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Abstract
Granular materials are discrete in nature. So, modeling the behavior of granular materials considering the
discrete element method (DEM) is convenient, in particular, when the grain-scale behavior is to be explored.
This paper considers the oval shape of particle in contrast to the commonly used circular shape of particle to
explore the grain-scale responses of granular materials during cyclic loading using DEM. A numerical sample
consisting of 8450 ovals with eleven different sizes ranging from 1 to 2 mm was prepared. The generated sample
was compressed isotropically to 100 kPa in different stages using the periodic boundaries. Simulation of biaxial
cyclic shear test was carried out with a constant axial strain amplitude of ±0.50% considering a dry granular
sample under the strain control condition. The simulated stress-strain response agrees well qualitatively to the
experimental results. Different grain-scale responses have been analyzed and reported.
Keywords: Cyclic Loading, Grain-Scale Response, Oval, Discrete Element Method.

1 Introduction
Discrete Element Method (DEM) is often used to model the discrete behavior of granular materials such as sand
using the widely used circular shape of particle. This is because the contact detection algorithm for circular shape
of particle is a bit simple compared to other complex shape of particles which results in saving the computational
cost of simulation. Such simplified and idealized shape of particle can capture the mechanical behavior of
granular materials reasonably. However, the circular shape of particle yields some hitches in modeling the
granulate behavior. For example, the internal friction angle yields from DEM simulation using circular shape of
particle is relatively smaller than that observed in the experiments. Moreover, circle rotates extensively during
loading which may change the overall micro-structures of the granulate system. With the advancement of the
computer power, the complex shape of particle is incorporated in modelling the discrete behavior (Ting et al.,
1995; Nouguier-Lehon et al., 2003; Pena et al., 2007; Szarf et al., 2010; among others). In the present study, oval
shape of particle is used to model the cyclic behavior of granular materials using DEM. An oval is comprised of
four pieces of circular arcs joined together. The numerical treatment for ovals has been comprehensively
described in Kuhn (2003) and Kuhn (2006). The diagram of an oval is depicted in Figure 1, where  denotes a
splice angle. It should be greater than 0º and no greater than 90º (Kuhn, 2006). In Figure 1, points A1, A2, B1
and B2 indicate the center of the top, bottom, right and left arc, respectively and angle  denotes the orientation
angle of oval with the horizontal axis. The height to width ratio ( r ) of oval must lie within the limits given
below:
1  cos 
cos 
r
sin 
1  sin 

(1)

To produce the numerical sample, ovals were generated randomly in a rectangular frame with a height to width
ratio of sample being two. The width to height ratio of each oval is 0.6. The dry granular sample was compressed
isotropically to 100 kPa and subjected to cyclic shearing with an axial strain amplitude of ±0.50% under the
strain control condition. The macroscopic simulated results have been compared with the experimental behavior
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qualitatively. The grain-scale responses evolve during the cyclic loading is precisely monitored and extracted
using DEM.

Figure 1. Composition of oval with reference axis
2 About DEM and OVAL
Discrete element method, briefly referred to as DEM, is a numerical method proposed by Cundall and Strack
(1979) to model the discrete nature of granular materials such as sand. Each particle in DEM is treated
individually. The kinematics of each particle are monitored. Accordingly, each particle can move and rotate
through the interactions of the interparticle contacts. The translational and rotational accelerations of a 2D
particle in DEM are computed using the Newton’s second law of motion as follows:
mxi   Fi

(2)

i  1 2

I  M

(3)

where Fi are the force components, M is the moment, m is the mass, I is the moment of inertia, xi are the
translation acceleration components and  is the rotational acceleration of the particle. Velocities and
displacements of particles are obtained by integrating the accelerations over time successively. For details of
DEM, readers are referred to Cundall and Strack (1979).
Computer program OVAL (Kuhn, 2003), written in FORTRAN language, is used to analyze the particulate
assemblies using DEM. It includes a robust servo-control algorithm to control the boundary stresses. It has
already been used for many DEM studies so far and its efficacy has been recognized (e.g., Kuhn, 1999; Sazzad
and Suzuki, 2011; Sazzad, 2016). Simple linear contact model consisting of two springs and a friction slider is
used.
3 Sample Preparation
A numerical sample consisting of 8450 ovals with eleven different sizes (i.e. widths) ranging from 1 to 2 mm
was prepared. The initial sparse samples was prepared by placing the ovals (height to width ratio of 0.6) on
equally spaced grid points of rectangular frames in such a way that the particles have no initial contact. The
samples, generated in this way, were compressed isotropically to 100 kPa in different stages with interparticle
friction coefficient of 0.30 (defined as   tan   ,  being the interparticle friction angle) using the periodic
boundary, a boundary condition in which the periodic cells are surrounded by the identical cells. Later,  of 0.5
is used during the simulation. After the end of isotropic compression, the void ratio of the numerical sample
becomes 0.21. Note that the void ratio is less than the typical void ratio of real sand. This is because the 2D
numerical sample consisting of ovals yields less void ratio due to its dimension. The isotropically compressed
sample of ovals with reference axes is depicted in Figure 2.
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Figure 2. Isotropically compressed sample of ovals with reference axis

4 Simulation of Biaxial Cyclic Test
Simulation of biaxial cyclic tests was carried out using DEM with a constant axial strain amplitude of ±0.50%
considering dry granular assemblies under the strain control condition. During the cyclic shear, the sample height
decreased vertically during loading with a very small strain increment of 0.00002% in each step by keeping the
stress in lateral direction constant (i.e. 100 kPa) while the sample height increased vertically with a very small
strain increment of 0.00002% in each step during unloading by keeping the stress in lateral direction constant.
The parameters used in the simulations are presented in Table 1. Note that the coefficients of the global type
viscous damping used in the present study (Table 1) have been taken sufficiently small to keep the effect of
numerical damping minimum and to give more stable and reliable solutions during the simulation. The quasistatic condition during the simulation is examined by checking the non-dimensional index as follows
(Sazzad, 2014):
Np

I uf 

2
 Fubf / N p
1
Nc

2
 F / Nc

 100 (%) ,

(4)

1

where Fubf , F , N p and N c denote the unbalanced force, contact force, number of particles and number of
contacts, respectively.
Table 1. DEM Parameters used in the simulations
DEM parameters

Value

Normal contact stiffness, k n (N/m)

1  108

Shear contact stiffness, k s (N/m)

1  108

Mass density (kg/m3)

2650

Increment of time step (s)

1  10-6

Interparticle friction coefficient, 

0.50

Damping coefficients

0.05
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5 Simulated Results
The relationship between the deviatoric stress, q [  (1   2 ) 2 ] and the number of cycle, N for sample
consisting of ovals is depicted in Figure 3. Here,  1 and  2 are the stresses in x 1 - and x 2 -direction,
respectively. The simulated macroscopic behavior during cyclic loading can be compared qualitatively with that
obtained from the experimental cyclic tests (e.g., Tatsuoka and Ishihara, 1974). At the end of successive loading,
the deviatoric stress increases indicating the stiffening of the sample. The evolution of the volumetric strain,  v
against N is depicted in Figure 4. The volumetric strain is defined here as  v  1   2 , where  1 and  2 are the
strains in x 1 - and x 2 -direction, respectively. A positive value of  v indicates compression and a negative value
of  v indicates dilation. Note that the sample gets progressively compressed during cyclic loading.
6 Evolution of Micro Parameters
The evolution of coordination number, Z as a function of N is depicted in Figure 5. Coordination number is
defined as follows (Sazzad, 2014):
Z 

2N c
Np

(5)

Figure 3. Evolution of q against N during cyclic loading for sample consisting of ovals

Figure 4. Evolution of  v against N during cyclic loading for sample consisting of ovals
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During the first cycle of loading, the coordination number is significantly reduced indicating a disintegration of
contacts. The reduction of the coordination number further intensifies when the first cycle of unloading begins.
When the loading begins for the second time, the coordination number starts increasing and continues till the end
of loading. However, the value never reaches the initial value of the coordination number, which indicates the
permanent disintegration of few contacts.
The evolution of effective coordination number, Z and slip coordination number, Z sl as a function of N is
depicted in Figures 6 and 7, respectively. The effective coordination number (Kuhn, 1999) and slip coordination
number (Sazzad, 2014) are expressed as follows:
Z 

2Nc
Np

Z sl 

Here,

Nc

and

(6)

2 N sl
NP
N sl

(7)

are the total number of effective contacts and slip contacts, respectively and

number of particles that shares in the effective load-bearing system.

Figure 5. Evolution of Z against N during cyclic loading

Figure 6. Evolution of Z against N during cyclic loading
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Figure 7. Evolution of Z sl against N during cyclic loading
Negligible difference is noticed between the evolution pattern of coordination number and effective coordination
number. Note that slip coordination fluctuates more dominantly than the slip coordination number.
7 Conclusions
The grain-scale responses of granular materials considering oval shape of particle during cyclic shearing is
studied using DEM. Biaxial cyclic shear test was simulated with a constant axial strain amplitude considering a
dry granular sample under the strain control condition. The findings of the study are summarized as follows:
(i) The stress-strain behavior is similar to that usually observed in the experimental studies qualitatively.
(ii) The deviatoric stress at the end of loading is higher than that at the end of unloading.
(iii) At the end of loading, the coordination number starts accumulating during the successive cycles;
however, it never reaches the initial value even after eight loading cycles. No appetent difference is
noticed between the evolution of coordination number and the effective coordination number.
(iv) Slip coordination number fluctuates more dominantly than coordination number during cyclic loading
considering oval shape of particle.
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