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ABSTRACT

Granular materials are made up of smaller particles, manifestation of microstructure
results in a macroscopic response of granular material. Understanding the overall
mechanical behaviour from microscopic parameters is one of the main challenges in many
engineering fields including civil engineering. When modelling this kind of material by
Discrete Element Model (DEM) using idealized circular grains, the effects of appropriate
sample size and microscopic parameter changes have been a crucial subject. Previous
research has primarily relied on the case of purely frictional granular materials. In this
paper, we use DEM to investigate the appropriate sample size and the relationship
between microscopic parameters and the macroscopic responses of cohesive-frictional
granular assemblies by performing a series of biaxial tests. Our findings indicate that a
minimum number of particles is required to balance between mechanical behaviour and
computing time. In addition, through extensive parametric studies, the paper explores the
impact of factors such as interparticle bonds, intergranular friction coefficients, and initial
void index on the overall shear behaviour of granular assemblies. Also, the result reveals
a strong correlation between shear band formation and the break field of cohesive contact
(static variable) and the translations and rotations of grains (kinematic variable).

1 Introduction

Granular materials are present in all aspects of life and are commonly found in civil engineering applications. In this
domain, most construction materials are of discrete structure, heterogeneous and anisotropic characteristics such as granular
soil or concrete. Granular materials are made of particles at smaller scales. When the materials are subjected to loading, their
particles interact and govern the overall behaviour of granular materials. Changes in microscopic evolution lead to
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macroscopic changes in the behaviour of granular materials [1-6]. Trying to catch as realistically as possible the behaviour
of materials from particle interactions is of real challenge in numerical modelling.

Modelling the behaviour of granular material in civil engineering involves understanding and simulating the physical
properties and interactions of the individual particles that make up the material. This can include factors such as particle
shape, size, and density, as well as the forces that act upon the particles, such as friction and interaction forces. There are
various numerical methods and models available for this purpose, including Discrete Element Method (DEM), Finite Element
Method (FEM), Material Point Method (MPM), or Smoothed-particle hydrodynamics (SPH) [7-11]. These methods can be
used to analyse and predict the behaviour of granular materials in a wide range of civil engineering applications, such as soil
mechanics or related geotechnical structures. Finite Element Method has been used extensively in the past to model the
behaviour of granular materials, but it can be challenging to accurately describe the discrete, heterogeneous, and anisotropic
nature of granular materials in a simple constitutive law. At the end of the 1970s, Cundall and Struck [12] pioneered the use
of Discrete Element Method (DEM) in modelling the behaviour of granular materials. Since then, the DEM has been widely
used and proven to be a highly efficient tool for investigating the origin of the behaviour of granular materials [13-16].

One of the main challenges in modelling the behaviour of granular material by DEM is the sample size (or number of
particles) used in the model [17, 18]. The number of particles used in DEM depends on the specific application and the level
of detail required in the simulation. In general, a larger number of particles will result in a more detailed and accurate
simulation, but it also greatly increases the computational cost. Thus, the number of particles used in a simulation should be
justified by the requirements of the problem, the computational resources, and the simulation goals. In our case, this should
be carefully judged between computer performance and the mechanical behaviour of the model. Finding the right balance
between computational efficiency and accurately simulating the mechanical behaviour of the granular material is crucial. In
soil mechanics and geotechnical engineering, the biaxial test is used to investigate the behaviour of geomaterial under
laboratory conditions, but to the author’s best knowledge, determining the appropriate sample size for a 2D biaxial simulation
using DEM with idealized circular grains is still elusive except for the reference [19]. However, in this paper, Kuhn and Bagi
[19] only considered the case of purely frictional granular assembly. True in nature, granular materials are usually found with
the existence of cohesive interaction parts, which greatly affect the overall response of granular materials. Moreover, in DEM,
interactions between particles are modelled using forces and relative displacement, and macroscopic response, such as stress,
is calculated based on these interactions. Thus, the overall behaviour of granular materials is largely determined by these
interactions. Additionally, the initial state of the granular material can also affect its behaviour. It is therefore important to
investigate how changes in microscopic parameters influence the macroscopic responses of granular materials.

When studying the stability of structures made of granular materials, it is frequently observed that the failure of granular
materials structures is due to a concentration in a small area, known as strain localisation [10, 20-23]. Strain localisation
refers to the phenomenon in which a small region of granular material (called localised region) undergoes a much larger
deformation than the surrounding material. The strains in the localised region can become very large, leading to the formation
of shear bands, which are narrow regions of intense deformation and thus can cause the material to fall in a localised manner
and greatly affect the integrity of the structure. This phenomenon has been recognised in both numerical/experimental
laboratory tests and in geotechnical structures [1, 24-27]. Despite being widely recognized, the behaviour of granular
materials under strain localisation is complex and not yet fully understood, making it a preferred area of research in the field
of geomechanics. Since granular materials are made up of smaller particles, strain localisation in granular materials can result
in a variety of microscopic changes within the material. The strong manifestation of microstructure results in a macroscopic
response of granular material including strain localisation. Establishing the link between micro- and macro-scales information
has been the subject of numerous research studies.

To deal with these questions from a macro-micro point of view, in this present research, we report the effects of
microscopic properties on the shear behaviour of granular assembly through a series of biaxial tests using discrete element
modelling. By varying a broad range of values of microscopic parameters, the macroscopic behaviour is analysed and
discussed along with the changes in microscopic parameters. This paper is organized as follows: Section 2 briefly introduces
the DEM basic principle, model preparation, and simulation procedure, and a series of biaxial tests. Section 3 presents
numerical results along with discussions that focus on the microscopic properties induced changes in macroscopic responses.
Finally, in Section 5, we summarize our main conclusions and recommendation for future work.
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2 DEM simulation procedure

In DEM, the granular material is represented as a collection of discrete particles that interact with each other based on
their physical properties. In the current model, we consider grains as 2D circular particles. Circular grains are assumed as
rigid bodies and interact via interaction law. Their interactions involving normal (f,,) and tangential (f;) components. The
normal force is composed of normal elastic force (f,;) and normal cohesive force (f.) such as f,, = f.; + f.. The cohesive
force is defined in proportion to the isotropic compression stress of the granular assembly f. = ¢ - (g, - @) where c is the
cohesive level, a is the mean diameter of granular assembly and g, is isotropic compression stress [8, 18]. The tangential
force is followed and limited by Coulomb friction, |f|; < uf, [8, 28]. The overlapping region of two grains in contact & (Fig.
1) is thus small compared to particle size (Ri,Rj). Rolling resistance is not taken into account in the current model. The
simulations reported in this study are performed by 2D-in house DEM code, hamed PBC2D which is originally developed
by [29] and then improved by the authors in recent works [16, 30].

The sample preparation process includes the following steps: (1) creating granular assemblies with uniform grain size
distribution. In this step, the number of particles is varied systematically; (2) apply isotropic compression loading to the
granular sample. In this second step, different values of stiffness number, friction coefficient, and cohesive level are used.

2.1 Biaxial loading test

From the isotropic stress level, the sample is performed biaxial loading with displacement controlled on the top and
bottom surface while lateral confining stress is kept constant and equal to isotropic compression stress. Multi-periodic
boundary conditions are applied to the edges of granular samples [31]. The principle of biaxial loading and grain-scale
interaction law is schematized in Fig. 1
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Fig. 1 — Biaxial loading principle and grain-scale interaction law

2.2 Macroscopic parameters

The overall stress tensor of granular assembly is calculated by homogenized formula ¢ = %Zcﬁ®f, where }TC) is contact

force and [ is the branch vector joining the centers of two particles in contact. V is the volume (in 2D case) of granular
assembly and c is the contact list. The operator ® denotes the tensorial product of two vectors.

In the case of 2D biaxial test, the deviatoric stress is determined by q = o, — o, where o; and o, are axial stress and

.. . . R . . ho—h Vo=V
lateral confining pressure, respectively. The axial and volumetric strain are defined as &;;, = —>—and ¢, = ‘; where h, V
0 0

h,
are the height and volume of granular assembly at the current time step and hy, V,, are the initial height and volume. Soil
mechanics convention is adopted: ,; > 0, &, > 0 means axial and volume in compression.
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3 Numerical results: microscopic parameter affecting macroscopic behavior
3.1 Determination of the appropriate number of particles (npa)

The appropriate number of particles (npa) in a Discrete Element Method (DEM) simulation is crucial for achieving the
right balance between the computational performance and the mechanical behaviour. In practice, the number of particles used
in a simulation is often determined through a process of trial and error, where the simulation is first run with a relatively low
number of particles, and then the results are compared with other simulations. The reliability of the results can be evaluated
by statistical analysis. The number of particles can then be increased until the simulation results reach an acceptable degree
of accuracy.

To this matter, we perform an analysis in varying the number of particles in the granular assembly. Six sizes of granular
samples were generated with npa equals 400, 900, 2500, 5625, 8100, and 10000 particles. Three granular assemblies (i.e.
realizations R01, R02, R03) were prepared for each sample size. A total of 3x6=18 samples have been generated with the
same microscopic parameters (see Table 1 for details). Between three realizations of similar size (i.e. number of particles),
we generate random different grain size distribution while respecting uniform law and the ratio between maximum and
minimum grain size is kept constant and equal 1,4, /Tmin = 5/3. After isotropic compression, all samples were in a similar
dense state and then subjected to compression biaxial loading. Normalized deviatoric stress versus vertical strain was
extracted and represented in Fig. 2. In each sub-figures of Fig. 2, we present the stress-strain curve for each realization and
the average of them. Typical curves of deviatoric stress are obtained in all cases. The value of normalized deviatoric stress
increases rapidly to the peak corresponding to the maximum strength of granular assembly, and then decreases to reach a
plateau.

Table 1 - Characteristic of samples

No Samples npa k=k,/(6,a) u c Initial state

1 S400-R01

2 S400-R02 400 1000 0.5 1 Dense

3 S400-R03

4 S900-R01

5 S900-R02 900 1000 0.5 1 Dense

6 S900-R03

7 S2500-R01

8 S2500-R02 2500 1000 0.5 1 Dense

9 $2500-R03

10 S5625-R01

11 S5625-R02 5625 1000 0.5 1 Dense
12 S5625-R03

13 $8100-R01

14 $8100-R02 8100 1000 0.5 1 Dense
15 $8100-R03

16 $10000-R0O1

17 $10000-R02 10000 1000 0.5 1 Dense
18 S10000-R03

It can be seen that the macroscopic response of a granular assembly becomes smoother and the scattering in stress
decreases with increasing the number of particles. When the number of particles is small, little change in the grain re-
arrangement can result in a large change in stress due to variation in interaction forces and grain displacement. From a
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sufficient number of particles, the stress-strain behaviour is stable enough to be mechanically representative. In the present
simulations, a well-marked peak in the stress-strain curve is obtained when the number of particles exceeds 8100.
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Fig. 2 — Numerical result: stress-strain behaviour with respect to number of particles
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Fig. 3 — Standard deviation of shear strength and computation time varies with sample size
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To confirm the visual inspection, we compute the standard deviation (sd) of each sample size and plot it in Fig. 3 (a).
The standard deviation decreases with increasing number of particles but becomes less significant with exceeding 8100
particles (sd < 0.05). In fact, the number of grains in the simulation has a significant impact on the computation time. Fig.
3 (b) gives comparative information on computation time between the simulations. For each sample size, the time
computation represented in the figure is the mean value of three realizations. As the number of particles increases, the
computation time seems to increase linearly. To achieve a good balance between the accurate mechanical behaviour of the
granular assembly and reasonable computation time, the number of particles must be carefully selected. In our study, we
found that using 8100 particles provides a good balance between these two factors. Therefore, we use 8100 particles in the
remaining simulations of the paper.

3.2 Influence of intergranular friction coefficient (u) on the behaviour of granular assembly

Contact friction is an important factor that can affect the mechanical response of granular assembly. In the DEM
simulation, intergranular friction is represented by a coefficient that controls sliding contact thanks to Coulomb inequality
Ifl: < uf,. As a result, the maximum tangential force changes with the intergranular coefficient of friction. Consequently,
the overall stress of the granular sample, which is computed by force interactions, must be influenced. In this section, we
vary the coefficient of intergranular friction u while keeping the other parameters constant. It was set as 4 = 0.3,0.5,0.7.
The evolutions of normalized deviatoric stress versus axial strain are then shown in Fig. 4.
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Fig. 4 — Numerical result: intergranular friction coefficient study

The results indicate that as u increases, the peak stress becomes larger and more pronounced. For large deformations
€11 > 5%, the intergranular friction coefficient u does not influence much the evolution of the macroscopic stress. Indeed,
in large deformations, the shape of the grains plays a much more important role than the coefficient of intergranular friction
u [32, 33]. It therefore similar critical resistance was found. Regarding the volumetric strain evolution, the contracting and
dilating phases are both more pronounced with the higher value of u.

3.3 Influence of inter-particle cohesive level (c)

Besides friction, cohesion is another important factor that affects the mechanical response of granular materials. In order
to shed light on the role of the cohesion level on the macroscopic behaviour of the material, we seek to vary the values of
cohesive level c. The cohesive level compared cohesive force f; to average force due to confining pressure as f. = ¢ - (g, - a).
If ¢ « 1, the force due to confinement plays a main role and cohesive effects are negligible.

Using different values of ¢ (c = 0.5, 1.0, 1.5), a parametric study has been conducted. The results in Fig. 5 show a strong
influence of this parameter. As c increases, the peak stress increases and is reached for slightly larger axial strains &;,. This
observation explains the influence of ¢ on the strength of the material: a larger value of ¢ produces a higher material strength.
This corresponds to the maximum strength of the material reached and the peak at larger axial strains if ¢ increases.
Classically in soil mechanics, the Mohr-Coulomb criterion is usually used to evaluate the macroscopic characteristic of soil.
Additional extensional biaxial tests were performed in order to deduce the two parameters (C, ¢) of Morh-Coulomb criterion
(t = g, - tang + C) (not shown here for lack of space). Thanks to Mohr's circles the values of C and ¢ for three considered
cases are obtained as follows: C = 0.3 - g, * ¢ and ¢ =~ 25°. It is expected that the macroscopic cohesion increases with c.
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Indeed, macroscopic cohesion comes mainly from the microscopic bonds. The internal friction angle does not depend on c.
This result is logical because  is identical in all simulations. A slight increase in ¢ with ¢ is simply explained by increasing
the number of coordination with the cohesive level c¢. Regarding volumetric strain evolution, the result shows that by
increasing the cohesive level, the material becomes more contracting in the first phase and the dilatancy angle is relatively
larger, as shown in Fig. 5(b).
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Fig. 5 — Numerical result: inter-particle cohesive level study
3.4 Influence of initial void index

The initial void index, also known as the initial porosity, is a measure of the initial space or voids present in a granular
material. It is defined as the ratio of the volume of voids to the total volume of the material. The initial void index can have
a significant impact on the behaviour of granular materials under loading conditions, including the phenomenon of strain
localisation [26, 34]. In this parametric study, four samples with different initial void index ratios have been generated and
then subjected to biaxial loading. The mechanical responses of these samples are shown in Fig. 6. The arrows classify the
curves according to the increasing initial compactness (decrease of initial void ratio) that is obtained after the isotropic
compression. Here we obtain the typical range of behaviour of granular soils. Concerning stress, the peak increases with the
density of the sample. A loose sample does not show a peak. For large strains, all samples tend to have the same stress level.
These simulations confirm the theory of the critical state: the internal state of the material approaches a certain state called
"the critical state", independently of the initial state when it is subjected to large deformations. If the phenomenon of strain
localisation is observed, the critical state of the material lies within the shear bands, and the sample is dominated by these
narrow bands. Simultaneously with the stresses, the kinematic evolutions are also very typical. Dense samples represent
contracting first and then dilating behaviours, while loose samples are purely contracting.
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Fig. 6 — Numerical result: initial void index study
4 Strain localisation in 2D granular sample

As strain localisation is frequently observed when granular materials undergo large strain and is recognised as one of the
main sources that trigger failure, in this section, we aim at bridging the correlation between macroscopic concentration of
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deformation (known as strain localisation) and microscopic changes inside granular samples. To measure the occurrence and
propagation of strain localisation in the above numerical test on granular assembly, we compute the local shear intensity over
the sample. The local strain is determined as follows: the granular assembly is divided into polygonal void cells based on the
contacting grains. The strain of polygonal void is evaluated from the translations of grains as suggested by [35, 36]. In Fig.
7 below, the strain localisation occurred inside granular assembly is assessed in terms of both local static and kinematic
variables.

|
0 100 200 300 400 500
Deviatoric strain (%)

Deviatoric strain

Cohesion-break

Grains’ displacement vector

&11 = 1% &11 = 4% &11 = 8% &11 = 15%

Fig. 7 — Deviatoric strain in, cohesion-break field and grain’s displacement vector in S8100-R01

Taking S8100-R01 as a reference, Fig. 7 (first row) shows the evolution of shear intensity in terms of deviatoric strain
with axial strain. It is evident that the shear bands (SB) become more and more visible after the onset which corresponds to
the peak in stress-strain curve. At the peak, even the shear band is not yet visible, a first hint is clearly shown in this figure
and allows prediction of future shear band locations. When all SB are fully formed, we obtained two periodic-“crossing”
shear bands (herein the word “crossing” is used to indicate the intersection of SB). In the second row of Fig. 7, we show the
force chains map of contact without cohesion. As a remainder, all contacts were initially cohesive, thus this map corresponds
to contacts that lose cohesion. Hereafter, this map is referred to cohesion-break field. The last row of Fig. 7 presents the
displacement vector field of particles. It is determined by computing the relative translation of particles in the vertical and
horizontal axis compared to the initial state. Comparing the three rows in Fig. 7 shows a good correlation in terms of strain
localisation between grains’ kinematic (displacement vector field — third row) and static variable (cohesion-break field —
second row). All three rows of figures reveal a same story: soon at the peak in stress-strain response, heterogeneous
deformation field is obtained which corresponds to the increasing displacement field, especially in future localised zones.
The formation of shear bands, which can cause failure, becomes clearer as strain increases, notably from 4 percent of vertical
shortening of the whole sample. The shear zones are formed in several bands that run across the sample which is also evident
in the force chains network. Contacts that lose cohesion are also concentrated in the shear localised zones even some others
are found outside. This is a remarkable feature and leads to confirming the correlated information between the shear localised
and both kinematic and static variables of granular assembly and is in line with experimental observations by [25, 37].
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Fig. 8 — Strain localisation correlation in S8100-R01 at 15% of axial shortening
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Fig. 9 — Strain localisation: Initial void ratio study

A more detailed comparison between strain localisation viewed by the deviatoric strain field and micromechanical
features at the end of the simulation (¢,; = 15%), interesting correlations are revealed in Fig. 8 when we take a closer look
at the localised zones bounded by dashed lines. While the formation of SB corresponds to the increase of displacement field,
remarkably it can be seen that the core of SB has almost negligible grain displacement (zone 1 of sub-figure 8(c)) compared
to the boundary of SB (zone 2a and 2b of sub-figure 8(c)). The most translated particles are found near the boundaries of the
SB and at the locations of the intersection of shear bands. Hence, an important sign of SB is the presence of a low-velocity
particle band surrounded by a high-velocity particle band. Observing the particles' rotation field seems to suggest the opposite.
While the magnitude of the particles' rotation field is well correlated with the deviatoric strain field, it can be seen that inside
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the SB, location with the most rotated grains is the one with the smallest displacement (zone 1 of sub-figure 8(c,d)). Therefore,
correctly predicting SB based on grain kinematics requires taking into account both grain translation and rotation. This remark
is also raised by [38] but without giving much detail.

Previous studies in the literature showed that the localisation of deformation can be affected by the level of compaction
of granular assembly [26, 39-41]. Comparing now the strain localisation of four samples (Fig. 9) whose responses are
presented in Fig. 6.

As we move left to right in Fig. 9, the concentration of shear bands (SB) decreases as the initial void index increases. In
the last image, diffuse failure is observed instead of localised failure, indicating a transition from localised to diffuse failure.
As the initial void index increase from e = 0.1982 to e = 0.2219, the width of SB seems to get larger but the magnitude of
shear intensity decreases. This is because a denser sample undergoes higher loads and has a higher shear strength and deforms
more when entering the softening phase of behaviour. In the case with e = 0.2614, the global response shows almost purely
contracting behaviour (Fig. 6), diffuse failure is thus obtained. These observations show that the denser the sample, the more
obvious the strain localisation phenomenon becomes, and there may be a threshold at which the failure transitions from
localised to diffuse. However, determining this threshold for 2D granular assembly is one of the directions for future research.

5 Conclusions

In this paper, by varying a broad range of microscopic parameters, we found an appropriate number of particles for 2D
granular assembly that balances the computational cost and mechanical behaviour of granular material. It is recommended to
use more than 8100 particles for square granular sample simulated by DEM with multi-periodic boundary conditions. We
also explored the effects of interparticle bonding, intergranular friction, and initial void ratios. Our results are in line with
previous experimental observations in the literature, showing that the shear strength of granular assembly increases with
increasing of intergranular friction and bonding, and with the density of packing.

Finally, we examined macroscopic strain localisation with microscopic effects in terms of static and kinematic aspects;
and investigate the shear band formation with regard to the initial density of the sample. It is found that in the case of cohesive-
frictional granular materials, (i) the strain localisation displayed by deviatoric strain is in agreement with cohesion-break
field. Contacts that lose cohesion are mostly concentrated in the SB and the vicinity of the SB; (ii) in terms of grains
kinematic, the occurrence and development of SB correspond to the increasing of field displacement. But it is remarkable to
note that grains are less displaced in the core of SB than in the boundary or the vicinity of SB. Nevertheless, grains’ rotation
shows the opposite observation. The most rotated grains are found in the core of SB. Thus, these two aspects of grain
kinematics form an interesting observation/criterion for SB prediction. In the future, further microscopic insight to
quantitatively characterized the micro-macro relationship inside SB form should be conducted.
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