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ABSTRACT

Common structures in engineering such as slopes, roadbeds, ballasts, etc., are closely related to granular materials.
They are usually subjected to long-term cyclic loads. This study mainly focused on the mechanical behaviors of
randomly arranged granular materials before they reach a stable state under different cyclic loads. The variation
of the maximum axial strain and the influence of CSR (cyclic stress ratio) were analyzed. The energy consumed
in each cycle under constant confining stress loading condition is significantly greater than that of the fixed wall
loading condition. The internal deformation evolution of granular materials is studied in detail. The deformation
mode of granular material under cyclic loading at different positions inside the material is different according
to the strain variation. In addition, the strain, force chain structure and contact force magnitude are combined
to explore their effects on local deformation of granular materials under cyclic loading. From the perspective of
the deformation form, the material sample can be divided into several regions, and the ability to adjust particle
positions determines the deformation mode of different regions. The changes of local strain with the cyclic loading
also reflect the contribution of particle displacements to the evolution of microstructure. This research will provide
insights into the understanding of granular materials behaviors under cyclic loading.
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1 Introduction

Granular materials are widely present in nature and human activities, such as sand composed
of soil particles and powder materials in chemical engineering. Numerous loading and unloading
cycles may occur in granular assemblies. Under cyclic loading, materials usually show a grad-
ually decreasing effective stress and the accumulation of limited shear deformation. Extensive
researches have been conducted on granular materials under cyclic loading [!]; however, the exper-
imental results are usually macroscopic measurements. The evolution process of the microstruc-
ture of the material and its influencing factors still need further study. Understanding the
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micromechanical behavior of granular media, especially the microstructure mechanism, will pro-
mote our comprehensive understanding of the mechanics of granular materials. Jiang et al. [2]
and Tian et al. [3] linked the evolution of the mesostructure with the macromechanical response
of granular materials, which can give us some inspiration. It will be carried out in this research
considering the evolution of fabrics and complex force chain networks from a microscopic
perspective.

Discrete element method (DEM) has been used to obtain microscopic or mesoscopic infor-
mation which can be conveniently used to examine the evolution of the material structures and
fabrics which cannot be directly observed in routine lab tests [4,5]. Sitharam et al. [6] and Phusing
et al. [7] showed the ability of DEM to study the cyclic material behavior. Coordination number
and sliding contact fraction were used to explain the macrobehavior in cyclic loading. The macro-
micro relationship is explained using the relationship between the stress ratio and the fabric
structures of all contacts, and of only the strong contacts. The granular material micromechanical
properties were studied by Sazzad [§] and Rothenburg et al. [9] using DEM biaxial tests. They
created a link between macro- and meso-parameters by analyzing the coordination number and
contact network evolution. In order to study the influence factors of cyclic loading on soil strength
under triaxial tests, Wichtmann et al. [10,11] conducted numerous undrained cyclic triaxial tests
with stress or strain cycles applied to samples consolidated isotropically or anisotropically. They
provided a database collected for a fine sand.

In micromechanics, “fabric” is a term with a wide meaning, usually used to describe the
arrangement and orientation of particles, and the distribution of voids [12,13]. According to
research conducted by Ventouras et al. [14] and Fonseca et al. [15], fabrics have a strong cor-
relation with properties such as stiffness, peak strength, permeability and expansion rate. Many
fabric-related quantities (also called fabric indices) can be used to describe the microstructure of
granular materials, such as contact numbers, branch vector direction, contact normal orientation
and void orientation etc. Researchers conducted many simulations and gave different definitions
of fabrics to study the granular material mechanical behaviors. Li et al. [12] and Wang et al. [16]
used the Voronoi tessellation to describe the internal structure of a granular material. Later, Wei
et al. [17] used a weighted Voronoi tessellation to characterize the anisotropic fabric tensor. Huang
et al. [18] noticed the difference between principle values of the fabric tensor, which was used to
quantify the anisotropy of granular material. To study the microstructure characteristics, Wang
et al. [19] analyzed the evolution of NPD (neighboring particle distance), which was defined as
the average distance between the surface of a particle and its three closest neighbors.

The mesoscopic mechanism of the macro-mechanical properties of granular material can be
understood from the inter-particle contacts. Based on the concept of complex networks Tordesillas
et al. [20] analyzed the evolution of the contact networks. The contact network was particularly
useful in describing particle interactions [21-23] which can quantify the changes in the internal
structure of granular assemblies. Radjai et al. [24,25] found that the contacts carrying above- and
below-average normal forces have different effects on force transmission and work dissipation.
Those contact forces form strong force network and weak force network, respectively. The strong
force network transmits the majority of the applied loads, whereas the weak force network
stabilizes the strong force network. Distribution statistics of these two subnets are very different.
Many subsequent researchers such as Guo et al. [5], Tordesillas [26], Thornton et al. [27] have
adopted this method of partitioning the contact force network based on average normal force.

Although the dynamic properties of granular materials have been extensively discussed, there
are still daunting challenges in linking macroscopic behaviors with mesoscopic structures. Granular
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assemblies will show different mechanical responses under different modes of cyclic loading.
The DEM was used in this study to simulate two cyclic loading conditions: constant confining
pressure mode, fixed wall mode. In general, under different cyclic loading conditions, granular
materials exhibit specific macro- and meso-mechanical properties. The macroscopic characteristics
of granular materials under cyclic loading were firstly analyzed. The relationship between the
number of cyclic loading and the strain evolution under different conditions was obtained. Then
three different time instants in the cyclic loading process were picked to study the evolution of the
contact normal distribution and the force chain networks. The adjustment of the particle position
is beneficial to the improvement of the topological structure. This research has guiding significance
for the application of granular materials under dynamic cyclic loading.

2 Simulation Details

In this study, PFC2D was used for modelling granular assemblies under cyclic loading. The
whole sample containing 6310 circular disks was confined by four rigid walls. Although some
researchers [28] used the soft boundary closer to the experiment in the simulation, we still used
the rigid wall as the loading boundary for the convenience of calculation, and set the wall stiffness
to be one order of magnitude smaller than the particle stiffness. The parameters used in the
simulation were show in Table | below. The particle size met uniform distribution, Dso refers to
the average diameter. The initial size of the sample was shown in Fig. la. The friction coefficient
between particles was set equal to 0.25, while the friction between the particles and walls was set
to 0 so that the particles can slide and roll on the walls. The linear-elastic contact model was
adopted. The normal contact stiffness is k,, and the shear contact stiffness is ks. The normal
damping coefficient is By, the shear damping coefficient is ;. Based on the quasi-static condition,
the axial strain rate should not excess 0.08/s, for details, see [29]. In our simulation, the loading
and unloading wall velocity was set to guarantee a constant axial strain rate of 0.025/s. The time
step used in the simulation was set as Az=1.0 x 107 %s.

Table 1: Parameters used in the simulation

Particle number 6310 Density (kg/m?) 2000
Diameter (mm) 0.4~2.0 k, (MPa) 100
Dsp (mm) 1.2 ks (MPa) 100
Sample size (mm) 70 x 140 Bn 0.05
Strain rate (/s) 0.025 Bs 0.05
Motion damping 0.05 Friction coefficient 0.25

As shown in Figs. 1b-Ic, two kinds of loading modes were adopted in the whole simulation,
i.e., fixed wall condition (b), and constant confining stress condition (c). Consolidation was first
performed after the particle assembly generation. The isotropic target stress was set as oy = 50
kPa, 100 kPa, 200 kPa, 400 kPa. As the pressure applied by the wall increases, the internal voids
of the particle assembly decrease. Obviously, the porosity and sample volume will decrease as the
confining pressure increases, which will make the material denser, as shown in Fig. 2. After the
consolidation was completed, a periodic load was applied to the particle assembly by adjusting
the moving direction of the horizontal walls.

The implementation of the first loading mode was quite simple. After the sample was consol-
idated, the positions of the vertical walls remained still and the velocities of the horizontal walls
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were adopted to form a cyclic loading. For the second loading mode, constant confining stress
condition, the vertical walls were servo-controlled to maintain the pressure on vertical walls equal
to the isotropic target stress. The control condition for loading and unloading is the stress on the
horizontal wall ranging between o — opy, and o( + opys. As for a more common loading mode
which is realized by keeping a constant sample volume, has been fully investigated in [29]. The
definition of the axial strain (g;) was the ratio of the vertical displacement (A/) of the horizontal
walls to the consolidated sample height [y, as follows:
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Figure 1: Particle assembly (a) and two loading modes: fixed wall (b), constant confining stress (c)
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Figure 2: The relationship between consolidation pressure and porosity

In each loading and unloading cycle, record the both the contact normal and contact
force values when the axial stress reaches the peak and valley values. Therefore, the mesoscopic
parameters of the complex force chain network can be calculated to conduct a more detailed
investigation on the evolution of the network structure.
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3 Numerical Results

3.1 Stress and Strain in Different Cyclic Loading

For the first loading mode, fixed wall condition, four different groups of consolidation pres-
sures were set, and then four sets of dynamic stresses were set for each of the consolidated
assemblies respectively. The maximum values of the axial strain (Eq. (1)) of the sample during the
cyclic loading process for each cycle were recorded. The cyclic stress ratio was defined as the ratio

of the dynamic stress to two times of the initial confining pressure, namely CSR = Uz?ryon, where

opyn 18 the dynamic stress during the cyclic loading process, o¢ is the initial confining pressure
(i.e., consolidation pressure). Here the sample with 100 kPa consolidation pressure was shown as
an example, see Fig. 3a. For the other groups of samples with different consolidation pressures,
namely 50 kPa, 200 kPa, and 400 kPa, the maximum axial strains variations with the number of
cycles were similar to that shown in Fig. 3a. For the same confining pressure, with different cyclic
stress ratios, the development trends of the curves are similar to each other. They all increase first,
and then the growth rate slows down and finally reaches a “steady” state. As CSR increases, the
curve becomes steep. Each cycle of loading will cause the adjustment of the internal structure of
the particle assembly, which will cause changes in the force chain network. Macroscopically, it is
manifested as an increase in axial strain.
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Figure 3: Variation in axial strain (%) with number of cycles. (a): consolidation pressure 100 kPa,
CSR = 0.15~0.3, (b): consolidation pressure 50~400 kPa, CSR = 0.25

Fig. 3b shows the curve of the maximum axial strains change with the cycle number under
the same CSR but different confining pressure. When the CSR is the same, the greater the
initial consolidation pressure, the smaller the vertical deformation of the sample. This is mainly
because under the action of high consolidation pressure, the contact between particles will be
closer, and the interactions have been enhanced. In addition, curve fitting for various conditions
were performed in Fig. 3. Note that the starting points of the curves do not start from zero,
because the calculation of the axial strain is relative to the state after the first cycle. When
the consolidation pressure is the same, the maximum axial strain changes in a quartic function



658 CMES, 2022, vol.130, no.2

relationship with the cycle number. When the CSR is the same, the maximum axial strain changes
with the cycle number in a cubic function.

In the following, the axial stress-strain relationship of the sample was analyzed. Here oy =
200 kPa, CSR = 0.125 and 0.25, comparing loading mode-1: fixed wall condition and loading
mode-2: constant confining stress condition, the stress-strain relationship of the two cases shows
great differences, as shown in Fig. 4. In a horizontal comparison (al-a2 and bl-b2), the strain
energy consumed by each cycle (the area of one circle of the graph) of the two loading modes
increases with the increase of CSR. Mode-1 restricts the movement of the wall, which results in
the limitation of the ability to adjust the position of the particles during the loading process.
Mode-2 keeps the confining pressure constant during the cyclic loading process. The movement
of the wall makes it easier to adjust the particle positions to form a more reasonable and stable
internal bearing structure. When the CSR is relatively large, the stress-strain curve appears as a
spindle shape, and the tangent (modulus) of the curve becomes steeper during the loading process.
The specific analysis will be discussed in the meso-mechanics section later.
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Figure 4: The relationships of axial stress and strain of samples under different loading modes.
(al, a2): Mode-1, (bl, b2): Mode-2
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During the calculation process, we found that due to the large number of particles in the
sample, the force chain diagram of the entire sample may not be able to show subtle changes
well. So, four representative regions were analyzed in the sample separately. The relative positions
of the four regions are shown in Fig. 5. Each region is square with side length equal to 1/4 of
the sample width. The four regions represent the four different stress states in the sample and the
influence of the boundary, which can be used to analyze different deformation mechanisms in the
sample.
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Figure 5: Schematic diagram of the relative positions of the four regions in the sample and three
different time instants in the cyclic loading process

To analyze the details of a complete cycle process at different time instants during the loading
process. Three representative time instants were selected, as shown in Fig. 5, i.e., initial cycle,
intermediate cycle and final cycle. We know that the material strain distribution can also reflect the
changes in the mesostructure of the material to a certain extent. Therefore, the strain distribution
of the four regions shown in Fig. 5 at the three reference time points were analyzed in the
following. The strain definition used here is the same as what used in [30,31]. X7, X3, and X’ ZH,

X g“ are the positions of Particles A and B at 7, and ¢,,{, respectively. F' is the coordinate
transformation matrix. I indicates the unit matrix.

AXD, =X} — X" (2a)

AXH = xprt -yt (2b)

AX"H = FAX",p, D=F—], 3)
| 4 2 1/2

A= BX::I ([gDijDij] ) )

Fig. 6a shows the strain distribution of the four regions under the cyclic loading of fixed wall
condiontion. Fig. 6b shows those of constant confining stress condition. It can be seen that no
matter what kind of loading condition has been adopted, the strain has a gradual development
process. In general, the strain under the constant confining stress condition is greater because the



660 CMES, 2022, vol.130, no.2

particles are more likely to adjust their positions with each other under such loading conditions.
The changes in strain of each region can be summarized as the following: 1. basically remain
unchanged after reaching stability, such as (a2, b2-b4), II. first increase and then decrease, such
as (al, a4), IIl. always increase slowly, such as (a3, bl). Comparing (a) and (b) in Fig. 6, it
can be seen that even at the same loading time, the strain in the same region may show a
completely different state, which is determined by the deformability of the granular material. For
constant confining stress condition, more regions (b2-b4) tend to remain unchanged after reaching
stability. This shows that the mesostructures of the material are more stable, which is achieved
by constantly adjusting the positions between particles. The deformation ability of the material is
directly affected by the constraint conditions (i.e., loading conditions).
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Figure 6: Variation of strain distribution in four different regions of the sample under different
cyclic loading conditions. (a): fixed wall condition, (b): constant confining stress condition

3.2 Mesoscopic Parameter Evolution
Based on the fabric tensor, the characteristics and evolution of the mesostructures in granular
materials during cyclic loading were mainly studied, focusing on the distribution of contact
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normal, the topological structure of the contact network and the evolution of complex force
chains.

4 Fabric Evolution

Fabric tensors proposed by Satake [32] define the anisotropy of an aggregation of particles
in contact. The contact fabric tensor and the contact force fabric tensor are defined from local
variables as:

N,
1 c

H,j = F annjk, (5)
¢ k=1
1 Nc

Gy =~ D i1 (6)
¢ k=1

where, N, is the number of the contacts, n* and fk are the unit normal vector and contact
normal force that are defined for all contacts k. The two tensors allow a first approximation of
the orientations of variables » and f.

Here we took the sample with a confining pressure of 200 kPa and CRS = 0.125 as an exam-
ple to analyze the variation of the internal fabric during cyclic loading, and then comparison of
the fabric evolution subject to different loading modes were made to investigate the microstructure
variations under cyclic loading. Fig. 7 shows the spatial distribution of the initial contact normal
and initial contact force. After the consolidation, the entire sample exhibits isotropic properties.
Both the contact normal and the contact force are approximately uniformly distributed in all
directions.

Distribution of Contact Normal Distribution of Contact Force
90 90
120 60 120 60
150 30 150
180 0 150
210 330 210
240 300
270 20
(a) (b)

Figure 7: Distribution of contact normal (a) and contact force (b) at the initial state

Fig. 8 shows the distribution of contact normal and contact force at the three different time
instants in the cyclic loading process (Fig. 5). The horizontal comparison from Figs. 8a—8d shows
that both the contact normal and contact force within the sample show directional changes,
which is related to the loading direction. Moreover, the directional change of the contact force
is more obvious than that of the contact normal. Therefore, when studying the anisotropy of
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granular materials, it may be a better choice to use the contact force fabric as a research variable.
Longitudinal comparison shows that there are subtle differences in the distribution of contact
normal and contact force at different loading stages, but it is difficult to quantify them in Fig. 8,
so we will study different regions of the sample separately to quantify this difference.
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Figure 8: Distribution of contact normal and contact force. (a, b): fixed wall condition, (c, d):
constant confining stress condition. (al—d1): initial cycle, (a2—-d2): intermediate cycle, (a3—d3): final
cycle
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5 Force Chain Network Evolution

Meso-structures such as force chains [26,33] and grain loops [34,35] have already proven to
be relevant to give information on how forces and geometrical reorganization take place. The
following part studied the changes of the force chain during the loading process, to understand the
evolution of meso-structure in cyclic loading. The entire force chains in the sample can be divided
into two parts, the strong force chains and the weak force chains. The force chains greater than
the average contact force forms the strong force chain network, and the remaining constitutes the
weak force chain network. It is generally believed that the strong chains play the main supporting
role and have a vital influence on the bearing capacity of the material, while the weak chains play
a stable role in maintaining the strong chains. The strong chains and the weak chains together
constitute the strength of the material. Figs. 9 and 10 show the distribution of strong and weak
contact force in the sample under two loading conditions, respectively. Regardless of the loading
condition, the brown line surrounds the blue line, that is to say, the number of weak forces is
greater than the number of strong forces. Both the main direction of strong force and the main
direction of weak force change with the progress of cyclic loading, and the two main directions do
not overlap. The main direction of strong force changes more rapidly with loading than that of the
weak force. From the two figures, we can see that for the constant confining stress condition, the
changes during the loading process of either the small circle (strong) or the large circle (weak) are
more drastic, which reflects a stronger ability to adjust the relative position between the particles.
This is consistent with the results of the previous deformation analysis.
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Figure 9: Distribution of strong contact force (blue) and weak contact force (brown) in a cycle
for fixed wall condition
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Figure 10: Distribution of strong contact force (blue) and weak contact force (brown) in a cycle
for constant confining stress condition

For the fixed wall condition, the contact force at the initial moment of each cycle were
recorded separately to draw the force chain networks of each region (Fig. 5), as shown in Table 2.
Region 1 is located at the upper left of the sample. Except for the slight change in the direction
of the force chain (not easy to see in the figure), only a small part of the force chain has changed
(disconnected or connected). The main branches of the force chain remain basically unchanged.
When the topology of the force chain does not change, the change of direction actually represents
the overall movement of the local region. In fact, the thickness of the force chain in the figure
also has a certain degree of change, which is not obvious in the figure. Region 2 is located in the
upper middle of the sample, next to the upper loading plate. The force chain in Region 2 is smaller
than that in Region 1. The main branches show a tendency in horizontal orientation. Region 3 is
located in the center of the sample. The force chain network shows stronger uniformity than that
of other locations. As the cyclic loading continues, the topology of the force chain in Region 3
did not change, while only the magnitude of the force was changed slightly. Region 4 is located
in the lower right part of the sample, near the right wall. Compared with the vertical direction
(loading direction), the force chains seem to be more inclined to the horizontal orientation, which
may be related to the effect of the boundary wall.
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Table 2: Force chain network in each cycle with different loading condition

= Fixed wall condition Constant confining stress condition

a . .

aq

o Initial cycle Intermediate Final cycle Initial cycle Intermediate Final cycle
S cycle cycle

1

2

3

4

For the constant confining stress condition, the same four sets of force chain figures were
also shown in Table 2. In general, compared with the above results, the force chains of constant
confining stress condition were changed more drastically. It is the because of the vertical wall
movement which results in a greater possibility of mutual adjustment between particles, so it
is more conducive to the improvement of the force chain topology. In these figures, there are
more position marks where the force chain network changes. Compared with fixed wall loading
conditions, the relative movement of particles is more obvious. The topology of the force chain
network is also more likely to change. The change in topology means that the number of blocks
(i.e., the region-1 in the sample mentioned by Wang et al. [30]) will increase, that is, large blocks
will become smaller and more fragmented.

As mentioned earlier, it is difficult to quantify the difference in fabric (here refers to the dis-
tribution of the contact force) during the loading process in Fig. 8, so the distribution of contact
force in different regions are analyzed separately. Conclusions consistent with the above force chain
analysis can be drawn from Figs. 11 and 12. In general, proper variability of granular materials
may cause two completely different results. It may make the material form more reasonable load-
bearing meso-structures, so the material becomes more stable and less prone to damage under
certain loading. On the contrary, it may not be possible to form a stable meso-structure, and the
material will be destroyed under a low load. Whether a reasonable and stable structure can be
formed is determined by the rearrangement of particles inside the material, which has a certain
degree of randomness, and this will be the research content of our future work.
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Figure 11: Contact force distribution in four regions at the start point of the initial cycle under
fixed wall condition. (a) Region 1 (b) Region 2 (c¢) Region 3 (d) Region 4

Finally, let us look back at the entire process of cyclic loading. In order to maintain consis-
tency, we still take sample with a confining pressure of 200 kPa and CRS = 0.125 as an example.
Fig. 13 shows the correspondence between the axial strain and the contact force distribution
and the force chain of Region 1 and Region 2 in the sample during the entire cyclic loading
process. The three green identification circles on the curve correspond to the three time instants
in Fig. 5. The orientation of the contact force distribution continuously changes with the cyclic
loading. Analyzing the relative motion of the particles, from the initial cycle to the intermediate
cycle, a large number of force chains are broken and generated, which have been marked in
the figure. In addition, the strength of the force chain also changes significantly. The particles
show a certain degree of relative movement. Unfortunately, these cannot be well observed in this
figure. From the intermediate cycle to the final cycle, the change in the topology of the force
chain is small. The movement between the particles is also maintained at a small level. So it can
be considered that the sample has reached a stable state. This can also be demonstrated by the
fact that the contact force distribution remains unchanged during the subsequent cyclic loading
process.
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Figure 12: Contact force distribution in four regions at the start point of the initial cycle under
constant confining stress condition. (a) Region 1 (b) Region 2 (¢) Region 3 (d) Region 4
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Figure 13: Correspondence between contact force distribution, force chain and axial strain during
cyclic loading
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6 Conclusions

This study mainly discussed the mechanical response of granular materials under different
cyclic loading conditions. Macroscopically, the maximum axial strain is affected by the combi-
nation of consolidation pressure and cyclic dynamic stress. Higher confining stress conditions
make the material more compact and the interaction between particles is stronger, which makes
the material reach a stable state faster. The change of the relative positions of the particles
causes the evolution of the internal mesostructures. Mesoscopically, both the contact normal and
the force chain show obvious directionality. The strong and weak force chains in the material
are directional, but the two directions are not completely overlapped. The strong force chain
accounts for a small proportion and changes more dramatically during the loading process. The
deformation mode of different positions in the material is different. The adjustment of the
particle position under constant confining pressure is more obvious, which is beneficial to the
improvement of the topological structure. This was further verified by the strain analysis. In
general, under different cyclic loading conditions, granular materials exhibit specific macro- and
meso-mechanical properties. This research will provide insights into the understanding of granular
materials behaviors under cyclic loading.
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