops at the column foot and a flat undisturbed area
remains at the top. The deposit height hg stays constant.

(2) For 0.74 < a=1.5 <1.7: the evolution of the lateral flow is accompanied by a small decrease of
the initial height ho. A wedge shape is formed at the end.

(3) For a =7 >1.7: initially, the column height greatly decreases but the upper surface remains
unchanged. Then, the lateral flow develops quickly. Simultaneously, the length of the upper
surface decreases and forms a dome-like shape. At the final stage, the run-out distance d, is

important and a wedge shape is formed at the top h..
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Figure 10 shows the comparison of plastic strain fields between simulations with different
aspect ratios, where the smallest value of deviatoric plastic strain &} is coloured in black, and the

undisturbed stable area inside the granular column is suggested by a relatively small value of
deviatoric plastic strain. Then, it can be found that only for the cases of small aspect ratios a = 0.5,
1.0 and 1.5, an undisturbed trapezoid area develops on the upper free surface of the column as
colouring with the highlighted black. But for the cases of large aspect ratios a = 3.0, 7.0 and 9.0,

the upper free surface develops a triangle area and the repose angle presents an increasing trend.

5 Influence of soil density

5.1 Deposit morphology

In order to study the influence of soil density, granular columns with four initial void ratios (eo
= 0.75, 0.85, 0.95 and 1.05, corresponding to a unit weight of = 1.51, 1.43, 1.36 and 1.29 when
Gs=2.65) and for six aspect ratios (a = 0.5, 1.0, 1.5, 3.0, 7.0 and 9.0) were simulated hereafter. The
numerical results are compared with the best-fitting equations shown in Figure 11. It can be found
that, the numerical results are in agreement with the best-fitting equations of Lube et al. (2005) for
the normalized final run-out distance when e0=0.95. Difference however appears for smaller initial
void ratios, especially in the cases of larger aspect ratios. The normalized final deposit height seems
less sensitive to the soil density. However, the effect increases for the cases of higher aspect ratios.
All comparisons indicate that the deposit morphology (final run-out distance and final deposit
height) depends on not only the aspect ratio but also the initial density. This is also in agreement

with results by Discrete Element Method (Kermani et al. 2015).

Figure 12 presents the final deposit morphology of the simulations with different initial void

ratios. It can be found that the final deposit morphology is sensitive to the initial void ratio or soil
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density. For the cases of lower column a < 1.15, the height of the circular undisturbed zone in the
upper surface is maintained in the same. But its area is decreased. The run-out distance increases
with the inereasing increase of the initial void ratio (or decreasing decrease of initial soil density).
For the cases of the higher column a > 1.15, the denser granular material causes shorter run-out
distance and higher final deposited height in agreement with the DEM simulations by Kermani et al.
(2015) and experiments by Daerr and Douady (1999). It illustrates that the influence of void ratio
or soil density on granular collapse was well captured by using SPH technique with the critical state
based SIMSAND model. The difference of deposit morphology between different void ratios for
the same aspect ratio can be explained by the stress-dilatancy of granular soils. For dense sand, a
stronger interlocking force between particle is developing with a higher mobilized strength and
finally forms a stable inner region during the stage of collapsing. Therefore, a denser granular
column corresponds to a bigger inclination of the slope surface with a higher deposit height and

smaller run-out distance.

5.2 Monitoring collapse

The collapsing time t was normalised by the intrinsic critical time tc used for the dimensionless
analysis where the value of t. can be calculated by the initial height of sand column t. =/h /g

(Soundararajan 2015). Figures 13 and 14 present the simulation results of the normalized run-out
distance (d, — d;)/d; and the normalized deposit height h./d; with the normalized time t/tc. All
results present an “S-shape” curve with two successive stages, regardless the initial aspect ratios
and void ratios. First an acceleration and then a deceleration stage starting close to 1.5tc ~ 2.0tc.

Collapse ceases approximately at 3.5tc.

The following conclusions can also be made:
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(1) For the same initial void ratio, a higher aspect ratio leads to a more important normalized
run-out distance and deposit height.

(2) For the same aspect ratio, denser sand (smaller initial void ratio) leads to a more important
deposit height but to a shorter run-out distance in the same time scale.

(3) The normalized deposit height initially increases when the right boundary plate is lifted (Figure.
14(a-c)). This uplift depends strongly on the soil density. A denser soil leads to a more
important uplift. The reason for this is again the density effect, which develops more on denser

sand due to the stronger interlocking between particles at initial shearing.

6 Conclusion

A numerical investigation on granular collapse, based on the critical state soil model
SIMSAND and the SPH method has been carried out. The validation was first provided with
comparing experimental data from rectangular channel and two-dimensional column collapse tests.

Then, the influence of the initial aspect ratio and the soil density was studied in details.

All comparisons show that the adopted numerical strategy is able to reproduce qualitatively
and quantitatively the main behaviours of granular column collapse, i.e. free surface, failure line,
final deformed profile for the rectangular channel test, final run-out distance and deposit height.
More specifically, when the initial soil density decreases the failure surface shrinks and free surface
enlarges. A lower initial void ratio generates a stronger interlocking force leading to a higher

deposit height and a shorter run-out distance.

The combination of the SIMSAND model with the SPH method is able to reproduce granular
collapse taking into account the influence of different aspect ratios and soil densities. Therefore, It

provides an effective computational tool for the analysis of real scale granular flow.
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Table

Table 1 Basic constitutive equations of SIMSAND model

Components Constitutive equations
N 297-e) (p' Y
Elasticity &= 1+v o - o e K:Ko'patu 2
3K (1-20) ' 3K(1-20) %7 (1+e) (pa
Yield surface f :%_ H
. 5 q) 99
D_alm - B_n 11111
Potential surface Py A{ o p'j s, { }
) M,&f
Hardening rule H=—"—
k, +&

Critical state with inter-locking effects

’

5 e, Mp e, Ny
€ =€y — z(iJ tang, = (;j tang, tang, = (zj tang,

Pat

Three-dimensional strength criterion

n
with ¢
L+c1“+(l—cl“)sin39] '

with c,

_ 6sing, 2c,’
P 3-sing,

_ 6sing, 2c,’ ‘
" 3-sing, | 1+c," +(1-c,')sin30

3-sing,
3+sing,

_3-sing,
~ 3+sing,

* pa is the atmospheric pressure (pa = 101.3 kPa); p’ is effective mean pressure; q is the deviatoric stress; ec is
critical state void ratio;¢, peak friction angle; @ phase transformation friction angle; My is stress ratio
corresponding to the phase transformation; My is peak stress ratio; € is lode’s angle with its effect introduced by
using Sheng et al. (2000) which is similar to Yao et al.(2004, 2008 and 2009); n, and nq are interlocking parameters
controlling the degree of interlocking due to neighbouring particles according to Yin and Chang (2010, 2013).
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Table 2 Parameters of SIMSAND model and values of parameters for Toyoura sand

Parameters Definitions Value
Ko Referential bulk modulus (dimensionless) 130
) Poisson’s ratio 0.2
n Elastic constant controlling nonlinear stiffness 0.5
Pu Critical state friction angle 315
Eref Initial critical state void ratio 0.977
A Constant controlling the nonlinearity of CSL 0.0596
& Constant controlling the nonlinearity of CSL 0.365
Ad Constant of magnitude of the stress-dilatancy 0.7
Ko Plastic modulus related constant 0.0044
Np inter-locking related peak strength parameter 2.4
Nd inter-locking related phase transformation parameter | 2.9

Table 3 Discretization parameters for all simulations

Aspect ratio Initial basal length €i d; Initial height ki h; Column N° Number of SPH
a (cm) (cm) size(cm®) particles
0.5 10 5 10x5x%5 31250
1.0 10 10 10x10x5 62500
15 10 15 10x15%5 93750
3.0 10 30 10x30x5 187500
7.0 10 70 10x70x5 437500

9.0 10 90 10x90x5 562500




Figure captions

Figure 1 SPH numerical method (a) deformation of Smoothed Particle Hydrodynamics method and
(b) Flow chart of explicit analysis

Figure 2 Rectangular channel soil collapse experiments

Figure 3 SPH particle density and mesh-dependency: (a) 2D spatial domain discretization for SPH
particles and rigid hexahedral finite elements, (b) element size of 0.1 cm (c) element size of
0.15 cm (d) element size of 0.2 cm

Figure 4 Simulated stress-strain behavior of conventional triaixal 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 demi-logarithmic scale

Figure 5 Simulation results of column collapse: (a) final free surfaces and failure lines for various
initial void ratios eo=0.75, 0.85, 0.95, 1.05, (b) final deformed column in experiment, and
(c) final deformed column by simulation with €o=0.95

Figure 6 Deformed shape and deviatoric plastic strain distribution of granular column at different
time steps

Figure 7 Discretization domain plane views for six aspect ratios a

Figure 8 Comparison of progressive granular collapse between simulations and experiments for
different aspect ratios of (a) a= 0.5, (b)a=1.5and (c)a=7.0

Figure 9 Numerical progressive column collapse profiles for different aspect ratios of (a) a = 0.5, (b)
a=15and(c)a=7.0

Figure 10 Side view of plastic deviatoric strain after collapsing with different a: (a) a = 0.5, (b) a
=1.0,(c)a=15,(d)a=3.0,(e)a=7.0and (f)a=9.0

Figure 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

Figure 12 Influence of the initial void ratio on the final deposit morphology for (a) a =0.5; (b) a =
1.0;(c)a=15;(d)a=3.0;(e)a=7.0; (HHa=9.0

Figure 13 Evolution of the normalized runout distance for different aspect ratios and initial void
ratios

Figure 14 Evolution of the normalized deposit height for different aspect ratios and initial void
ratios
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