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DEM analysis of granular crushing during simple shearing
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ABSTRACT

In this study, simple shear tests on breakable polydisperse granular materials were simulated using two-
dimensional discrete element method (DEM). A new technique of generating polydisperse DEM samples
with a smooth and continuous particle size distribution curve was proposed. A modified breakage
criterion was introduced to reflect the contact force anisotropy of particles in the numerical sample. The
simulation results showed that during the simple shearing, grain crushing in the sample mainly occurred
in the contraction process and decreased gradually when the sample began to dilate. As the shearing
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proceeded to a larger strain, the grain crushing tended to a stable value. This grain crushing trend was in
accordance with the evolution of the average normal contact forces of particles in the sample during
shearing. The average normal contact forces of potential breakage particles increased in the contraction
process and decreased in the dilatancy process. A decrease in the average normal contact forces of
potential breakage particles resulted in the decrease in grain crushing during the later stage of shearing.

Introduction

Due to its rewarding advantages, such as flexibility, a high
capacity to absorb seismic energy and adaptability to various
foundation conditions, granular material is widely used in
the coast reclamation works and embankment structures, such
as piling and foundations. As a result of some potential
defects, microcracks in granular materials develop and
particles are easily crushed during loading process. The crush-
ing of large particles into small ones results in the changes in
gradation, influencing the mechanical and hydraulic behaviors
of the granular materials. Therefore, grain crushing is one of
the inevitable problems when studying the mechanical
behavior of granular materials.

Many investigations have been conducted on grain
crushing, mainly through laboratory tests and numerical
simulations. From laboratory tests, it has been found that
the factors, such as the particle strength and angularity,
porosity, particle size distribution, stress level and stress path,
etc., influence the grain crushing significantly (Hardin 1985;
Feda 2002; Fatemiaghda et al. 2016). Several quantitative
indexes characterizing the grain crushing have been proposed
from particle size distributions before and after the tests
(Marsal 1967; Hardin 1985; Lade, Yamamuro, and Bopp
1996; Einav 2007). Different findings on the evolution of grain
crushing have also been obtained from the laboratory tests.
The drained triaxial compression tests on dense Cambria sand
by Lade, Yamamuro, and Bopp (1996) indicated that Hardin’s
relative breakage parameter B, tended to a relatively stable
value at high confining pressures. However, ring shear and
shear box tests on carbonate sand and quartz sand by Luzzani
and Coop (2002) showed that particle breakage continued to
very large strains, with no evidence of a stable grading being
reached within the range of strains used.

The numerical simulations for the grain crushing are
usually carried out using discrete element method (DEM),
which was first developed by Cundall for rock mass problems
and later applied to granular materials by Cundall and Strack
(1979). DEM can provide a simple way to visualize the
evolution of grain crushing. It is also possible to interpret
grain crushing from a microscopic view based on the
simulation results. Usually, there are two approaches in
DEM numerical simulation to consider particle breakage:

e The first approach is to treat each particle as a porous
agglomerate (cluster) built by bonding smaller particles.
These agglomerates can disaggregate during the simula-
tions. This approach has been used by Nakata, Hyodo,
et al. (2001), McDowell and Harireche (2002), Cheng,
Nakata, and Bolton (2003), and Wang and Yan (2013).

e The second approach is to replace the particles fulfilling a
predefined failure criterion with an equivalent group of smal-
ler particles. This approach has been used by Tsoungui et al.
(1999), Lobo-Guerrero and Vallejo (2005), Vallejo and
Lobo-Guerrero (2005), and Ben-Nun and Einav (2008, 2010).
Based on the second approach, the grain crushing is further

investigated in this paper through the DEM numerical simula-
tion of simple shear tests, which allows the investigation in a
relatively large shear strain. A new way to generate the DEM
sample with a continuous gradation is developed. The break-
age criterion is modified so that it can adapt to the continuous
gradation. The evolution of grain crushing with the change in
volumetric strain during simple shearing is investigated.

Generation of a DEM specimen with continuous
gradation

Most granular materials occurring in nature and engineering
application are composed of particles with a broad range of
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sizes. Some research indicates that a uniformly graded granu-
lar material exhibits more crushing than a well-graded
material with the same maximum particle size (Lade,
Yamamuro, and Bopp 1996; Nakata, Hyodo et al. 2001). To
reflect a more realistic grain crushing phenomenon, the
generation of a specimen with a broad range of sizes is
important in DEM simulations. At present, the DEM
specimens generated are mostly composed of particles with
some specific sizes. For example, Jiang, Konrad, and Leroueil
(2003) proposed a multi-layer with under compaction method
to generate homogeneous DEM specimens, in which the
particle size distribution (PSD) was first discretized into
several “classes,” defined over subintervals, and the particles
in each class had the same size. Voivret et al. (2007) proposed
a space-filling method to build densely packed specimens of
prescribed polydispersity for DEM studies, in which a similar
particle size generation technique was adopted. Since the
current methods as mentioned above cannot generate the
DEM specimen with a smooth and continuous PSD, a new
technique is presented in this study, in which the PSD is
replaced with a probability density function (PDF).

In the probability theory, a PDF p(x) is a function that
describes the relative likelihood for this random variable to
take on a given value. For a random variable X varying in
the range [x;, x,], if the probability of X falling within the
range [x;, X,] is denoted as P(x), the probability of X on
interval [x, x + Ax] is P(x + Ax) — P(x). The PDF of a random
variable X is then given by

p(x) = lim P(”Aﬁ_mx) =% (1)

Ax—0

The PSD is often represented by the cumulate mass
distribution (CMD) of the particles. In this study, we assume
the CMD of particles is represented by a continuous function
®(D) of particle diameters D varying in the range [D;, D], as
the solid curve shown in Figure 1. By definition, the
percentage of particles over the interval [D, D+ dD] is d®.
The number of particles with diameter D can be calculated by

D
%.:A
g

— particle size distribution
---- probability density function
\

A -
>

D

Figure 1. PSD curve and the corresponding PDF curve of grain diameters.
Note: PSD, particle size distribution; PDF, probability density function.

 Mdo

dN(D) =
D) =%

(2)

where M is the total mass of the specimen; p is the particle
density; and Vp, is the volume of the particle with diameter
D. For a circular particle, V, = 7 D*/4. Hence, the probability
of the particles with diameters over the interval [D, D + dD] is
given by

(3)

where N is the total number of particles in the specimen, and can
be calculated by integration of Eq. (2), N = 5{ > (M/pVp)do.
Therefore, the PDF p(D) corresponding to the particle with
diameter D can be calculated as follows

dP  1dN(D) @
p(D)=—=+ = (4)

The dotted curve in Figure 1 is the p(D) derived from the
®(D). The value of p(D) decreases with the increase in particle
diameter.

In this study, the Von Neumann’s (1951) acceptance-
rejection method is adopted to generate the variable X
fulfilling the p(x). The generation procedure is summarized
as follows:

1. Assume X varying from x; to x,, that is, X € [x, x,].

2. Choose a parameter A that Ap(x) < 1, Vx € [x1, x2].

3. Generate uniformly distributed pseudo-random numbers 7,
and r, that r;,r, € (0,1). Let y = x; + (x5 — x1)71.

4. Compare r, and Ap(y). If r, < Ap(y), let x = y and output x.
Otherwise, abandon r; and r,, then return to step (3).
Repeat the above procedure to generate the random

number sequence X;,X,, ... ,X,. The generated random number

sequence corresponds to different particle diameters and
tulfills the given PSD.

Figure 2 gives the entire procedure of generating the DEM
specimen based on the PDF.

In this study, based on the PSD of a real coarse granular
material (Figure 3a), a DEM specimen for simulating the
simple shear test is generated using the proposed method, as
shown in Figure 3b. The specimen consists of 1,650 circular
particles with maximum and minimum diameters of 60
and 2.5 mm, respectively. It is in a 30 x 30 cm® rectangular
area bounded by four rigid walls and has an initial void
ratio of 0.15.

Breakage criterion

In this study, grain crushing is simulated by replacing one
particle that fulfills a predefined failure criterion with an
equivalent group of smaller particles, that is, the second
approach mentioned above. Lobo-Guerrero and Vallejo
(2005) and Vallejo and Lobo-Guerrero (2005) proposed a
failure criterion that was based on the magnitude of the loads
applied to the particle, the particle coordination number, and
the particle size. It was pointed out that only particles with
coordination number N_ equal to or smaller than 3 were
possible to be broken using this failure criterion. They thought
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Input control information, i.e. CMD @(D)
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#

Generate one particle of diameter D
obeying p(D)

Number of grain
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No

Compact the generated specimen by a
horizontal load plate

End

Figure 2. Flowchart for specimen preparation procedure.

that the large particles surrounded by small grains (N, > 3) did
not easily break because the small grains confined the large
ones, producing a hydrostatic state of stress. The experimental
studies illustrated that grain crushing was related to the con-
tact force between particles and the state of confinement
(Lade, Yamamuro, and Bopp 1996). However, (Alaei and
Mahboubi 2012) thought that the coordinate number N, could
not be a suitable parameter to represent the particle
confinement because it does not encompass the magnitude
or orientation of the contact forces. To consider the
confinement in the breakage criterion, they suggested that
the contact force orientation anisotropy (Af) was preferred
to the coordination number N_.

As some larger particles in the generated DEM specimen
with a continuous PSD are surrounded with several smaller
particles, their coordination numbers N are probably greater
than 3. To study the grain crushing for widely graded
specimen, the parameter A¢ suggested by Alaei and Mahboubi
(2012) was introduced into the failure criterion proposed by
Lobo-Guerrero and Vallejo (2005) and Vallejo and
Lobo-Guerrero (2005). The parameter A¢ is defined as the
maximum value of Fy)

fo
Foy =57 A= (Fo))

_ (fg)max
max fo) (5)
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Figure 3. DEM specimen and its particle size distribution. (a) PSD of the speci-
men. (b) DEM numerical specimen. Note: DEM, discrete element method; PSD,
particle size distribution; PDF, probability density function.

where F(g) is described as the fraction of the total contact
forces that are applied within the orientation interval
AO = 20°; fy is the algebraic sum of the contact forces oriented
at the angular interval between 0 and 0 + A0, and ) fj is the
algebraic sum of all the contact forces.

To clearly explain this concept, a single particle with
contact forces and components of Eq. (5) is shown in
Figure 4. During DEM cycling, A¢ was calculated for all parti-
cles and only the particles with A¢ > 0.33 have the capability of
breakage. For the potential breakage particles, the crushing
strength criterion proposed by Guerrero and Vallejo was
further adopted to judge their crushability. The details of the
Guerrero and Vallejo’s crushing strength criterion are referred
to the literature (Lobo-Guerrero and Vallejo 2005; Vallejo and
Lobo-Guerrero 2005). Therefore, in this paper, the single
particle can break into a group of eight fragments only if
(a) the microstructure parameter A is more than 0.33, and
(b) the tensile stress induced by the applied contact forces
exceeds the defined crushing strength.

The breakage configuration that particles are allowed to
break into a group of eight fragments with three different sizes
was based on the research results of Tsoungui et al. (1999),
which has been wused in the DEM simulation by
Lobo-Guerrero and Vallejo (2005). However, the breakage
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F(240°,260°) = F,
F(320°,340°) =
(40°,60°) = F, + F,

Y F=F+F,+F,+F,+F,

Figure 4. A single particle confined by smaller particles and contact force
orientation anisotropy.

configuration implemented in DEM by Lobo-Guerrero and
Vallejo (2005) (Figure 5c) does not satisfy the mass
conservation. The mass difference between one parent crushed
particle and the eight replacing fragments is 1/6 mass of the
parent particle. We conserve the mass by enlarging the
fragments in proportion to their sizes, as illustrated in
Figure 5d. The artificial enlargement of the fragments results
in the overlaps and thereby the artificial contact forces
between the fragments/particles in the breakage area. To
resolve this problem, supplementary DEM cycling with a
reduced time step was executed under the condition of con-
stant external loading until the calculation tends to be stable.

Numerical simulation of simple shear test

The simple shear test is numerically carried out on the speci-
men shown in Figure 3b. As shown in Figure 6, the simple

F’Z Fmax

T \
\/\ .

(2)

© (d)
Figure 5. Particle breakage criterion. (a) Particle forces. (b) Force simplified
method. (c) Particle breakage. (d) Area correction.

lP

Top ring

——
move horizontally

| A

Overlaying rings

8 x2cm

<€

Base ring

Figure 6. Schematic diagram of simple shear test.

shear mode is motivated by overlaying rings because it can
build boundary conditions with a nonlinear lateral defor-
mation, which is important for large shearing deformation
as pointed out by Bauer and Huang (1999). In the numerical
simulation, a prescribed constant vertical pressure is applied
on the top ring, and the shear strain of the specimen is pro-
duced by moving the top ring laterally at a low speed while
the base ring is fixed. Although the generated DEM specimen
has a height of 30 cm, the region of the simple shear mode is
limited to be 16 cm (Figure 6) because we want to study the
grain crushing in the shear strain as large as possible.

Explicit discrete element method is used in this study: The
simulation involves cyclic calculations. At the time instant
t, the penetrations between particles are identified and the
contact forces are updated, using the incremental force-
displacement relationships. The total unbalanced forces and
the momentum of each particle are then obtained by summing
up its contact forces; new translational and angular accelera-
tions are evaluated using Newton’s second law. Numerical
integration of the accelerations, using a small time increment
At, gives the velocities at the instant ¢+ At/2, which are
numerically integrated again to provide the displacement from
t to t+ At. Having obtained the new configuration of the
assemblies, another cycle of calculations is repeated until the
process in question terminates. Figure 7 shows the scheme
of the cyclic calculations. A DEM code based on this scheme
was programmed using Fortran language, which has been used
to study the wetting-induced collapse deformation (Fu, Chen,
and Liu 2012) and the yield function based on the microscopic
structures (Liu et al. 2015).

The parameters involved in the DEM simulation are the
normal and tangential stiffness k, and k,, the normal and
tangential damping 5, and 75, the inter-particle friction
coefficient y, the particle density p, and the tensile strength
of a particle with a radius of 1 mm 651 mm> Which are listed
in Table 1. The normal and tangential stiffness k, and k; are
determined on the assumption that the inter-particle contact
is envisioned as a set of elastic springs uniformly distributed
over a rectangular cross section as proposed by Potyondy
and Cundall (2004). The stiffness k, of a particle can be
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Identify the contacts ) Calculate the contact forces
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Figure 7. Scheme of cyclic calculations in explicit DEM. Note: DEM, discrete element method.

calculated by k,, = 2tE. (t =1 for 2D), where E. is the Young’s
moduli of the particles and is selected as 17.5 MPa. The
damping 7 is calculated using the formula # = 2v/km, where
k is the contact stiffness and m is the average mass of the
contacting particles in the specimen. The inter-particle friction
coefficient y is set to be 0.5 (Minh and Cheng 2013). The
particle density p of 1.900 kg/ m® is the presentative value
of the soil. The tensile strength of an individual particle is
related to its particle size and can be calculated by
Omax(?) = Omax1 mm/"> Where Gmax1 mm is the tensile strength
of a particle with a radius of 1 mm and is assumed to be
5.0 x 10°Pa (Lobo-Guerrero and Vallejo 2005; Nakata, Kato,
et al. 2001). It should be pointed out here that as the study in
this paper focuses mainly on the particle breakage during the
simple shearing instead of the strain localization, the contact
law between particles in the simulation is simplified to be
linear without rotational moments.

Figure 8a and b shows the relationships for the simulated
shear stress ratio 7/, and volumetric strain versus the shear
strain of crushable and uncrushable materials under vertical
stresses of 200 and 400 kPa, respectively. The shear stress of
the specimen is calculated from the horizontal components
of the contact forces of the particles along the bottom of the
top ring. The shear strain and volumetric strain are defined
as the horizontal and the vertical displacements of the top ring

Table 1. Input parameters for the DEM calculations.

Parameters Value
Normal stiffness k, (N/m?) 3.5 x 107
Tangential stiffness kg (N/m?) 1.2 x 107
Normal damping n, (N - s/m?) 2.7 x10°
Tangential damping n (N - s/m?) 1.6 x 10°
Particle friction (u) 0.5
Particle density p (kg/m°) 1900
Tensile strength of the reference particle omax1 mm (Pa) 5.0 x 10°

divided by the height of the simple shear region (16 cm). As
depicted in Figure 8a, the ratios of shear stress to vertical stress
under the two different vertical stresses of 200 and 400 kPa
tend to be a stable value of about 0.14 at a large shear strain.
The fluctuation of the shear stress ratio can be observed, prob-
ably resulting from the relatively small number of particles in
the calculated DEM specimen. Compared to the uncrushable
materials, the fluctuation of the shear stress ratios of the crush-
able materials is more pronounced, especially at the vertical
stress of 400 kPa. The volumetric strains of the specimen con-
tract initially and then dilate to a relatively stable value at a
large shear strain under both vertical stresses. For crushable
materials, larger volumetric contraction takes place. Figure 9
gives the experimental results of the simple shear tests on a
crushable silt mudstone under the vertical stress of 200 and
400 kPa using a large-scale simple shear test device with
eight-staged shearing rings (Kong 2014). The similar patterns
of the stress—strain behaviors between the experimental results
and the numerical results can be observed.

Analysis of particle breakage

Figure 10 gives the PSD curves at the end of shearing with the
final shear strain of 35% under vertical stresses of 200 and
400 kPa, respectively. It is observed that the PSD curves are
broadened because of particle breakage and the PSD shifts
toward the area of finer grain sizes, especially under the
vertical stress of 400 kPa. At the end of shearing, the particle
breakage leads to the increase in the particles in the specimen
from the original 1,650-2,329 and 2,476 under the vertical
stress of 200 and 400 kPa, respectively.

To quantify the particle breakage, the index of Hardin’s
relative breakage Br was used, which was based on the relative
position of the current PSD from an initial PSD and an
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Figure 8. Numerically simulated stress—strain-breakage relationships under
shearing. (a) Relationships between shear stress ratio and shear strain. (b) Rela-
tionships between volumetric strain and shear strain. (c) Relationships between
breakage index and shear strain.
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arbitrary cutoft value of “silt” particle size (of 0.074 mm)

(Hardin 1985). Figure 8c shows the evolution of Hardin’s rela-

tive breakage Br during shearing obtained from the numerical

simulation. Compared with the evolution of volumetric strain,
the following findings can be observed:

1. The relative breakage Br increases more significantly at the
beginning of the shearing and its evolution rate decreases as
the shearing continues. The value of the relative breakage
Br under the vertical stress of 400 kPa is larger than that
under the vertical stress of 200 kPa.

2. Under the vertical stress of 200 kPa, the volumetric strain of
the specimen changes from contraction to dilation at the
shear strain of about 5% (point A as indicated in
Figure 8b). Before and after point A, the increments of
the relative breakage Br are 0.65 and 0.49%, respectively.
That is to say, the particle breakage during the contraction
process accounts for 56.8% of the total shearing process.
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Figure 9. Experimental stress—strain-breakage relationships of a crushable silt
mudstone under shearing. (a) Relationships between shear stress ratio and shear
strain. (b) Relationships between volumetric strain and shear strain. (c) Relation-
ships between breakage index and shear strain.

3. Under the vertical stress of 400 kPa, the volumetric strain of
the specimen is overall contractive, with a slight dilatation
observed after the shear strain of 18.6% (point B). The rela-
tive breakage Br reaches up to 4.30% before the shear strain
of 18.6% and a small increment of 0.52% is observed after
the point B.

From these observations, it may be concluded that particle
breakage occurs mainly during the contraction process and the
increased fragmentation is small during the dilatation process.

Some snap shots are shown in Figure 11 at different values
of shear strain under vertical stress of 200 and 400 kPa. The
breakage particles are marked in solid black circles. As the
shearing process started, the particles experience crushing.
When shearing under vertical stress of 200 kPa, the crushing
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Figure 10. Ultimate PSD curves under different vertical stresses.

occurred mainly on the left and right boundaries. When the
vertical stress increased to 400 kPa, the bigger particles inside
the specimen began to crush and endured secondary breakage.
Figure 11 also shows the evolution of force chains. The mag-
nitude of contact forces is related to the thickness of the force
chains. The thicker the force chains, the larger the contact
forces.

To gain more insight into the crushing process, we analyze
the evolution of contact forces of a representative particle (the
solid grey circle in Figure 11) during shearing under two

vertical stresses. Figure 12 shows that at the beginning of the
shearing, the contact forces of the particle do not show a clear
anisotropy under the two vertical stresses. As the shearing pro-
ceeds, the anisotropy of contact forces becomes pronounced in
a certain direction. Under o, = 200 kPa, the representative
particle does not break at the shear strain of 35.0%, where
the maximum normal contact force F, . is 11.5kN and the
neighboring contact forces are relatively small with A¢ < 0.33.
However, under oy = 400 kPa, the particle breaks when the
shear strain reaches 8.48%, where the maximum normal

Note: The soilid black circles represent crushing particles; the black line circles represent
particles with A, > 0.33; while other particles are marked with light grey. The solid grey
circle is a representative particle. The grey line with different thickness represent force chains.

Figure 11.  Snap shots of crushing during shearing process. (a) Shearing process under o, = 200 kPa. (b) Shearing process under g, = 400 kPa. Note: The solid black
circles represent crushing particles; the black line circles represent particles with A¢ > 0.33; while other particles are marked with light grey. The solid grey circle is a
representative particle. The grey line with different thickness represent force chains.
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after the breakage of the particle

Figure 12. The evolution of force chains of a representative particle during shearing. (a) g, = 200 kPa. (b) o, = 400 kPa.

contact force F,, is 15.4kN and the neighboring contact
forces are greater with a significant anisotropy of contact
forces (Af> 0.33).

It is believed that particles with A > 0.33 have the potential
to break and contribute to the crushing ability of the granular
system. In the following analysis, the particles with A¢> 0.33
are marked with black line and are evaluated separately from
the rest of the granular medium. Figure 13 shows the evolution
of the average normal contact forces of all particles (Af> 0)
and the potential breakage particles (A¢> 0.33) during shear-
ing under different vertical stresses. Compared with the evol-
ution of particle breakage (Figure 8b) and volumetric strain
(Figure 8c), the following can be concluded from Figure 13:
1. The normal contact forces of particles in the sample are

correlated with the vertical stress applied. The average

normal contact forces of all particles and potential breakage

3500

3000 f

2500 |

2000 f

Averagenormal contact force Fn (N)

particles under vertical stress of 400 kPa are almost doubly
larger than those under vertical stress of 200 kPa, which
result in the different amount of particle breakage under
two vertical stresses.

2. Under the vertical stress of 200 kPa, the average normal

contact force of potential breakage particles begins to
endure slight decrease after the shear strain increases to
5%, and a similar pattern occurs under the vertical stress
of 400 kPa when the shear strain increased close to 18.6%.
The average normal contact forces of all particles both
under vertical stress 200 and 400 kPa endure slight increase
and tend to be stable, which indicate the shear strain has
slight influence on the magnitude of average normal con-
tact forces for all particles.

3. Compared with the evolution of volumetric change shown

in Figure 8b, it indicates that the average normal contact

v=18.6%

|
|
|
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Figure 13.

Evolution of average contact forces for the potential breakage particles.
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forces between potential breakage particles increase during
compression process, and endure decrease when the sample
begins to dilate. Particles are more easily to be crushed in
the volume contraction stage because the average normal
contact forces of potential breakage particles continue
increasing, and crushing gradually tends to be stable state
in the ultimate dilatation state because the average normal
contact force of potential breakage particles decreases when
the sample begins to dilate.

4. As the shear strain has slight influence on the magnitude of
contact forces and the rotation of contact force will finally
stop with the increasing shear strain, the fabric in the sam-
ple will tend to be stable state, which indicates a gradual
decrease in particle breakage and a stable value of relative
breakage index.

Conclusion

The behavior of crushable granular materials was investi-
gated by numerically simulating simple shear experiments
on a continuous-graded assembly of circles. Two vertical
stresses were applied to the DEM sample to study the
evolution of crushing. The main conclusions were drawn
as follows:

1. A technique for generating a DEM sample with a continu-
ous distributed PSD curve was proposed to reflect a more
realistic granular material with polydisperse particles.

2. A modified breakage criterion was introduced, in which a
parameter A was adopted to reflect the contact force ani-
sotropy instead of using coordination number, and the
mass conservation was guaranteed before and after grain
crushing.

3. The simulation results showed that during the simple
shearing, the grain crushing in the sample mainly occurred
in the contraction process and decreased gradually when
the sample began to dilate. As the shearing proceeded to
a larger strain, the grain crushing tended to a stable value.

4. The trend of grain crushing during simple shearing was in
accordance with the evolution of the average normal con-
tact forces of potential breakage particles in the sample.
The average normal contact forces of potential breakage
particles increase during the contraction process and tend
to be stable in the dilation process. As a result, the amount
of grain crushing increases during the contraction process
and decreases during the dilation process.

The focus of this study was on the evolution of particle
breakage during simple shearing. Our future work will include
the effect of initial void ratios on particle breakage and the
influence of breakage on the strain localization.
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