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Abstract Discrete element method simulations are con-
ducted to investigate the effects of applied uniaxial com-
pressive load, and bidisperse particle size distributions on
force networks within jammed granular media. The differ-
ences between the strong and weak networks are examined
through investigating the spatial correlation and distribution
of contact angles, and emergence of chainlike structures. The
simulation results show that the chainlike structures are more
prevalent in the strong network due to the larger cumulative
probabilities of contact angles, but not all the contacts belong-
ing to the strong or weak networks are able to constitute the
chainlike structures. Although the contacts of coarse-fine par-
ticles are dominant for the bidisperse systems, the contacts
of coarse—coarse particles dominate the strong network, as
well as the linear chainlike structures. Upon increasing the
pressure from very low to high, the probability of contact
orientations with respect to the compression direction in the
strong network increases for contact orientation less than
60° and decreases for contact orientation greater than 60°,
while the opposite trends are observed in the weak network.
The tails of normalized normal contact forces distributions
are quantified by P(f) = exp(—cf"), and it is found that
the value of n depends on the applied pressure and particle
size distribution. Statistical analysis shows that the degree
of homogeneity of contact force increases with increasing
pressure, which is also validated by participation number.
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1 Introduction

Jamming occurs when a system develops a yield stress in a
disordered state [1]. When subjected to the external force,
the jammed granular media develops heterogeneous force
networks to transmit stress at the boundaries through the
interparticle contacts [2—4]. Such force networks are the key
to understanding various phenomena associated with gran-
ular materials, such as jamming transition, and mechanical
properties of static and dynamic dense granular media [5—
13]. According to the magnitudes of contact forces, it is
known from earlier studies that force networks in jammed
granular media can be further decomposed into two cate-
gories: strong contact network and weak contact network,
corresponding to the contacts carrying the forces larger or
smaller than the mean contact force, respectively [14-16].
The nonsliding strong contacts form chainlike structures and
carry the majority of the loading and the weak network
behaves essentially like an interstitial liquid [14]. The perco-
lation of such strong network in all directions signals a fully
sheared jammed state [17]. However, to date, there is no gen-
eral theory about spontaneous emergence of such chainlike
structures.

In terms of quantitative analysis of the interparticle con-
tact forces, they are usually characterized by the probability
distribution function (PDF) P( f), defined as the probability
for finding a contact force with a specific magnitude. Experi-
mental results demonstrate that the contact force distribution
is a signature of jamming transition [5]. In spite of intense
recent research on the particle packing under confined stress,
identification of the characteristic of tail of contact force
distribution remains one of the long-standing fundamental
problems in granular physics. Early experimental measure-
ments using carbon paper technique [18-20] and contact
dynamics simulations [21] or discrete element method [22—
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24]reported that the PDF decays exponentially for the normal
forces larger than the mean normal contact force. However,
faster than exponential decay is also observed in the later
experiments using photoelastic particles, emulsions, and lig-
uid droplets [2,5,25], supported by numerical simulations
[6,8,26,27]. Along with the experiments, many attempts
have also been made to explain the tail behavior of PDF,
such as ¢ model [28] and statistical description [29], support-
ing exponential and Gaussian tail, respectively. Furthermore,
there is no consensus with regard to the distribution for
the contact forces smaller than the mean. For example, ¢
model predicts the PDF approaches zero when contact force
approaches zero [28], which is inconsistent with experimen-
tal data [20]. In addition, using contact dynamics approach,
the statistical distribution for normal and tangential con-
tact forces lower than mean value decays with power law,
however, the statistical distribution for contact forces higher
than mean values decays exponentially [21], indicating the
statistical model probably applies only to the strong force net-
work [21]. The discrepancy among the model predictions and
available experimental data indicates that further research is
required in order to provide improved understanding of the
behavior of jammed granular media. A promising and feasi-
ble way to test robustness of various theories is to investigate
the jamming under various conditions such as different loads,
and particle size distributions.

In this paper, DEM simulations are designed to inves-
tigate the effects of various applied uniaxial compressive
loads and bidisperse particle size on force networks within
jammed granular media. Of specific interest is to unravel the
difference between the strong and weak networks by inves-
tigating the spatial correlation and distribution of contact
angle, chainlike structures in the strong and weak networks,
and the response to external loads, which are distinct from
previous work that addressed the complementary mechan-
ical properties of strong and weak force networks [14,30].
By probing the linear chainlike structures in the strong and
weak networks within jammed particles with monodisperse
and bidisperse size distributions, it is found that not all the
contacts in the strong and weak networks are able to form the
chainlike structure. Further, the chainlike structure is more
prevalent in the strong network, which can be explained by
the cumulative probabilities of contact angles. In addition, it
is also found that the contact orientations in the strong and
weak networks exhibit the opposite responses to the com-
pressive loads. For bidisperse system, the various types of
contacts are analyzed for strong, weak, and chainlike force
networks as well. Finally, the probability distribution of con-
tact force as a function of pressure has been examined as
well.

The DEM simulation and the methods employed to gener-
ate the jammed configurations are introduced in Sect. 2. The
results and discussions regarding contact force networks, var-
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ious types of contacts in the bidisperse systems, response of
contact orientation to the external loads, and statistical dis-
tribution of contact force are presented in Sect. 3, followed
by conclusions in Sect. 4.

2 Simulation approach

A DEM approach is used to simulate particle packing
between two parallel plates composed of particles on the
top and bottom of the packing. The initial configurations
are obtained by randomly placing particles within simulation
domain without any overlap between any two. The particles
settle down at the bottom plate under the gravity and a gradu-
ally increasing compressive force in the negative z direction
is exerted on the top plate until it reaches a prescribed value.
Total 3200 glued particles with same material properties con-
stituted the top and bottom plates [31]. The periodic boundary
conditions are employed in both x and y directions to elim-
inate the side wall effect. At each simulation step, the total
forces exerted by the bulk particles on the top plate are com-
puted and then equally assigned to all the particles belonging
to the top plate so that all of them move together ENREF_25.
Meanwhile, the bottom plate keeps still during the simula-
tions. Thereafter, pressure, which is the ratio of compressive
force to the area of top plate, is used to quantify the degree of
compression. Compressive loadings ranged from very low to
high, namely, 0.001, 0.01, 0.1, 1, 10 and 100 MPa.

The interparticle interactions are described via nonlin-
ear elastic Hertz—Mindlin spring—dashpot model where the
dissipative damping forces are proportional to the relative
normal and tangential velocities [32,33]. The tangential force
is additionally subject to the Coulomb friction threshold. The
governing equations for individual particles can be written
as follows,

dv; <
mid—l =) Fj+mig e))
t —
J#i
- k
da),- -
Ii? = Z ij @)
J#
j=Fj + F,; 3)
szx@—% 4)

where m;, v;, ®;, R, I; represent the mass, translational
velocity, rotational velocity, vector connecting the center of
particle i and the contact point, and the moment of inertia
of particle i. 17",1 is the contact force induced by particle j
and it can be divided into two parts: normal contact force
Ij"g and tangential contact force i?l; i}j represents the torque
induced by particle j due to tangential contact force and
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Fig. 1 Weak and strong force networks for the monodisperse and bidis-
perse systems at the pressure of 100 MPa. Contact vectors are shown
using a cylinder connecting the centers of two contacting particles,
where the diameter and color (violet—red) of the cylinders indicate the

rolling friction force (?i;). The total contact force and torque
are the summation over the k particles contacting with par-
ticle i. Further details about contact models can be found in
the references [34,35].

The packing simulations with monodisperse as well as
bidisperse size distribution are carried out. The monodis-
perse simulation systems consist of total 5000 particles with
diameter of 1.0 mm. The bidisperse simulation systems con-
sist of 4000 large particles with diameter of 1.0mm and
4629 smaller particles with diameter of 0.6 mm (mass ratio
of smaller particles to the total mass of particles is equal to
0.2). The microscopic parameters defining particle properties
are, the shear modulus of 29 Gpa, the Possion ratio of 0.2, the
friction coefficient of 0.3, and the density of 2.0 x 10° kg/m>.

3 Results and discussion
3.1 Contact force networks

Based on the magnitude of force carried by a contact, the
contact network can be further divided into the weak and

magnitude of corresponding contact forces (low—high). a, b Weak and
strong force networks for monodisperse system. ¢, d Weak and strong
force networks for bidisperse system (color figure online)

strong networks [14,15]. The contacts involved in the strong
network carry the force larger than a cutoff force and vice
versa in the weak network. In this paper, the cutoff force is set
to be the mean of all contacts [14]. The strong and weak con-
tact networks for monodisperse and bidisperse systems at the
highest pressure of 100 MPa are depicted in Fig. 1. Contact
vectors are shown using a cylinder connecting the centers of
two contacting particles and the diameter and color (violet
to red) of cylinders indicate the magnitude of corresponding
contact forces (low to high). It can be seen that for both the
monodisperse and bidisperse systems, the contact segments
in the strong network spatially prefer to form a chainlike
structure along the compressive direction (vertical). Those
observations are consistent with experimental results using
frictionless droplets [25].

Various methods have been applied to characterize the
chainlike structure of contact network in the literature [36—
39]. In this study, in order to quantitatively analyze the
chainlike structure in both weak and strong contact networks,
two angles 61 and 6> between three adjoining contact force
segments are defined in Fig. 2 [38]. This is illustrated for
particle 1 in Fig. 2 to determine if it is in a chainlike structure
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Fig. 2 A schematic of chainlike structure analysis

or not. First, its two neighboring particles with two largest
contact forces are chosen (particles 2 and 3). Next, all the
neighboring particles of particle 2 are determined, which are
shown as particle 4 and 5. It should be noted that in this step
only those neighboring particles with contact forces greater
than mean value are counted for strong contact network, in
contrast, only those neighboring particles with contact forces
less than mean value are counted for weak contact network.
Once the neighbors in the chain are identified, the value of
angles 61 and 6, can be computed. The similar process is fol-
lowed for particle 3, which is another neighboring particle
of particle 1. The force chain is allowed to have a reasonable
degree of curvature [37], therefore, particles 3, 1, 2, and 4
are regarded as linear chainlike arrangements as long as both
01 and 6, are less than 45° (tolerance angle). Compared with
other methods that characterized the force chains [38,40],
the method presented here is able to identify the branching
or emerging chainlike structures. Here, the minimum number
of particles involved into chainlike structure is four, instead
of two or three [37,39,41]. As will be discussed later, the
effect of the tolerance angle value on the overall trends is
also examined.

Figure 3 presents the extracted chainlike structures using
the method described above in both the weak and strong
contact networks. For the chainlike structures in the strong
network, they preferentially arrange themselves along the
compressive direction for both monodisperse and bidisperse
systems. The longest chainlike structure in Fig. 3b is com-
posed of 13 individual particles. Whereas, there are 12 large
particles plus 3 small particles constituting the longest chain-
like structure in Fig. 3d. More importantly, there are no
preferential arrangements along compressive direction for
the chainlike structures in the weak network, and the longest
network length is shorter than that in the strong network.
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As evident, the stress state in this investigation is
anisotropic due to uniaxial compression. For the monodis-
perse size distribution, the three principle stresses of stress
tensor along x, y, and z axis are oxx = 0.00045 MPa,
oyy = 0.00046 MPa, 0,, = 0.00064 MPa for the com-
pressive loading of 0.001 MPa and oxx = 35.5 MPa, oyy =
34.6 MPa, 0,, = 58.5 MPa for the compressive loading of
100 MPa. For the bidisperse size distribution (mass ratio of
smaller particles to the total mass of particles is equal to 0.2),
the three principle stresses of stress tensor along x, y, and z
axis are oxx = 0.00046MPa, oy, = 0.00045 MPa, 0,, =
0.00064 MPa for the compressive loading of 0.001 MPa and
oxx = 34.0 MPa, oyy = 33.4 MPa, 0,, = 57.3 MPa for
the compressive loading of 100 MPa (the compressive direc-
tion is along z direction in both cases). The focus of this
study is the properties of contact force networks under uni-
axial compression. However, the method of applying external
loading should be another important factor influencing prop-
erties of contact force network but beyond the scope of the
current work. In addition, gravitational force can enhance
interparticle interaction along z direction, thus leading to the
anisotropy of stress tensor. However, the influence of grav-
itational force is expected to be minor at high compressive
pressure.

Figure 4a displays the fraction of chainlike contacts as
a function of pressure in the strong and weak networks for
monodisperse and bidisperse systems. It can be observed that
about 60% of contacts in the strong network are able to form
chainlike structures for both systems, almost independent of
the pressures. Interestingly, however, for both monodisperse
and bidisperse systems about 32% of contacts in the weak
network evolve into the chainlike structures at the lowest
pressure of 0.001 MPa, and the percentage increases to about
45% at the highest pressure of 100 MPa. This dependence
on the pressure for the case of weak networks indicates that
they can reorganize and form more chainlike structures upon
increasing pressure in order to effectively augment the sta-
bility of strong networks at higher pressures. Therefore, the
chainlike structures in the strong and weak networks exhibit
different responses to the external compressive pressures.
Another observation is that not all contacts in the strong net-
work are able to constitute the chainlike structures, which
qualitatively agrees with the previous 2D DEM simulation
results [37]. It is emphasized that the chainlike structures in
the weak network are explored for the first time in this study.
Interestingly, the results indicate that the same is also true
for the weak networks, where even less than half of the con-
tacts evolve into the chainlike structure. Overall, the chainlike
structure is more prevalent in the strong networks compared
to the weak networks.

The fraction of contacts involved in strong networks with
respect to the total contacts is also illustrated in Fig. 4b. The
results show that the strong contacts for bidisperse systems
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Fig. 3 Linear chainlike structures for the monodisperse and bidisperse
systems at the pressure of 100 MPa. Contact vectors are shown using
a cylinder connecting the centers of two contacting particles and the
diameter and color (violet—red) of cylinders indicate the magnitude of
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Fig. 4 a Fraction of chainlike contacts in the strong and weak networks as a function of pressure for monodisperse and bidisperse systems. b
Fraction of strong contacts with respect to the total contacts as a function of pressure

consist of about 37-40% of total contacts, slightly increasing
with the pressures. This part of the result is in agreement
with previous 2D contact dynamic simulations [14]. For the
monodisperse system, the fraction of contacts in the strong
force network with respect to the total number of contacts

is about 39-42%, which is comparable with the bidisperse

system.

For identifying the chainlike structure, tolerance angle
as an artificial parameter is required in the algorithm. In
order to ensure that the conclusions are independent of the
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specific values of tolerance angle, a sensitivity analysis is per-
formed. The tolerance values are changed from minimum 10°
to maximum 45° and the results indicate that although the
fraction of chainlike structures in both strong and weak net-
works decreases with decreasing tolerance value as expected,
the fraction of chainlike structures in the strong network is
always larger than that of the weak network, indicating the
conclusion is robust with respect to the choice of the toler-
ance angle.

Assuming that the contact forces tend to form a linear
chain structure, the correlations in the orientation of neigh-
boring contacts, represented by 6 and 6,, are expected. To
further understand the emergence of the chainlike structures,
the Pearson correlation coefficient R = cov (01, 63)/ ((791 092),
where cov (61, 6>) is the covariance of 61 and 6,, and oy, 0,
are the standard deviations of 6] and 65, is computed to quan-
tity the correlation between 0; and 6. The results indicate
that the Pearson correlation coefficients are negative. For
monodisperse and bidisperse systems, the minimum values
are about —0.04 and —0.07 for strong and weak chainlike
structures, respectively, indicating no correlation in either
strong or weak chainlike structures. The previous experimen-
tal results using quasi-two dimensional emulsions show that
there is no correlation in the strong chainlike structure [38].
Our results are in good agreement with this conclusion.

To further explore the tendency for strong and weak net-
works to form the linear chainlike structures, the distribution
of 01 and 6, is analyzed. A similar method has been applied
in the literature [38]. During the process of statistical analy-
sis, both 81 and 6, are treated as a single variable 6. Figure 5
shows the cumulative probabilities of 6 at the lowest and
highest pressures for monodisperse and bidisperse systems.
The distributions indicate that the probabilities for 6 < 45°
in the strong network are slightly higher than that of in the
weak network, regardless of the pressure and particle size
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distributions. Therefore, compared with the contacts in the
weak network, the contacts in the strong network arrange
themselves in such a way that relative angles between them
are more likely to be smaller than 45°, which explains the
higher prevalence of linear chainlike structures in the strong
network.

3.2 Various types of contacts in bidisperse system

For bidisperse system, the contact network can be catego-
rized not only depending on the magnitude of contact forces,
but also the size of particles in contact, including the con-
tacts constituted by coarse-coarse (CC), coarse-fine (CF), and
fine-fine (FF) particles. The corresponding fractions of those
specific types of contacts with respect to the total number of
contacts are shown in Fig. 6a as a function of compression
pressure. It can be seen that the fractions of CF contacts are
roughly 50% with respect to the total number of contacts and
the contacts in bidisperse system are therefore dominated
by CF contacts in our simulations. Similarly, Fig. 6b shows
the fractions of specific type of contacts in the strong con-
tact network as a function of pressure. Surprisingly, although
about 50% contacts with respect to the total contacts are CF
contacts, 60% contacts in the strong contact network are CC
contacts. In other words, the CF contacts dominate the total
contact network but CC contacts dominate the strong contact
network.

Since not all the contacts in the strong network form lin-
ear chainlike structure, the fractions of specific contacts in
chainlike structures are also examined and the results are
shown in Fig. 6¢. It can be seen that CC contacts dominate
the chainlike structures as well. Figure 6d shows the frac-
tion of chainlike contacts in the weak contact network as a
function of pressure, indicating that the dominating type of
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Fig. 5 Cumulative distribution functions of 6, where both 0; and 6, are treated as a single variable €, in the weak and strong networks for the
monodisperse and bidisperse systems. a Pressure=0.001 MPa, b pressure =100 MPa
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Fig. 6 a Fraction of coarse-coarse (CC), coarse-fine (CF), and fine-
fine (FF) contacts with respect to the total contacts as a function of
pressure for bidisperse systems. b Fraction of CC, CF, and FF contacts

contacts is the CF contacts, which is in a strong contrast with
the CC contacts dominating the strong contact network.

It should be pointed out that the previous 2-dimensional
contact dynamic simulation results qualitatively indicate that
the strong contact forces preferentially pass through the
larger particles for the polydisperse system under simple
shear load [42]. The contact dynamic simulations assume
the particles are perfectly rigid, regardless of finite deforma-
tion of particles under pressures [15]. In contrast, the DEM
simulations can take small level of particle deformation into
account. The current 3-dimensional DEM simulations for the
bidisperse systems under compression quantitatively indicate
that CC contacts dominate the strong contact network, as well
as the chainlike structures in the strong contact network. In
contrast, CF contacts dominate the overall contact network,
as well as the chainlike network in the weak contact net-
work. Furthermore, it is worth mentioning that some of the
theoretical analyses of force-chain length in literature usually
assume that the probability of a particle (or force segment)
involved in a force chain is a constant [38,39]. However,

(b)
(2]
‘g 1'0 T T T T T T
§ -y-cc-@-cr--FF
© 08} i
o
°
£ 0sly—V—y—V—V—V
S
Ity 0.4+ B
S 60— 09
5 —4—<q—<4—<—4
g 1 1 1 1 1 1
w 10° 107 10" 10° 10’ 10°
Pressure(MPa)
(d)
1.0 T T T T T T
-y-cc-@-crFF
08} i
0.6

00— —0—¢
3 —3 3§

10* 10

o
(S

1l
10" 10° 10" 10

Fraction of CC, CF, and FF contacts

-2 2

Pressure(MPa)

in the strong contact network. ¢ Fraction of chainlike structures in the
strong network. d Fraction of chainlike structures in the weak network

the current simulation results indicate that this assumption
is no longer appropriate for bidisperse systems, where the
chainlike network prefers to pass through CC contacts in the
strong network. However, the identification of the underly-
ing mechanism of such higher probability of CC contacts in
the chainlike structures deserves further investigation, and
should be taken into account in a more advanced future
model.

3.3 Response of contact orientation to the compressive
load

The structure of contact force network is characterized by
orientation distribution of contact vectors [43]. The angle
@ is defined in the local spherical coordinate system as the
angle between the contact vector and the vertical direction
(parallel to the compressive direction). Therefore, ¢ = 0°isa
vertical contact and ¢ = 90° is a horizontal contact. Figure 7
shows the distribution of angle ¢ as a function of pressure for
both monodisperse and bidisperse simulation systems for two
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Fig. 8 Tails of probability distribution of the contact forces for monodisperse and bidisperse systems as a function of pressure

extreme loadings. One of the remarkable outcomes is that the
strong and weak contact networks have completely different
dynamic response to the external loads. With increasing pres-
sure, the strong contact network develops a peak at around
¢ of 50° for both monodisperse and bidisperse systems. In
contrast, the distributions of contact orientation in the weak
contact network develop a peak around ¢ of 90° for both
simulation systems. Moreover, the probabilities of distribu-
tion of contact orientations in the strong network increases for
the contact orientation less than 60° and decreases for contact
orientation greater than 60°, while the weak network exhibits
the opposite trends. When the whole contact ensemble is con-
sidered, such opposite responses of strong and weak contact
networks are swept away by the ensemble average and the
total distribution of ¢ for all the contacts is very similar for
low and high pressure.

3.4 Contact force statistics and participation number

Different models have been proposed in the literature to
describe the behavior of P(f). For example, along with
experimental data [2,25], the recent theoretical results and
numerical simulations indicate that the force distribution
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decays much faster than at an exponential rate, hence, it
is doubtful that exponential decay is a generic property of
jammed particles [7,10,27]. In this study, the following gen-
eral equation proposed in [7,27] is used to fit decay behavior
of contact forces larger than the mean contact force for all
the simulation systems:

P(f)=e" Q)

where ¢ and n are fitting parameters. The best fitting values
of n as a function of compressive loadings for monodis-
perse and bidisperse systems are investigated and shown
in Fig. 8. Figure 8a presents results for monodisperse sys-
tem for six different loadings to illustrate determination of n
based on the regression analysis. Figure 8b presents values
for n for all loadings and both monodisperse and bidisperse
systems. It can be seen that the value of n increases with
increasing compressive loading for both systems, indicating
amore homogeneous force distribution as compressive force
increases. Furthermore, the degree of homogeneity of con-
tact force can also be quantified by the participation number
I' [3,8]:
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1 M
F=m» qi:fj/zj‘zlfj (6)

where the M is the number of total contacts and f; is the
magnitude of the jth contact force. From the definition of Eq.
(6), the complete homogeneous distribution of contact force
results in participation number of one. In contrast, the limit of
complete localization corresponds to participation number of
zero, i.e., I’ ~ (. Participation number is computed using Eq.
(6) and results show that for monodisperse system the par-
ticipation number increases from 0.51 to 0.65 with increase
of pressure from 0.001 to 100 MPa. For bidisperse system,
the participation number increases from 0.39 to 0.55 with
increase of pressure from 0.001 to 100 MPa. These results
indicate that contact forces are more localized at a lower
pressure than that at a higher pressure for both monodisperse
and bidisperse systems. In addition, contact forces are more
localized in the monodisperse system than that in the bidis-
perse system at fixed pressure. Those conclusions are also
consistent with statistical distribution of contact forces.

Figure 8b indicates that for fixed compressive loading, the
value of n is larger for monodisperse systems than that of the
bidisperse systems. It should be noted that a large number
of simulation and experimental results regarding force dis-
tribution have been reported in the literature. Some of them
have been done for uniform size distribution [23,24,29,44]
or small size variation [3,5,19,20]. However, the others are
performed using particles with continuous size distributions
[15,42]. Our results indicate that although force distributions
for monodisperse systems are qualitatively similar with their
equivalent bidisperse counterparts, there are quantitative dif-
ferences between them. Therefore, the nature of particle size
distribution should be taken into consideration in order to
quantitatively compare different results.

4 Conclusions

Using DEM simulations, the properties of strong and weak
force networks in jammed granular media under uniaxial
compression are investigated. In particular, spatial correla-
tion and distribution of contact angle, chainlike structures in
the strong and weak force networks, response of force net-
works to the external load, and statistical analysis of contact
forces is presented. The simulation results show that about
60% of contacts belonging to the strong network form the
chainlike structures. In contrast, about 32-45% of contacts
in the weak contact network are able to form the chainlike
structures, increasing with increasing pressure. For the bidis-
perse systems, the total contact network is dominated by the
coarse-fine particle contacts; however, coarse-coarse particle
contacts dominate the strong contact network, as well as the
chainlike structures. In the strong force network the proba-

bilities of contact orientation with respect to the compressive
direction increases for the contact orientation less than 60°
and decreases for the contact orientation greater than 60°,
while the weak network exhibits the opposite trends. The
statistical distribution of the strong contact forces can be
depicted by P(f) = exp(-¢f™) where the values of n increase
with increasing pressure, indicating better homogeneity of
contact forces, which is consistent with the analysis based
on participation number.

This work provides the further insight about the prop-
erties of strong and weak contact networks within three
dimensional jammed granular media. Those properties are
vital for gaining a deeper understanding of the behavior of
macroscopic jammed systems from particle scale informa-
tion. Future work should target examination of the properties
of force networks under the combination of shear and com-
pression loads.
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