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ABSTRACT: Subjected to external loads, granular materials experience severe
deformation in a narrow zone before their failure. This phenomenon, which is called strain
localisation or shear band, is of vital importance in assessing the stability of the
geotechnical structure, studying the stress-strain behaviour of soil and rock materials, and
analysing the interaction of soil and structure. The present study is aimed to investigate
the effect of various factors on the pattern and inclination of shear band in a general three-
dimensional condition of stress using the Discrete Element Method (DEM). Several tests
were simulated using a developed version of the TRUBAL program called GRANULE.
The GRANULE code was further developed to add the capability of carrying out
simulations with different intermediate principal stresses and modelling specimens
containing non-spherical particles. The shear band was detected by tracking the motion
of the particles and plotting the rotation distribution of particles within the sample. The
results prove that the shear band inclination and its pattern, are greatly affected by
intermediate principal stress, particle shape, and confining stress. Moreover, it was
observed that the change in the b value plays a key role in the alteration of the 3D
configuration of the shear band.

Keywords: Discrete Element Method, Granular Materials, Shear Band, Strain
Localisation, True Triaxial Test.

1. Introduction

A shear band is defined as the localisation
of shear deformations in a set of narrow
zones. In other words, a shear band is a thin
layer along which two rigid blocks move at
different velocities (i.e., strain rates). This
phenomenon frequently occurs in granular
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materials and is considered one of the
failure mechanisms in granular media. For
instance, localised failure of granular soils
in the form of shear bands may lead to
several known geotechnical failures. Thus,
the deformation and strength properties of
the geotechnical structures are controlled by
the soil behaviours inside the shear band
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(Desrues and Viggiani, 2004). This
indicates the great importance of accurate
estimation of the shear band formation in
geotechnical problems. In recent years, a
great number of theoretical, experimental,
and numerical studies have been conducted
to estimate the occurrence of the shear band
and investigate its fundamental
mechanisms.

Two distinctive failure mechanisms have
been observed in the geomaterials, namely
diffusive and localised instabilities.
Diffusive instability may occur before the
localised one and are mostly observable in
undrained conditions (Mukherjee et al.,
2017; Alipour and Lashkari, 2018; Lashkari
et al., 2019). From a theoretical standpoint,
localised failure can be considered as
instability caused by the bifurcation of the
uniform deformation of a soil structure
(Rudnicki and Rice, 1975). Put differently,
shear band initiation highly depends on the
pre-localisation characteristics of
homogeneous deformation.
Mathematically, the shear band initiation
occurs due to the non-uniqueness of
equilibrium equations in a particular
constitutive model (Gu et al., 2014). Such
theories have accurately forecasted shear
band occurrence based on Cosserat
continuum theory (Vardoulakis, 1989) and
elasto-plastic constitutive models (Bardet
and Proubet, 1991). However, Desrues and
Viggiani  (2004) indicated that the
theoretical and numerical approach based
on continuum mechanics has inherent
limitations for studying the mechanical
behaviour of granular soils.

In addition to the theoretical studies
regarding the investigation of shear band in
granular materials, several laboratory
experiments have been carried out using
advanced equipment like
stereophotogrammetry ~ (Desrues  and
Viggiani, 2004), X-ray = Computed
Tomography (Andrade et al., 2012), and
Particle Image Velocimetry (PIV) (Lashkari
and Jamali, 2021). According to these
extensive experimental works, the shear
band formation and its characteristics are

influenced by many factors such as the
density, inherent and stress-induced
anisotropy of the material, the confining
stress, shape of the material, and the particle
size.

Nevertheless,  these  experimental
methods cannot provide all the important
details of the shear band such as particle
rotation, void ratio, and contact force.
Additionally, the fundamental mechanism
explaining the shear band formation, and
the way the characteristics of the shear band
are affected is not well understood yet.
From the micromechanics point of view,
granular media are composed of particles
and the macroscale behaviour of the
assembly is the result of microscale particle
interactions through contacts. Therefore,
the contact-based microstructure of the
granular materials, such as contact force,
contact number, and particle distributions,
may play a critical role in determining
macroscopic  behaviour. The Discrete
Element Method (DEM), initially
introduced by Cundall and Strack (1979), is
a powerful alternative employed by
numerous researchers to investigate the
micro-, meso-, and macroscale behaviour of
granular media in various fields (Yan et al.,
2015; Kildashti et al., 2018; Mohajeri et al.,
2018; Hajiazizi and Nasiri, 2019; Nadimi et
al., 2019; Ghassemi and Shahebrahimi,
2020; Salimi and Lashkari, 2020; Bayesteh
and Hoseini, 2021; Fransen et al., 2021).
Although DEM is mainly utilised to study
particulate assemblies, it has also been used
to investigate the microscale properties of
clays (Jaradat and Abdelaziz, 2019;
Khabazian et al., 2020). Needless to say,
shear banding, a common phenomenon in
granular media, has been extensively
studied using DEM (Garcia and Bray, 2019;
Tang et al.,, 2019; Yu et al., 2021). For
instance, Bardet and Proubet (1991)
performed DEM simulations to study the
structure of the shear band. Their results
showed that as the axial strain increases
progressively, the thickness of the shear
band declines from 9 to 7.5 times the mean
particle diameter. Also, they showed the
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importance of particle rotation in the shear
band. However, they performed their
simulation on circular particles that have no
rolling resistance at contacts. Iwashita and
Oda (1998) used rolling resistance at
contact in the DEM and identified that the
shear bands’ development can be
effectively ~ simulated  only  when
incorporating the rolling resistance at
contacts in the DEM. Jiang et al. (2010)
carried out some 2D numerical simulations
on circular disks and realised that the
thickness of the shear band is 10-14 times
the average particle diameter. Also,
contrary to the results by Bardet and
Proubet (1991), they realised that this
thickness rises as the axial strain increases.
Another noteworthy result of this study is
that shear band inclination decreases in the
range of 54° to 50° with increasing axial
strain which can be predicted using the
Mohr-Coulomb theory. More recently, Tian
et al. (2020) have conducted some biaxial
simulations to investigate the effect of
particle shape on the shear band properties
using the aspect ratio (AR). They concluded
that the decrease in the AR leads to more
inclination of the shear band.

As can be seen in the literature, few
researchers have addressed the issue of
shear banding in the general three-
dimensional conditions of stress, and there
is still a need for thorough investigations of
how shear band characteristics are affected
by various factors. More specifically, there
IS no past research capturing the 3D
configuration of shear band in true triaxial
test conditions and addressing how shear
band characteristics are influenced by 3D
particle shape indices, i.e., angularity and
sphericity. In the current study, the effect of
particle shape, intermediate principal stress,
and confining stress on shear banding in
true triaxial test conditions  was
investigated. To this end, a macroscopic
investigation was conducted to understand
and explain the deformation process and
shear bands’ evolution in granular
materials. This approach integrates the
results of microscopic numerical models

with macroscopic expression in a three-
dimensional space. In this regard, the
mechanical behaviour of granular materials
in the true triaxial test is examined and shear
band failure modes are extracted.

2. DEM Modelling

The Discrete Element Method (DEM) is a
numerical method intensively employed by
researchers to simulate granular materials
because of its unique feature of considering
interactions between individual particles
(O’Sullivan, 2011). In this study, ASTON
version of the TRUBAL program called
GRANULE (derived from Cundall’s DEM
code, Trubal Version 1.51: 9, May 1989)
which is an open-source code was used to
investigate the shear band and the effect of
intermediate principal stress as well as the
shape of the particles. The most important
advantage of GRANULE over the
traditional TRUBAL code is its capability
to simulate specimens with rigid
boundaries. Rigid boundaries are adopted in
this study since the experimental work by
Lade and Wang (2001) and Ochiai and Lade
(1983) were used as benchmarks, and both
studies used the true triaxial apparatus
developed by Lade (1978) which is
equipped with rigid boundaries. Moreover,
as stated by O’Sullivan (2011), simulated
specimens with rigid boundaries better
represent the real physical test compared to
periodic boundaries. Cubical samples were
simulated to represent the true triaxial
apparatus, which is suitable to investigate
the effect of the intermediate principal
stress on the granular materials. However,
the original code was limited to model
spherical particles and also, was not capable
of performing tests with different b values
(b = (0, — 03)/(01 — 03), Where a1, 03, 03
are principal stresses). Thus the code was
further developed to fit our purposes.

2.1. Particle Shape Considerations

In recent years, there have been
considerable advances in  modelling
particles with real shape (Angelidakis et al.,
2021a; 2021b; Zhao and Zhao, 2021).
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However, for the purpose of simplicity, the
multi-sphere method was adopted in this
study to generate irregularly shaped
particles. In order to quantitatively
investigate the effect of particle shape on
the mechanical behaviour of the assemblies,
the Angularity Index (Al) as introduced by
Sukumaran and Ashmawy (2001) and the
sphericity index (SPH) proposed by
Krumbein  (1941) were used. The
Angularity Index (Al) for a 3D particle is
calculated based on the weighted average of
2D angularities as:
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where AI: is the 3D angularity of the
irregularly shaped particle in degree, k:
corresponds to different 2D views (i.e.,
front, top and side views), Area: is the area
of the 2D projected views, and Ang: is the
angularity of the 2D views of the particle
which is defined as:
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where N: is the number of sharp corners of
the 2D image and g;: is shown in Figure 1.
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Fig. 1. Parameters used for calculation of 2D angularity (Sukumaran and Ashmawy, 2001)
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The sphericity index is also calculated
as:

3’b.c

where the amount of a, b and ¢ is measured
as shown in Figure 2. To this end, the
longest dimension of the particle (a in
Figure 2) is measured first. Then, the
greatest dimensions in two perpendicularly
projected planes (b and c in Figure 2) are
found afterwards.

The angularity and the sphericity of the
particles used in the current study are
according to Table 1.

2.2. Contact Detection Algorithm for
Irregular Particles

The non-spherical particles used in this
study are composed of 4 sub-spheres as
illustrated in Table 1. When considering
modelling irregularly shaped particles in a
DEM code, the central problem of contact

detection arises. A two-step algorithm for
detecting contacts between the non-
spherical particles. In summary, the first
step involves detecting contact between the
imaginary bounding spheres containing the
whole volume of the irregularly-shaped
particles and if any contact was detected,
the program would search for the potential
contacts between the sub-spheres (Figure
3a). For detailed information about this
algorithm, the readers are referred to
(Shamsi and Mirghasemi, 2012).

2.3. Calculation of Contact Force and
Moment

After completion of the contact detection
process, forces and moments of all contacts
are calculated. For this purpose, the linear
contact law was used in this study. A simple
formulation could be presented as follows
(O’Sullivan, 2011):

dF, = Ky.dvy,.At (4)
dF; = min {K,.dvg. At, u. dF,} (5)

Fig. 2. Definition of the parameters for the calculation of SPH (Krumbein, 1941)

Table 1. Characteristics of particles used in simulations

Particle shape Particle ID Sphericity Angularity (degree)
P1 100% 0
P2 93% 8
P3 70% 15
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where, dF, and dF;: are the incremental
normal and shear force for each cycle,
K, and Kj: are coefficients of normal and
shear contact stiffness, dv,, and dv;: are the
normal and tangential components of the
relative velocity of particles at the contact
point, respectively. u: is also the coefficient
of friction and At: is the time step and is
computed as:

m .
At = frac T (6)
Kmax

where K, 4, is the maximum of K,, and K,
My,in. 1S the smallest mass among particles,
and frac: is a coefficient between zero and
one and should be small enough to ensure
the numerical stability in the computations.
In the simulation, the value of frac was set
to 0.33 based on a trial and error procedure.

As the normal and shear forces for each
contact are determined, the accumulative
force and moment for each sub-sphere (e.g.,
sphere A in Figure 3) will be determined as:

Fi.sphA = En; + Siijs i=13 7
B
u, —u
np=——— 8)
MsphA = RsphA- Fg; 9)
Particle J Particle |

(a)
Fig. 3. a) Two sub-spheres in contact; and b) calculation and transfer of forces and moments between two sub-
spheres in contact (Shamsi and Mirghasemi, 2012)

where, F;: is the resultant force transmitted
to the centre of each sub-sphere, u;: is the
centre coordinates of the sub-spheres
involved in the contact, d: is the distance
between the centre of two sub-spheres, and
R: is the radius of the sub-sphere. Once the
calculation of force and moment of all the
sub-spheres is done, these forces and
moments are transferred to the centre of
mass of the irregular particle. The total
amount of force and moment of a particle is
determined using the following equations:

nsph
(Fiparticte) = z (F;) i=13 (10)
Tsph
(M; particie) = z (M;))
=1

nsph (11)
- Z (Fy)-mj i
j=1

=1,3

where F;; and M;;: are the total force and
moment of each sphere, respectively, nsph:
is the number of spheres making up the
particle, and 7;: is the distance between the
centre of the sphere and the centre of the
mass of the irregularly shaped particle.

Sphere B

Sphere A

(b)
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2.4. Assembly Properties

The number of particles in a real (and
even small) granular assembly is very large.
For instance, there are about 4 million
particles in a cylindrical sample of sand
with a height of 60 mm and a diameter of 30
mm. Simulation of tests using the discrete
element method with this number of
particles would be extremely time-
consuming. Therefore, a much smaller
number of particles should be considered.
Chantawarangul (1994) compared the
results of simulations on samples
containing 300, 1000, 3000, and 10000
spherical particles, and concluded that the
increase in the number of particles only
reduces the oscillation of the curves while
the general trend remained unchanged.
Taking the time constraint and limited
computing power into account,
polydisperse assemblies of 2300 clumped
particles with the same grain distribution as
in Figure 4 were used in the present study.

In order to capture the energy dissipation
of a real granular system, three types of
damping systems, namely frictional
damping, global damping and contact
damping were used in this study. Frictional
damping prohibits the tangential force from
exceeding the frictional strength at the
contact between two particles or between
particles and walls. Global damping can be
imagined as a damper that fixes the particle
to a fixed point, and contact damping works

100 ¢
90 r
80
70
60 F
50
40
30 |
20 f
10 |

Percent Passing by Weight

based on the relative velocity of two
particles in contact.

The value of parameters used in the
current study is listed in Table 2. These
values were initially chosen based on what
was  successfully  calibrated against
experimental results in the previous study
by Danesh et al. (2020) employing the same
code, i.e., the GRANULE program. Then,
final values were fixed adopting the
unbalanced force index (I,f), introduced by
Ng (2006), as the main criterion. L: is
defined as:

Lys

levb (unbalanced forces)?
N, (12)

levc (contact forces)?
Nc

where N, and N.. are the number of
particles and the number of contacts,
respectively. This index should be small
enough, i.e., lower than 0.01 in this study,
to ensure the numerical stability of the
simulation in the sample shearing. Figure 5
shows an example of the unbalanced force
index measured at different axial strains
with the parameter of Table 2, where
L,s was satisfactorily obtained lower than
0.01. In order to better compare the results,
all the parameter values are kept unchanged
for all simulations.

0 ' ¢
2

3 4
Equivalent Diameter (mm)
Fig. 4. Grain size distribution used in all simulations

5 6 7 8 9 10
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In this research, the diagrams of internal
friction angle and volumetric strain against
the axial strain are used in order to
investigate the mechanical behaviour of the
granular assemblies. The sine of mobilised
internal friction angle is calculated by:

01— 03

SIN Qobilized = (13)

o1+ 03
where g, and o5: are the major and minor
principal stresses, respectively. Also, the
volumetric strain of the sample is measured

by:

(14)

where V: is the volume of the cubic cell at a
given axial strain, and V,: is the initial
volume of the sample at the beginning of the
sample shearing (i.e., the axial strain of 0.0).

2.5. Different Stages of True Triaxial
Test Simulations

A complete simulation of a true triaxial
test using the GRANULE program is

0.03

0.02 |

0.01

Unbalanced Force Index

composed of four main stages as follows:

2.5.1. Sample Compaction

Since the fundamental approach of the
GRANULE is to prohibit the overlap
between the particles during the generation
process, the initially generated assembly of
particles has very high porosity. To reduce
the porosity of the specimen and to achieve
the desired confining stress, after the initial
generation of particles, the rigid boundaries
(walls) move towards each other at a strain
rate of 5.0 x 10~%. By doing this, the walls
come in contact with the particles and make
the granular assembly denser, and at the
same time, the stress increases throughout
the specimen. This stage continues until the
average stress in the specimen slightly
exceeds the desired confining stress and the
void ratio is between 0.65 and 0.75, the
range which was used by Wang and Lade
(2001) in their experimental work. Figures
6a and 6b show an example of the sample
before and after the compaction,

respectively (walls are not shown in these
figures).

10 12 14 16 18 20

Axial Strain (%)
Fig. 5. I, versus axial strain (g,)

Table 2. Values of parameters used in simulations

Parameter Value
Normal stiffness (N/m) 2.0 x 1010
Tangential stiffness (N/m) 1.3 x 10%0
Density of particles (N/m?) 2.65 x 10*
Cohesion 0.0
Coefficient of friction between particles 0.5
Coefficient of friction between particles and walls 0.5
Contact damping coefficient 0.1
Global damping coefficient 1.0
Gravity 0.0




Civil Engineering Infrastructures Journal 2022, 55(2): 373-394 381

2.5.2. Sample Relaxation

At this phase of the test, the velocity of
the walls is set to zero. However, particles
are not motionless due to the existing
contact forces that remained from the
compaction stage. This stage continues until
the overlap between the particles is
minimised. The more cycles are allocated
for this phase, the more homogeneity of the
sample is reached, leading to a more actual
amount of stress within the specimen. At
this stage, the porosity of the sample is
constant because of the stationary walls, but
the stress within the specimen decreases.

2.5.3. Applying the Desired Confining
Stress

Once the equilibrium conditions are
established, the desired confining stress
should be applied to the specimen. This is
achieved by a pre-defined servo control in
the program. In this process, the required
confining stress is compared to the existing
stress within the sample. If the existing
stress is greater than the desired stress, the
walls move away from particles and vice
versa. This procedure is repeated for all
walls until the existing confining stress is
equal to the required stress.

2.5.4. Sample Shearing

After the above-mentioned three phases,
the specimen is ready to be tested under the
specific requirements of each simulation.
For instance, to simulate a triaxial
compression test, the stress must be kept
constant in two directions (four walls) using
the approach explained in the previous
phase, and one of (or both) the other two
walls move towards the particles at the
desired pace (deviatoric strain) in the third
direction. This phase continues until the
required axial strain (20% in this study) is
reached. In the meanwhile, as the wall
approaches the particles, the stress increases
within the sample as well as in the other two
directions. Thus the four walls of those two
directions must move away to keep the
stress constant and equal to the desired
confining stress. This procedure is slightly

different for triaxial tests with a different
coefficient (b). Figures 6b and 6¢ show
examples of an assembly of particles under
the triaxial compression test at the
beginning and the end of the sample
shearing, respectively.

3. Results and Discussion

In this section, the results of simulated tests
on granular assemblies under general and
three-dimensional stress conditions are
presented. The purpose of the simulations is
to investigate the effect of various factors
on the mechanical behaviour of the granular
assemblies as well as the shear band
characteristics.

In a discrete granular assembly, the
interactions between particles occur at the
inter-particle contacts, which resist system
deformation and maintain  stability.
Therefore, the macro deformations of the
granular assembly are produced because of
deformations (or failures) of the initial
inter-particle contacts. These contact
deformations are considered micro
deformations of the system. The normal and
tangential deformations, sliding, rolling,
and twisting (as well as the combination of
them) between two particles at the contact
area are thought of collectively as contact
deformations and are usually presented in
the form of relative displacement
increments (Cundall, 1989). In the general
3D case, the mutual configuration of two
particles has six degrees of freedom just like
a beam in 3D space. In the current analysis,
three  potential modes of contact
displacement: pure rolling, pure sliding, and
simultaneous rolling and sliding are
considered. Bardet and Proubet (1991) have
shown in their study that the particles inside
the shear band experience a high degree of
rotation and the gradient of particle
movement changes near the shear bands.
Similarly, in the current study, shear bands
are detected employing particle rotation
distribution and tracking particle positions
throughout the sample shearing.
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a)
Fig. 6. The assembly of particles: a) Before the compaction; b) After the compaction; and c) At the end of the
sample shearing

Due to the complexity of displaying in
the 3D environment, the particle rotation
distribution is plotted in a set of 2D views
(i.e., the Xi- Xz, X1- X3, and Xz- X3 views).
In all simulations, the direction in which the
increasing axial strain as well as the major
principal stress (a,) were applied, is called
X1, the one regarding the minor principal
stress (o3) is X3 and the other direction
would be X>. An example of particles
rotation  distribution and  particles
displacement plot can be seen in Figures 7a
and 7b, respectively, in which the
coordinates of the centre of circles represent
the initial coordinates of the centre mass of
the respective particles and the diameter is
a function of the amount of rotation in the
direction perpendicular to the proposed
view. Therefore, to detect the shear band, an
average line passing through the circles
with relatively large diameters
(distinguished with pink colour) was drawn.
The angle of this line with the direction of
the minor principal stress (horizontal line)

(b)

(©

was considered as the shear band

orientation.

3.1. Evaluating the Effect of
Intermediate Principal Stress
(Coefficient b)

To evaluate the effect of the intermediate
principal stress, the b value is used. To this
end, five tests with b values 0f 0.0, 0.25, 0.5,
0.75, and 1.0 with the same initial
conditions and confining stress (100 kPa)
were simulated. The diagram of the
mobilised internal friction angle versus
axial strain for the conducted tests is shown
in Figure 8a. To better observe and compare
the trend of changes in the maximum
mobilised internal friction angle against b
values, Figure 9 is plotted. As can be seen
in this diagram, the maximum mobilised
internal friction angle increases as the b
value goes from zero to about 0.5 and then
decreases for b values between 0.5 and 1.0,
which is qualitatively in good agreement
with the experimental results obtained by
Ochiai and Lade (1983).

| AP / /
T / i
1 24 Lok e

=

Fig. 7. a) Particles rotation distribution plot; and b) particle displacement plot (X1-X3 view)
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Fig. 9. Comparison of Maximum @,,,,pi1izeq Obtained for different b values between experimental results (Ochiai

and Lade, 1983) and DEM results (present study)
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As indicated in Figure 8b, The more the
b value is the more dilation of the sample
will be, which is in complete agreement
with the similar experimental observations
by past researchers such as Rodriguez and
Lade (2013). The particle displacement
plots in three views for different b values
are shown in Figure 10. In order to truncate
the process of comparison and evaluation of
shear bands, only the results regarding the b
value of 0.0, 0.5, and 1.0 are presented. As
can be seen in these plots, for b value of 0.0,
it seems that the shear band is formed and
detectable in both X1- Xz and Xz- X3 views
(, and possibly with the same formation due
to the symmetry in the loading condition
and the geometry), while for other b values,
the shear band is observed only in the X;-
Xz view. Thus, the 3D configuration of the
shear band could be considered as a

(X1-X2)

(X1-Xs)

‘h|”

e ‘
= |u

', L “‘
i |‘mu

‘;.4,‘ “

| F‘ir ‘| “ ‘l
l‘l' \\ 1| "\ ]
ll 2% Ji

pyramidal shape for b=0.0 and a prism-like
shape for other b values as illustrated in
Figures 1la and 11b, respectively. This
transition from pyramidal shape to prism-
like shape configuration is mainly because
when b increases, the symmetry in loading
condition in both Xz and X directions is no
longer the case and as a result, one pair of
walls move away from the particles faster.
In order to determine the inclination of
the shear band, the rotation distribution of
the Xi- X3 view as in Figure 12 was used.
The measured orientations for all tests with
different b values are summarised in Figure
13. It can be seen that the orientation of

shear bands generally increases as the b
value increases from 0.0 to 1.0, which is
consistent with the experimental results
acquired by Lade and Wang (2001).

G ‘l' i‘r
>(,<\‘ m‘ i n[ ik
S ‘.u &‘ bl 5#' ¢‘|“" I
RAGR
S
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Fig. 10. Particle displacement plot for different b values in three 2D views (g, = 20%)
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(@) (b)
Fig. 11. 3D configuration of the shear bands; a) For b value of 0.0; and b) For other b values
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Fig. 12. Particle rotation distribution and shear band inclination: a) b=0.0; b) b=0.5; and c) b=1.0 (¢, = 20%)
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Fig. 13. Comparison of shear band inclination measured for different b values between DEM results (present
study) and Experimental results (Lade and Wang, 2001)

3.2. Comparing Plane Strain (PSC) with
Compression Triaxial Condition (CTC)
There are some studies regarding the
investigation of the shear band in a plane
strain condition like what Wang et al.
(2019) have carried out. However, most of
these studies are in the biaxial condition
using 2D simulations. In the current study,
a 3D plane strain (PSC) simulation is
conducted, and the results regarding the
shear band and the mechanical behaviour of
the granular assembly was compared to that
of Compression Triaxial Condition (CTC).
Both simulations were carried out on the
samples containing P2-type particles with
the same initial arrangements including a
confining pressure of 100 kPa and an initial
void ratio of 0.643. As can be seen in
Figures 14a and 14b, both the internal
friction angle and the volumetric strain of
the PSC test are considerably higher than
that of the CTC test. The increase in the
internal friction angle and the dilation can
be attributed to the b value of the

0.9
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0.6
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0.3
02 |
0.1 |

0 L L L L

Sine of Mobilised Friction
Angle

simulations. The b value of the PSC
simulation was continuously extracted
throughout the sample shearing and was
plotted as in Figure 15. As can be seen in
this figure, the b value of the PSC test is
mostly around 0.3. Therefore, the behaviour
of the PSC sample is expected to be close to
the sample with b = 0.25. Thus, based on
what was concluded in the simulations with
different b values, it is reasonable that the
internal friction angle and the dilation of the
PSC test are higher than that of the CTC
simulation (b = 0.0).

As can be seen in Figure 16, the shear
band in the PSC test is observable only in
the Xi1-Xs view while in the CTC test is
observed both in X1-X3 and X2-X3 views.
Therefore, for the PSC simulation, a prism-
like shear band could be perceived in a 3D
view (Figure 11b). Also, as can be seen in
Figure 17, the inclination of the shear band
regarding the PSC test is slightly higher
than that of the CTC test.
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3.3. Investigation of the Effect of
Particle Shape

To examine the effect of particle shape
on the shear band and the mechanical
behaviour of the granular assembly, three
types of particles, as indicated in Table 1,
were used. A set of true triaxial simulations
with the same initial arrangements. i.e., b =
0.5, and an initial porosity ratio of 0.64 was
carried out. As can be seen in Figure 18a,
the higher internal friction angle is achieved
as the angularity (Al) increases and the
sphericity (SPH) decreases. Moreover, the
sample containing particles with higher Al
and lower SPH shows more dilative
behaviour, as shown in Figure 18b. This is

m‘\ y“h‘“‘“ i “‘
i
il ik ik k
i
i |ﬂ|w i !‘i“Hi!“ |

!

(b)
Fig. 17. Particle rotation distribution and shear band inclination: a) CTC test; and b) PSC test (e, = 20%)

because the interlocking of particles
increases substantially when the angularity
increases and the sphericity decreases,
resulting in  more rolling resistance.
Additionally, the increase in the maximum
internal friction angle can be attributed to
the increase in the coordination number.
The coordination number is defined as the
number of contacts per particle for a set of
particles. There are several relationships for
the coordination number. In this study the
equation proposed by Thornton (2000),
which is called the mechanical coordination
number was used as follows:
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N, — N}

Zy =2
N, — (N2 — ND)

(15)

where, N, and N,: are the total number of
particles and contacts, and N and N,,: are
the number of particles with zero and one
contact, respectively. As can be seen in
Figure 19, the mechanical coordination
number for the assemblies with non-
spherical particles is considerably higher
than for the spherical package, leading to a
higher number of contacts and following
that, achieving a higher level of stress in the
sample. This increase in stress results in a
higher internal friction angle.

As mentioned earlier, for the b value of
0.5, the shear band is only observed in the
Xi1- Xs view. Therefore, the rotation
distribution of the Xi- X3 view was plotted
for these three simulations. It is apparent
from Figure 20 that as the angularity
increases and sphericity decreases, shear
bands with higher inclination are observed.

3.4. Evaluation of the Effect of
Confining Stress
To do this, three compression triaxial

0.9
0.8
0.7
0.6
0.5

tests (b = 0.0) with confining stresses of
100, 500, and 1000 kPa were performed.
The P2-type particle was used and all other
parameters of these tests were considered
the same. It can be seen from Figures 21a
and 21b that as the confining stress of the
samples increases, the mobilised internal
friction angle and the dilation of the sample
decreases.  These  observations are
qualitatively in good agreement with the
typical laboratory results using the
compression triaxial device (Kolymbas and
Wu, 1990). As mentioned above, in the case
of b = 0.0, the shear band is formed in both
X1- Xz and Xz- X3 views, possibly with the
same pattern and a 3D pyramidal shape like
Figure 11a. Thus the Xi- X3 view of the
rotation distribution is used to examine the
effect of confining stress on the shear band
angle. Figure 22 indicates that the increase
in the confining stress of the samples results
in the decrease of the shear band orientation
which is qualitatively consistent with the
observed trend in experiments by Han and
Drescher (1993) and in DEM simulations
by Gu et al. (2014).
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Fig. 18. @) Sin @,,,0pitizea VErsus axial strain (g,); and b) Volumetric strain (e,,) versus axial strain (g,) for
different particle shapes (b = 0.5)
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Fig. 20. Particle rotation distribution and shear band inclination in samples with b = 0.5 and: a) Spherical
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Fig. 22. Particle rotation distribution and shear band inclination in samples with b=0 the confining stress of: a)
100 kPa; b) 500 kPa; and c) 1000 kPa (¢, = 20%)

4. Conclusions investigated. For this purpose, a three-

dimensional discrete element method called
In this research, the mechanical behaviour GRANULE was used and further developed
of granular materials with emphasis on the to include irregularly shaped particles and

pattern and angle of the shear band was to simulate tests with different b values.
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Then, some systematic simulations were
conducted to evaluate the effect of some
factors on the mechanical behaviour of the
granular assembly and the shear band
pattern and orientation. Some acquired
results were compared to the past
experimental results in order to prove the
accuracy and validity of our numerical
simulations. The most important results
are:

e By increasing the b value from 0.0 to
about 0.5, the maximum internal friction
angle increases and then decreases for
the b value between 0.5 and 1.0 to a
value. Moreover, the continuous rise in
the b value results in more dilative
behaviour of the sample.

e The more the b value is, the more
inclination of the shear band will be.
However, the shear band angle of the b =
0.5 was obtained slightly lower than that
of b =0.25.

e The amount of internal friction angle, as
well as the dilation of the granular
assembly, increases under Plane Strain
Condition  (PSC)  compared to
Compressive  Triaxial ~ Conditions
(CTC).

e The shear band in the PSC test was
inclined at a greater angle in comparison
to the CTC test.

e It was shown that by reducing the
sphericity (SPH) and increasing the
angularity (Al) the shear band
orientation will rise.

e Considering all the simulations with
different conditions, it was concluded
that the 3D shape and formation of the
shear band is affected only by the change
in the b value. In other words, for the
simulation with b = 0.0 (compression
triaxial test), a shear band was observed
in both X1- X3 and Xz- X3 views with a
similar pattern due to the symmetry of
the geometry and loading condition,
making a pyramidal shape of the 3D
shear band. In the case of other b values
(and also the PSC test), the shear band is
detectable only in the 2D view which is
perpendicular to the mean principal

stress (X1- Xz in this study) and a 3D
prism-like shear band can be perceived.
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