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Abstract. In this paper, a numerical Discrete Element Method (DEM) model was cali-
brated to investigate the transmission of force in granular media. To this aim, DEM sim-
ulation was performed for reproducing the behavior of a given granular material under
uniform compression. The DEM model was validated by comparing the obtained shear
stress/normal stress ratio with results published in the available literature. The network
of contact forces was then computed, showing the arrangement of the material microstruc-
ture under applied loading. The number and distribution of the contacts force were also
examined statistically, showing that the macroscopic behavior of the granular medium
highly depended on the force chain network. The DEM model could be useful in explor-
ing the mechanical response of granular materials under different loadings and boundary
conditions.
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1. INTRODUCTION

A granular medium is composed of separate particles that move without depen-
dence and interact with other particles via contact points [1]. Typical granular materials
could be found in civil engineering, such as geotechnical engineering, mining or energy
production, chemical, pharmaceutical, and agricultural industries [2-4]. Research and
development of machinery/device for processing granular materials have been consid-
erably increased over the past ten years, requiring above all a good knowledge of inter-
actions between particulate systems itself and with machine parts [5]. For instance, the
coefficient of friction has been introduced, measured to characterize the dissipation of en-
ergy when the particles collide [6]. These particulate interactions have been investigated
for many years using analytical, semi-analytical, or experimental approaches [3,7,8]. De-
spite all the efforts, it is not always possible to carry out a large number of configurations
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taking into account all the possible parameters [6]. Moreover, experimental works might
not have the required ability to investigate the local interactions, particularly in terms of
transmission of stress, collapse of force chain under deformation and so on [9]. It clearly
showed that a more robust manner is thus required for better understanding and charac-
terizing the mechanical properties of granular materials [10].

From a numerical simulation point of view, the mechanics of granular media can be
modeled by either continuum [11-13] or discrete [14-16] approaches. More precisely, in
a discrete approach, the Discrete Element Method (DEM) has been primarily employed
to simulate granular materials [10,17]. As an example, Than et al. [18] have developed
a DEM model for investigating the plastic response of wet granular material under com-
pression. Also, based on DEM technique, Xie et al. [19] have pointed out the influence of
interlayer on the strength and deformation of layered rock specimens in uniaxial tests. In
another study, Tran et al. [2] have employed DEM algorithm to simulate the behavior of
concrete under triaxial loading. Xu et al. [20] have proposed a comparison between DEM
simulation and experiments while investigating the mechanical behavior of sea ice. Lom-
men et al. [17] have studied the relationship between particle stiffness and bulk material
behavior in a numerical simulation context. Furthermore, the combination of DEM and
other numerical techniques has been performed by Dratt and Katterfeld [21]. The authors
have combined DEM with Finite Element Method (FEM) for investigating the dynamic
deformation of machine parts in contact with particle flow. Besides, Zhou et al. [22] have
combined DEM with Computational Fluid Dynamics (CFD) for modeling granular flow
in hydraulic conveyor. So far, studies involving DEM technique could strongly improve
the investigation of mechanical properties of particulate systems by enabling an access to
the local behavior in a granular media. Such numerical simulation technique could also
save time and cost compared with complex experiments in the design and development
of machinery involving particulate systems.

In this study, DEM model was developed for investigating the transmission of stress
in granular media under the compression force. To this aim, the following steps were
adopted as a methodology. First, a set of DEM parameters for the granular media was
collected in the available literature, involving dimensional, gravimetric, mechanical, and
interaction properties. Precisely, the DEM parameters were the size distribution, shape,
mass density, Young’s modulus, Poisson’s ratio, shear modulus, coefficient of static fric-
tion, coefficient of rolling friction and coefficient of restitution. In a second step, a com-
pression test was designed and performed using DEM simulations. Simultaneously, lo-
cal mechanical information of particles was recorded, including the stress, force chain
transmission and so on. The obtained results allowed exploring the ability of DEM tech-
nique in a mechanical context. Moreover, the features of DEM method were exposed to
monitoring and analyzing the displacements and forces of all particles in the considered
granular media.
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2. MATERIALS AND METHODS
2.1. Brief introduction to DEM

DEM was developed based on the simulation of the motion of separate particles in
a granular medium [23]. Such motion is determined by solving Newton’s translational
and rotational equations of motion for individual particles. The translational equation of
motion is given as below [24]

do;
midftl =) F;+mg, (1)
j

where m; is the mass of particle i, v; is the velocity, t is the time, F; is the force of contact
acting on the particle i from the particle j, and g is the gravity. The rotational equation of
the motion is expressed as follow [23]

dw;
Iidftl = ;sz, 2)

where [; is the moment of inertia, w; is the angular velocity, and Tj; is the torque acting on
the particle i from the particle j. In a DEM model, the contact force is commonly modeled
by spring, dashpot, and frictional slider [25,26]. One of the most used contact models is
the Hertz—Mindlin model [27], involving various parameters such as Young’s modulus,
Poisson’s ratio, shear modulus, coefficient of static friction, coefficient of rolling friction
and coefficient of restitution [28]. These coefficients, relating the relationships between
particle/particle and particle/wall, were introduced to characterize the loss of energy
when the particles interact. Based on this principle, DEM simulation could reflect the
interactions occurring inside the granular media [18]. Underlying assumptions of DEM
model include isotropy and elasticity of the considered particles.

On the other hand, the spherical element is the fundamental element in a DEM
model. The description of DEM model is well documented in Lommen et al. [17] and
Xie et al. [19]. One of the first applications of DEM was carried out by Cundall and Strack
for investigating the mechanics of rock and soil [1]. Recently, the fast growth of computa-
tional capacity makes it more and more practical to employ numerical methods for solv-
ing engineering problems [16]. To date, many works using DEM technique for investi-
gating the mechanical properties of granular materials have been published [2,20,29-31].

2.2. Description of compression test

The compression test used in this study is schematized in Fig. 1. Granular material
with characteristics introduced in Tab. 1 was filled into a box container of 400 x 100 x
300 mm. The initial height of the granular medium was 280 mm, exhibiting more than
47.000 particles. At the top of the container, a compression plate is placed. The latter
can move freely along the vertical direction (z-axis). A confinement force is exerted to
the compression plate, which compresses the granular medium uniformly under a con-
stant loading. Such compression force is a constant normal one applying to the particles,
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whereas the force acting on the upper part in the x-direction is perpendicular to the nor-
mal force, which was previously mentioned. Such a design of the test allows characteriz-
ing the transmission of force in the granular medium locally, under compression using a
numerical DEM approach.

Initial configuration Final configuration

Direction of vertical movement of
compression plate (constant velocity)
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Compression plate
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Fig. 1. Design of compression test in this study

2.3. DEM input parameters

In this study, the mechanical behavior of agricultural granular materials was inves-
tigated, such as dry soybean grains (Glycine max variety, moisture content lower than
10%) to develop and design the seeding machine. The microscopic parameters of soy-
bean particles are commonly represented based on four categories, as in the following.

The first category includes gravimetric properties such as the true density. The sec-
ond category includes dimensional properties, especially size (i.e., equivalent diameter)
and shape. The third category includes mechanical properties, such as shear modulus,
Young’s modulus, and Poisson’s ratio. The last category includes the interaction prop-
erties, such as friction (coefficient of static friction particle/particle and particle/wall,
coefficient of rolling friction particle/particle and particle/wall), restitution (coefficient
of restitution particle/particle, and particle/wall). It should be noticed that the calibra-
tion of all microscopic parameters for soybean grains is not an easy task 32]. Thus, in this
study, the microscopic parameters (i.e., DEM input parameters) of particles were taken
from the available literature of Ghodki et al. [32], as it was reported for the same variety
of soybean. Moreover, Ghodki et al. [32] have admitted a single sphere modeling for the
shape of particles, which allowed reducing the computational time considerably com-
pared to multi-spheres or superquadric approaches [33]. It should be noticed that such
single sphere modeling was selected based on the shape characterization of the consid-
ered particles [32].

In this study, the LIGGGHTS®code (stand for Open Source Discrete Element Method
Particle Simulation) was used for the DEM simulations [34]. A no-cohesion nonlinear
Hertz-Mindlin model was used for simulating the contact between particle-particle and
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particle-wall, as recommended by various works, such as Raji et al. [25], or Horabik et
al. [35]. Tab. 1 indicates the details of DEM simulation performed in this study, including
the DEM input parameters collected from the available literature [32]. The simulations

Table 1. Parameters of DEM simulations in this study

Parameter Description and value Unit

Sliding friction: Hertz-Mindlin

Contact model Rolling friction: constant directional torque

Cohesion: none

Gravity 9.81 m/s?
Particle shape model Spherical

Time step le-5 s
Particle size 6.24 mm
True density of particles 1220 kg/m?>
Young’s modulus of particles 50 MPa
Poisson’s ratio of particles 0.26

Shear modulus of particles 19.84 MPa
Young’s modulus of wall 3000 MPa
Poisson’s ratio of wall 0.37

Shear modulus of wall 1095 MPa
Coefficient of static friction particle/particle 0.26

Coefficient of static friction particle/wall 0.30

Coefficient of restitution particle/particle 0.17

Coefficient of restitution particle/wall 0.35

Coefficient of rolling friction particle/particle ~ 0.08

Coefficient of rolling friction particle/wall 0.08

Length of container 400 mm
Width of container 100 mm
Number of particles 47362

Initial fill height 280 mm
Final height 200 mm
Mesh of wall Triangular type (STL)

Number of elements (container and plate) 15604

Element area Average: 7.06e-5 m?
Minimum angle Average: 54.15 °
Aspect ratio Average: 1.05

Velocity of compression plate 107! m/s
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were performed using a Lenovo ThinkPad L420 Intel Core i5-2520M 2.50 GHz, 8 Gb of
RAM, whereas the post-treatments were performed by using Matlab R2018a [36] and
Paraview 5.4.1 [37].

In order to ensure the relevance of the selected set of DEM input parameters, in-
dicated in Tab. 1, size characterization and silo discharge tests were performed. More
precisely, the size characterization allowed obtaining a particle size distribution of par-
ticles (for generating particle diameter in DEM simulations), whereas the silo discharge
test allowed checking the efficiency of friction coefficients (i.e., static and rolling frictions
particle/particle). Brief details of these two investigations are following.

The size characterization of particles was conducted using a home-made imaging
platform (4.42 MP/ cm? pixel density Fujifilm X-E2S camera with a Fujinon XF18-55mm
F2.8-4 R LM OIS lens), allowed obtaining an image resolution of 16 pixels per mm (rec-
ommended for characterizing particles greater than 3 mm in size [38]). Soybean grains
were randomly selected for capturing images (about 900 grains were tested). Fig. 2(a)
shows the raw image, whereas Fig. 2(b) presents the processed binary image indicating
the equivalent diameter of each particle. The equivalent diameter was computed based
on the obtained area of the particle. Using 900 equivalent diameters, the particle size dis-
tribution is shown in Fig. 2(c), exhibiting an average of 6.33 mm and a standard deviation
of 0.46 mm. It is seen that the average particle diameter obtained by image analysis in
this study was very close to the result obtained by Ghodki et al. [32] for the same soy-
bean variety (i.e., 6.24 mm). Finally, the particle size distribution was used for generating
particle diameter in DEM simulations.
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Fig. 2. Size characterization of particles in this study: (a) raw image, (b) processed image with an
equivalent diameter of each particle, and (c) particle size distribution from image analysis

Regarding the discharge test, a flat-bottomed rectangular silo of 160 and 100 mm of
length and width, respectively, together with a circular orifice of 50 mm of diameter, was
prepared. A kg of soybean particles was randomly selected and filled into the silo, ex-
hibiting a fill height of 100 mm. In the DEM simulation, the same procedure was applied.
As friction plays the most critical role in the rheology behavior of granular materials [39],
the efficiency of the selected coefficients of static and rolling frictions particle/particle
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(see Tab. 1) were checked based on this test. To this aim, in DEM simulation, the coef-
ficient of static friction was varied in a 0.18-0.34 range with a step of 0.04, whereas the
coefficient of rolling friction was varied between 0.05-0.14 with a step of 0.03. A macro-
scopic property, the final mass retained in the silo after discharged, was chosen to make
comparisons between experiment and DEM simulations.

3. RESULTS AND DISCUSSIONS

3.1. Validation of numerical model

In this section, the numerical DEM model is compared with experimental work in the
literature to evaluate the effectiveness of the model. Fig. 3(a) presents the initial assembly
of particles in the box container, described in Section 2.2, whereas Fig. 3(b) shows the
initial force chain network of the medium, as well as a visualization of the compression
plate and its triangular mesh.

Granular medium:

over 47000 particles Initial force chain

network between
particles

280 mm

(b)

Fig. 3. Visualization of: (a) particle assembly at initial configuration and (b) initial force chain
network and compression plate with triangular mesh

As recommended by various works in the literature [10,40], the coefficient of static
friction particle/particle is characterized by the ratio of the shear stress to the normal
stress, while the granular material is subjected to loading. In this case of compression,
the stresses in the x-axis (tangential to the direction of compression) and z-axis (normal to
the direction of compression) were calculated by the corresponding wall reaction forces.
More precisely, such reactions were calculated based on the reaction forces in each trian-
gular mesh element in contact with particles [40]. Figs. 4(a) and 4(b) show the evolution
of normal stress and shear stress over elapsed time. The comparison between the shear
stress to normal stress ratio and the work of Ghodki et al. [32] for the considered granular
material is shown in Fig. 4(c). In Ghodki et al. [32], the inter-particle friction coefficient of
0.26 was calibrated by combining the experimental angle of repose test and DEM simula-
tion (calibration result was indicated in Section 3.2 in Ghodki et al. [32]). As can be seen
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in Fig. 4(c), the normal stress on the wall starts to increase when the compression plate
contacts with the particle assembly. A small overshoot is also observed, due to the first
interactions between particles and compression plate. The compression plate is vertically
moved in order to compress the granular material under constant velocity. As for discrete
elements, the particles arranged in order to respond to the loading. Finally, the granular
medium reaches a convergence in both the normal and shear stress. Such convergence
exhibits the equilibrium of the granular medium under constant loading. As shown in
Fig. 4(c), the ratio of shear stress to normal stress at equilibrium state under constant
loading is highly correlated compared with the work of Ghodki et al. [32] for the con-
sidered granular material, showing a high effectiveness of the proposed numerical DEM

model.
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In addition, the results of the silo discharge test are presented in Fig. 5. Visualization
of discharge flow at different colored layers in a slice view mode is presented in Fig. 5(a),
showing the retention zone in the flat-bottomed silo. Fig. 5(b) shows the difference Am
between mass retained in the silo from DEM simulations and experiment, in function of
the friction coefficients particle/particle. It is shown that the difference Am could vary
between 2 and 30 g. The mass retained in the experiment was 176.7 g. It is seen that the
couple of (0.26, 0.08) allowed obtaining the smallest value of Am (2.1 g). Thus, the effi-
ciency of the selected friction coefficients was confirmed, allowed having more confident
results.

3.2. Investigation of transmission of force

In this section, the numerical DEM model was used to investigate the transmission of
force in the granular medium under compression. Fig. 6 shows the evolution of particle
velocity (z-velocity, x-velocity, and velocity magnitude, respectively) at different posi-
tions of the compression plate. Fig. 7 presents the corresponding configurations of the
granular medium, including the force chain network (z-direction, x-direction, and force
magnitude, respectively). It is seen that the most moving particles are those in contact
with the compression plate. As the compression plate was moved in the z-direction, the
velocity in z-direction was dominant compared to other directions.

z-velocity x-velocity velocity magnitude
T . E 1 [ |
0m/s -0.5 m/s 0.2 m/s -0.2 m/s 0m/s 0.5 m/s

Initial
Height =
280 mm

Height =
270 mm

Height =
260 mm

Y Y YV ¥y yoyy

Fig. 6. Visualization of the velocity field of particles in the granular medium at different positions
of the compression plate. The colorbar was adapted for each velocity field in order to explore the
most appropriate vision effect
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Regarding the force chain network (Fig. 7), at initial configuration (without loading
from compression plate), the force chains with low amplitude were created at the bottom
of the granular medium, showing the influence of the weight of particles at the top level.
However, at initial configuration, the force chains generally had no specific orientations,
i.e., the contact forces were uniformly distributed in the medium. When the compression
plate contacts with the medium at heights of 270, 260, and 230 mm, the force chains were
progressively created, also in increasing amplitude. The contact forces in the z-direction
were significant compared to those in the x-direction. This is also proved when regarding
the velocity field (Fig. 6). This exciting result showed how the compression forces were
transmitted through the particulate system. The orientations of force chains are mainly
parallel to the vertical axis, which is the direction of the compression loading. The trans-
mission network also provides information on the structural arrangement, related to the
change of the microstructure to respond to the loading.

contact force in z-axis contact force in x-axis  contact force magnitude
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Fig. 7. Visualization of force chain network in the granular medium at different positions of com-

pression plate. The colorbar was adapted for each case in order to explore the most appropriate
vision effect

Fig. 8(a) presents the increase of number of contact forces in function of fill height,
normalized to the number of contact force at initial configuration (i.e., 100%), whereas
Fig. 8(b) shows the evolution of the number of contact forces in function of elapsed time.
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It is seen that the number of contact forces linearly increased, as expected, because of
the uniform movement of the compression plate. At the equilibrium state, the number
of contact forces was increased by about 170% and remained a horizontal asymptotic, as
seen in Fig. 8(b). The average and standard deviation values of the probability density
distribution of the force chain network are also presented in Fig. 9(a), and 9(b), respec-
tively, in function of fill height. As the compression is in the z-direction, the mean value
of the contact force in the z-direction was the highest. However, contact forces exhibit ap-
proximately the similar standard deviation values in all the directions. Finally, Fig. 9(c)
presents the statistical distribution of the magnitude of contact forces, including their av-
erage and standard deviation. Statistically, the contact forces increase in both amplitude
and standard deviation.

180 \ \ ‘ ‘ : : ‘ «10°

2t f}r____._

160 -
150 - o

5 2
=2 = S
£ 3 b
g e g 18 .ﬂ"’f
&m0 £ .
S s 130) S 167
@ 5 “5
§ H 120 = 1.4+
S S 110 2
= s £ 12+ "
100 512 o]
90 S 1 : : : : ‘
280 270 260 250 240 230 220 210 200 0 0.2 0.4 0.6 0.8 1 1.2
Height (mm) Time (s)

(@) (b)

Fig. 8. Evaluation of the number of contact forces in function of (a) fill height and (b) elapsed time

The force vectors presented in Fig. 9 were employed to calculate the total force ex-
erted on each particle in the system. At the maximum compression point of 200 mm
of height, Fig. 10(a) presents the histogram of the number of particles in contact with a
given particle, whereas the histogram of total force exerted on all the particles is shown
in Fig. 10(b). The total force exerted on a given particle was calculated by the sum of
all the contact forces of its surrounding particles. It can be noticed that at the maximum
compression point of 200 mm, each particle was exposed to an average of 8 surrounding
particles, whereas the average of total force exerted was 33 N, with a standard deviation
of about 13 N.

In Appendix, the measurement of the critical breakage force that causes the soybean
grains to crack is presented. Results showed that the critical compressive force was in
the range of 50-70 N (approximately 1.5 mm of particle deformation). Based on the re-
sults obtained (Fig. 10(b)) and the measurement of breakage force, it can be seen that the
200 mm compression point was a critical limit for maintaining the bond between parti-
cles. If the compression increased further, the total force exerted on particles would also
increase, leading to the destruction of particle bonds.
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3.3. Discussions

The main findings of this work could be summarized as the followings:

- A calibration procedure of a numerical DEM model for a granular assembly was
presented and validated with experimental data;

- The DEM model was developed, allowed investigating the transmission of force in
the granular medium under compression loading;

- The force chain network was statistically quantified, showing the response of the
granular medium under loading.

Indeed, for a given granular medium under loading, the force chain network could
be considered as a load-bearing system [41]. The force chain network allows the granular
material to adapt itself in order to support different loadings and boundary conditions.
From a material point of view, the force chain network characterizes the microstructure
of the granular material. It has been pointed out that the granular material can change
its microstructure in order to bear the given loadings [42]. Moreover, the weak network
of particles surrounds the force chain network has been reported as the principal energy
dissipation source by various works in the literature [43]. Therefore, the results of this
study confirm the role of the force chain network in granular mechanics as such network
governs the mechanical response of the materials.

In order to explore the influence of microscopic particle parameters on the force chain
network, especially from friction point of view, DEM simulation for compression test was
repeated in changing the value of the coefficient of static friction particle/particle and co-
efficient of rolling friction particle/particle, respectively. The results of such a sensitivity
analysis are presented in Fig. 11. Figs. 11(a) and 11(b) show the deviation of the num-
ber and magnitude of contact forces in function of the deviation of coefficient of static
friction particle/particle, respectively (coefficient of static friction particle/particle var-
ied in the range of [0.20, 0.26 and 0.32]). On the other hand, Figs. 11(c) and 11(d) show
the deviation of the number and magnitude of contact forces in function of the deviation
of the coefficient of rolling friction particle/particle, respectively (coefficient of rolling
friction particle/particle varied in the range of [0.05, 0.08 and 0.11]). It could be ob-
served that changing the value of microscopic parameters of particles modified the force
chain network in terms of both number and magnitude of contact forces, with different
amplitudes at different heights. A higher friction coefficient allowed obtaining a more
significant number and magnitude of contact forces, which was also observed in differ-
ent studies in the literature [44,45]. Besides, it can be seen that the coefficient of static
friction particle/particle exhibited a more critical role than the rolling friction coefficient
in the compression problem, especially in terms of the magnitude of contact forces. The
reason is that the rolling resistance is mainly considered in dynamic impact problems, as
pointed out by Zhang et al. [46].

Certainly, further investigations should be carried out in order to explore the fail-
ure of the granular materials, i.e., buckling of force chains. Such an investigation could
indicate the stability of the force chain network and which parameters that the stabil-
ity depends on. On the other hand, the relationship between the force chain network
and the energy of the particulate system should also be examined to clarify the energy
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Fig. 11. Evaluation of the number of contact forces in function of: (a) coefficient of static friction
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of contact forces in function of: (b) the coefficient of static friction particle/particle, (d) coefficient
of rolling friction particle/particle

dissipation. Finally, more complex mechanical tests should be conducted, which could
establish the relationship between the microscale parameters and macroscopic responses
of the granular media.

4. CONCLUSIONS

In this work, numerical simulation of the compression test for a granular medium
has been presented to investigate the force transmission. The numerical DEM model
was calibrated, taking into account the microscale parameters of the granular medium,
especially the particle size distribution, mechanical properties, coefficient of static fric-
tion, coefficient of rolling friction and coefficient of restitution. The DEM model was
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compared with experimental data, showing a good capability of simulation. The force
chain network of the granular medium was calculated, showing the crucial role of such
a network on the macroscopic mechanical response of the medium. Contact forces were
analyzed statistically, presenting its evaluation in function of the applied load. Results
showed that the more the compression applied, the higher number of contacts forces was
created, along with an increase of amplitude and standard deviation. In addition, further
works should be conducted and applied for different granular materials and also under
different loading conditions. Moving walls with constant lateral confinement should be
investigated in further studies as they can affect the settlement of the sample in the z-
direction and the static/dynamic states of the sample at the time step. Finally, the failure
of granular materials should be investigated regarding the collapse of the force chain
network at the micro-level.
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APPENDIX
Critical breakage force

In this work, the critical breakage force of soybean particles was measured using F.S.
20,000 kN testing machine, available at the Strength of materials laboratory, Faculty of En-
gineering, Vietnam National University of Agriculture. In each test, three particles were
positioned in the machine to form an equilateral triangle, as showing in Fig. Al(a). Three
tests were finally conducted, as shown in Fig. A1(b) for displacement - compression force
curves. The breakage of particles was observed at 50-70 N for most of the particles (i.e., a
shortening higher than 1.5 mm compared to the average particle diameter of 6.24 mm). It
should be noticed that the critical value should also be selected based on the germination
rate of particles after being deformed (i.e., higher than 85-90%). Consequently, 50 N was
finally chosen as a critical breakage force of soybean particles.

Compression force (N)

0 0.25 0.5 0.75 1 1.25 15 1.75 2
Displacement (mm)

(b)

Compression test

Fig. A1. Measurement of critical breakage force of particles: (a) compression test, (b) displacement
- compression force curve
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