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/is study aims to examine the deformation behavior and internal mechanism of coarse-grained soil as an embankment filler
under cyclic loading. Numerical dynamic triaxial tests were performed on coarse-grained soil using the discrete element software
PFC3D./e numerical model was verified by comparing the numerical results with the experimental data. Afterward, the changes
in the porosity, force chain, and particle movement of coarse-grained soil samples were analyzed, and the mesoscopic deformation
behavior of coarse-grained soil under cyclic loading was investigated. /e research results show that with the increase of the
deviatoric stress amplitude, moisture content, and loading frequency, the deformation of the soil increases and the ability to resist
deformation decreases at the same loading cycles. Due to the inhomogeneous distribution of particles with different sizes, the
velocity and displacement of the sample vary in different directions, exhibiting mesoscopic anisotropy. /e contact force is
relatively even in the downward direction while dispersed near the edge of the sample. /is means that the particles at the bottom
are less affected by loads and the internal evolution of soil samples conforms to its macroscopic deformation behavior during
cyclic loading.

1. Introduction

Coarse-grained soil refers to the soil in which the grains are
between 0.075mm and 60mm accounting for more than
50% of its total mass [1]. Because of the wide range of its
gradation, coarse-grained soil has large porosity and strong
permeability. After compaction, it has excellent engineering
characteristics such as high compaction degree and high
shear strength, so it is often used as an embankment filling
material during highway construction. In engineering
practice, the embankment filled with coarse-grained soil
may present large settlements and local road sections even
slide under seasonal rainfall and long-term vehicle loading.
/e vehicle load is a type of cyclic force since its direction
and amplitude periodically change. To control the defor-
mation and stability of the coarse-grained soil embankment,

it is necessary to have a better understanding of the de-
formation behavior of coarse-grained soil during cyclic
loading.

Traditional geotechnical tests are the most commonly
used means to determine the mechanical properties and
deformation behavior of coarse-grained soil. For instance,
Trinh et al. [2] and Duong et al. [3] examined the effects of
fines and water contents on the mechanical behavior of
coarse-grained soil by large-scale triaxial tests. Wang et al.
[4, 5] investigated the resilient modulus, damping ratio, and
permanent deformation of coarse-grained soil by monotonic
and cyclic triaxial tests. /e behavior of coarse-grained soil
was also studied based on the continuous medium as-
sumption. Kong et al. [6] proposed an elastic-viscoplastic
model for simulating the time-dependent behavior of
coarse-grained soil in both shear and compression. Ren et al.
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[7] investigated the monotonic and cyclic characteristics of
coarse-grained soil by soil-water coupling finite difference-
finite element (FD-FE) deformation analyses. However, both
the traditional geotechnical test and continuous medium
analysis are not able to characterize the mesoscopic prop-
erties of coarse-grained soil. For this purpose, additional
expensive techniques such as computed tomography and
scanning electron microscopy should be incorporated into
traditional tests [8, 9]. /e discrete element method (DEM)
is a discontinuous numerical method, which solves the
complex practical problems by simulating the motion of
spheres and particles. /is means that DEM allows the vi-
sualization of mesostructural evolution of materials. In es-
sence, coarse-grained soil can be regarded as a typical
granular material, particularly when its fines content is low.
/us, DEM is really appropriate to simulate coarse-grained
soil.

In the literature, many scholars have examined the static
mechanical behavior of coarse-grained soil based on DEM.
Muhlhaus and Vardoulakis [10] studied the cause of the
formation of shear bands and predicted the evolution of the
shear band width in granular materials by biaxial tests using
the DEM method. /e authors reported that the problem of
shear bands originated from the bifurcation characteristics
of the soil. Ju et al. [11] investigated the strength, defor-
mation, elastic modulus, failure process, and particle
breakage of coarse-grained soil by DEM. /e influence of
different factors on the mechanical properties of granular
materials has also received much attention. Jiang et al.
[12, 13], Hu et al. [14], and Shen et al. [15] examined the
effects of different confining pressures, porosity, and particle
rotations on the mechanical properties of granular materials
using both laboratory triaxial tests and DEM simulations.
Moreover, plenty of previous studies focused on the rela-
tionship between macromechanical responses and meso-
scopic parameters. For example, Nardin and Schrefler [16]
simulated the uniaxial compression and tensile tests on
viscous materials by DEM and analyzed the correlation
betweenmacroscopic responses andmesoscopic parameters.
Cho et al. [17] established the relationship between the
macroscopic properties of a rock and the mesoscopic pa-
rameters of clumps. It was found that the stiffness ratio
directly affects Poisson’s ratio, and the uniaxial compressive
strength depends on the number of particles in a clump.
Park and Song [18] examined the effects of the geometrical
features and the properties of a joint on its shear behavior by
an extensive series of direct shear tests using the PFC3D
code. /ey found that the friction coefficient was the most
important factor governing the shear strength and dilation
angle.

Some scholars also used the DEMmethod to analyze the
dynamic responses of coarse-grained soil subjected to cyclic
loads. For instance, Sazzad and Suzuki [19] investigated the
micromechanical behavior of granular materials with dif-
ferent inherent anisotropies during cyclic loading using
DEM./ey found that the differences in inherent anisotropy
obviously affect the stress-strain-dilative behavior of gran-
ular materials. O’Sullivan et al. [20] simulated the particle-
scale mechanics of the response of samples of uniform

spheres to 50 cycles of loading with various strain ampli-
tudes. /e authors stated that there is a clear relation be-
tween the microscale parameters and the overall specimen
response. Indraratna et al. [21] and Chen et al. [22] per-
formed DEM simulations of the permanent deformation
and degradation behavior of railway ballast under cyclic
loading. /ey also explained the mechanism of particle
breakage based on the evolution of micromechanical pa-
rameters such as the distribution of the contact force and
bond force. Wang and Wang [23] investigated the lique-
faction behavior and mesomechanism of gravelly soil under
cyclic loading with constant strain amplitude. It was found
that the liquefaction resistance of gravelly soil increases
significantly with the increasing gravel content because of
the growth in number of gravel-to-gravel contact. Jiang et al.
[24] examined the microstructure and its evolution in
granular soils subjected to cyclic loading using the DEM
method. /e research indicated that the evolutions of co-
ordination number and contact fabric are highly dependent
on the relative density and cyclic mode.

/e research mentioned above focused on the me-
chanical properties and deformation behavior of different
granular materials under various static or cyclic loads but
dealt less with the dynamic behavior of coarse-grained soil
subjected to vehicle loads. As a result, the previous results
may not be applicable to coarse-grained soil as an em-
bankment filler. /e aim of this study is thus to examine the
deformation behavior and internal mechanism of coarse-
grained soil as an embankment filler under cyclic loading
using the PFC3D software./e changes in the porosity, force
chain, and particle movement of coarse-grained soil samples
are examined, and the mesoscopic deformation behavior of
coarse-grained soil under cyclic loading is analyzed. /e
results will provide a reference for embankment filling with
coarse-grained soil in engineering practice.

2. Materials and Samples

/e maximum dry density and optimum moisture content
of the studied coarse-grained soil were measured by heavy
compaction tests. /e California bearing ratio (CBR) and
resilient modulus were also determined using a CBR device
and the loading plate method [25, 26]. /e main physical
and mechanical properties of the studied soil are summa-
rized in Table 1. /e grain size distribution curve of this
material is presented in Figure 1. It shows that the soil had a
wide gradation with the fines fraction, sand fraction, and
gravel fraction. According to the Chinese standard for soil
classification (GB 50145-2007) [1], this material was clas-
sified as coarse-grained soil. /e samples used for dynamic
triaxial tests had a height of 200mm and a diameter of
100mm. /e maximum particle size should not exceed 1/5
of the diameter of the sample so that the size effect could be
controlled to the minimum [27, 28]. /is means that the
maximum particle size of the soil sample should not exceed
20mm. For this reason, the particles of excess size were
removed. /e adjusted grading curve of the material for
triaxial tests is also shown in Figure 1.

2 Advances in Civil Engineering



3. Numerical Dynamic Triaxial Tests

3.1. Establishment of the Model’s Wall. /e model boundary
consists of a cylindrical wall and two loading plates
(Figure 2(a)). /e loading plates are modeled with clumps
because of their advantage in applying dynamic stress [29–31].
/e upper loading plate compresses the sample, and the
bottom loading plate remains stationary during the simulation
process. /e cylindrical wall is modeled by a flexible particle
membrane composed of particles of identical sizes
(Figure 2(b)). /e membrane particles are bonded following
the contact bondingmodel to ensure the particles only transmit
force but not moment. In order to prevent the particle
membrane from being damaged or penetrated by soil particles
during the loading process, the bond strength between
membrane particles is set to a large value (10GPa) [32, 33]./e
application of confining pressure is realized by applying
equivalent concentrated forces to the membrane particles.
During each step of the calculation, the equivalent concentrated
forces applied on membrane particles are adjusted by a servo
mechanism to maintain a constant confining pressure.

3.2. Generation of Soil Particles. /e dynamic expansion
method is used to generate soil particles. Following this
method, small particles are generated first and then they are
gradually enlarged to fill the internal space formed by the
cylindrical wall and two loading plates.

However, if the particles are generated according to the actual
grading curve (Figure 1), the number of particles will reach
millions, which seriously affects the calculation efficiency; on the
other hand, the computer’s memory also does not allow cal-
culating millions of particles. In such cases, it is usually rec-
ommended to properly adjust the grading curve [34–36]. In this

study, theweighted averagemethodproposed byZhang et al. [37]
is used to modify the particle group that is smaller than 1mm.

/e weighted average radius of soil particles is calculated
by [37]

(r) �  RiMi �  Wi, (1)

where Ri is the average particle radius; Mi is the content of
particles smaller than a certain size; and Wi is the weighted
number of a certain particle size.

/e calculation results are shown in Table 2. It shows that
the weighted average radius of the soil particles is 2.768mm.

When the particle generation is performed based on the
minimum radius and the ratio of the maximum radius to the
minimum in DEM, the generation probability of the particle
radius from the smallest to the largest is the same according
to the random command. /us, the minimum radius of the
particles is fixed by the weighted average radius of the
particles, and then the maximum radius of the particles is
calculated./erefore, the ratio of the maximum radius to the
minimum radius is expressed by [37]


Ri

Rmin + RmincRmax/min

�  Wi, (2)

where Rmin is the minimum radius of soil particles and
cRmax/min

is the ratio of the maximum radius to the minimum
radius of soil particles.

In order to better simulate the indoor triaxial test at an
acceptable speed, the minimum diameter of soil particles is
fixed to 0.5mm. /us, the ratio of the maximum radius to
the minimum radius of soil particles is 39.265. /e modified
grading curve used for simulations is presented in Figure 1. It
shows that the grading curve modified by the weighted average

Table 1: Basic physical and mechanical properties of coarse-grained soil.

Maximum dry density (g/cm3) Optimum moisture content (%) California bearing ratio (%) Resilient modulus (MPa)
2.21 6.9 164 105.6
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Figure 1: Grading curves of coarse-grained soil.
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method is basically consistent with that used in laboratory tests.
/e modified grading curve not only effectively improves the
calculation efficiency but also inherits the mesoscopic struc-
tural characteristics of coarse-grained soil. Figure 3 shows an
example of the generated cylindrical sample.

3.3. Simulation Scheme. Table 3 shows the simulation
scheme for dynamic triaxial tests, which is completely
consistent with that employed in the laboratory tests. /e
moisture content of coarse-grained soil as an embankment
filler usually falls between 5% and 10%, so three moisture
contents (i.e., w � 6.9%, 7.8%, and 9.1%) are used in the
simulation; on the other hand, different deviatoric stress
amplitudes (i.e., σ0 � 25 kPa, 45 kPa, and 60 kPa) and loading
frequencies (i.e., f� 0.5Hz, 1.0Hz, and 3.0Hz) are selected
considering the vehicle loading conditions [28, 38–42].
Because there are few fine particles in the coarse-grained soil,
the bond between the particles is generally weak. /is means
that the moment is not able to be transferred between coarse
soil particles, and thus the contact bonding model is used in
the simulations [43, 44]. /e undetermined parameters
involved in the numerical simulation include tangential

contact stiffness ks, normal contact stiffness kn, interparticle
friction coefficient μ, density ρ, and porosity n.

3.4. Implementation of Dynamic Loading. /e vehicle load is
simulated by intermittent semisine waves, which is imple-
mented by writing a cyclic loading code in Fish language. /e
expression of the deviatoric stress σt at time t is as follows:

σt �

σ0
2

1 − cos
2π
t0

t , 0≤ t≤ t0,

0, to ≤ t≤T,

⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

(3)

where σ0 is the maximum value of semisinusoidal stress; t0 is
the duration of each loading; and T is the duration of one
loading cycle.

During the cyclic loading process, the “history” com-
mand is used to monitor the deviatoric stress exerted by the
loading plate and the axial permanent deformation of the
sample. Figure 4 presents the curves of two loading schemes.
/e application of deviatoric stress is achieved by setting a
velocity to the upper loading plate. /e velocity is timely

Table 2: Weighted average radius of soil particles.

Grain size group (mm) Average particle size (mm) Average particle radius Ri (mm) Particle content Mi (%) Weighted number Wi

(mm)

20-10 15 7.5 17.1 1.282
10-5 7.5 3.75 26.3 0.986
5-2 3.5 1.75 21.2 0.371
2-1 1.5 0.75 12.0 0.090
1-0.5 0.75 0.375 6.2 0.023
0.5-0.25 0.375 0.1875 5.4 0.010
0.25-0.075 0.1625 0.08125 6.1 0.005
0.075-0 0.0375 0.01875 5.7 0.001
— — — —  Wi � 2.768

(a)

Particles

Flexible
particle

membrane

(b)

Figure 2: Schematic diagram of lateral wall and loading plates. (a) 3D view. (b) Flexible particle membrane.
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adjusted considering the gap between the calculated stress
and the target value.

3.5. Calibration of Mesoscopic Parameters. /e calibration
of mesoscopic parameters is critical since it greatly af-
fects the reliability of the DEM simulation. To date, there

is no direct means to predetermine the mesoscopic pa-
rameters. /e commonly used calibration method is to
compare numerical data and test results until the dif-
ference between them is smaller than a certain value. /e
calibration procedure used in this study is shown in
Figure 5.

Table 3: Simulation scheme for dynamic triaxial tests.

Test
group

Confining pressure P
(kPa)

Loading frequency f
(Hz)

Moisture content w

(%)
Deviatoric stress amplitude σ0

(kPa)
Compaction degree Kc

(%)

A1–A3

28

0.5 6.9

25, 45, 60 93
B1–B3 1.0 6.9
C1–C3 3.0 6.9
D1–D3 1.0 7.8
E1–E3 1.0 9.1

Z

X
Y

Z

X
Y

(a) (b) (c)

Figure 3: Numerical sample for dynamic triaxial test. (a) 3D view. (b) Vertical cross section. (c) Horizontal cross section.
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Figure 4: Cyclic loading curves for dynamic triaxial tests. (a) σ0 � 60 kPa and f� 1Hz. (b) σ0 � 25 kPa and f� 0.5Hz.
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To determine the mesoscopic parameters, repeated ten-
tative calculations are conducted following the procedure
shown in Figure 5. Firstly, according to the characteristics of
PFC3D software and triaxial test, the porosity n of the nu-
merical model is determined, and then the particle contact
stiffnesses kn and ks are calibrated so that the simulated
permanent deformation curve is approximately the same as
the test curve, and then the stiffness of flexible particle
membrane kn and ks is determined; finally, repeatedly adjust
the interparticle friction coefficient μ and linear bond strength
cb n and cb s until the shapes, slopes, and peak values of the
numerical curves are broadly consistent with the experi-
mental ones, and the difference between the test results and
the numerical simulation results is controlled within 20%./e
calibrated mesoscopic parameters are summarized in Table 4.

For coarse-grained soil, the bond strength between
particles often varies with the change of moisture content, so
the bond strength can be determined based on the estab-
lished relationship between bond strength and moisture
content. Nevertheless, it is not able to directly define the
moisture content in DEM./us, the yield stress is used as an
intermediate variable to derive the relationship between the
moisture content and the particle bond strength [45, 46].

4. Analysis of Calculation Results

4.1. Comparative Analysis of Numerical and Experimental
Results. According to the calibrated mesoscopic parameters
of the model, numerical dynamic triaxial tests are

conducted. /e obtained numerical results are compared
with the experimental data, as shown in Figure 6.

Figure 6(a) presents that the axial permanent defor-
mation of the sample increases rapidly during the first 1000
loading cycles, reaching 80% of the final permanent de-
formation, and then the deformation slowly increases and
gradually tends to be a fixed value. When the deviatoric
stress amplitude is small (e.g., 25 kPa), the cumulative curve
of the axial permanent deformation tends to be flat after the
number of loading cycles reach 1000; at the same time, as the
deviatoric stress amplitude increases, the axial permanent
deformation increases accordingly. It is deduced that the
embankment soil may be damaged under excessive devia-
toric stress even if the duration of cyclic loading is short.
/erefore, to reduce the permanent deformation of the
embankment filled with coarse-grained soil, the internal
stress of the granular layer should be considered when
designing the embankment. During the road operation
period, heavy-duty vehicles should be restricted to reduce
the stress transmitted to the embankment and thus reduce
the permanent deformation of the embankment.

From Figure 6(b), it can be seen that the axial permanent
deformation increases significantly with the increase of the
moisture content, but the axial deformation rate gradually
decreases with the number of loading cycles. When the
moisture content is 6.9%, the axial permanent deformation
of the sample after 10,000 loading cycles is 0.06%, and when
the moisture content increases from 6.9% to 9.1%, the axial
permanent deformation increases up to 0.15% after 10,000

Experimental samples �e initial value of the
mesoscopic parameters Numerical samples

Laboratory dyanamic
triaxial test

Adjustment of
parameters

Numerical dyanamic
triaxial test

Numerical
results

Experimental
results

Mesoscopic
parameters

Yes

No

Whether the difference is
less than the set value

Figure 5: Calibration process of mesoscopic parameters of coarse-grained soil.
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loading cycles. /e results show that the moisture content
has a significant effect on the deformation of coarse-grained
soil. When the moisture content is greater than the optimum

moisture content (i.e., 6.9%), water presents as a water film
in the soil, which plays a certain role in lubricating the soil
particles. With the increase of moisture content, the soil’s
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Figure 6: Permanent deformations of samples in laboratory tests and numerical simulations. (a) At different deviatoric stress amplitudes
(w � 6.9% and f� 1Hz). (b) At different moisture contents (σ0 � 25 kPa and f� 1Hz). (c) At different loading frequencies (σ0 � 60 kPa and
w � 6.9%).

Table 4: Calibrated mesoscopic parameters.

Type Tangential contact stiffness
ks (N/m) Normal contact stiffness kn (N/m) Interparticle friction coefficient μ Density ρ

(kg/m3) Porosity n

Soil particles 200.83 100.36 0.4 2650 0.35
Wall particles 1× 108 1× 108 — — —
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lubricating effect is enhanced under long-term cyclic
loading, and the friction between particles is reduced.
During the entire shearing process, the work required to
overcome the friction between particles is less than the work
performed at the optimum moisture content, resulting in
increased axial permanent deformation.

It is observed from Figure 6(c) that the axial permanent
deformation increases significantly with the increase of
loading frequency. /e internal structure of the soil is
changed by external forces in the loading phase and partially
recovered in the unloading phase. Obviously, the recovery of
the changed structure needs a certain period of time.
However, the time for the soil structure to recover is closely
related to the loading frequency. Generally, the larger the
loading frequency is, the shorter the time for soil recovery is.
When a large deviatoric stress is applied on the embank-
ment, the permanent deformation of the embankment in-
creases with the increase of the vehicle speed at the same
number of loading cycles. /erefore, the vehicle speed
should be limited to reduce the impact of loading frequency
on the embankment deformation.

From Figures 6(a)–6(c), one can note that the labo-
ratory experimental results and the numerical data have a
good consistency on the whole. For instance, when the
deviatoric stress amplitude is 25 kPa, the moisture content
is 6.9% and the loading frequency is 1 Hz, and there is a
difference of about 15% in the early deformation stage
(0–1000th cycles). As the number of loading cycles in-
creases, the deformation difference becomes smaller and
smaller, and the final deformation difference is less than
10%. /e results indicate the rationality of the model
establishment, particle size modification, and mesoscopic
parameters. /e numerical data are slightly larger than the
experimental values. /is is probably related to the dif-
ference in particle shapes. In this study, sphere particles
are used for test simulations, and the influence of particle
angularity on deformation of the material is ignored.
Although the friction and bonding model has been given
to the particles, the friction and bonding between particles
cannot be accurately represented.

4.2. Analysis of Internal Force Chains. Particle contact will
form contact force chains throughout the entire model. /e
number of weak contact force chains is much more and is
evenly distributed among the particles; the strong contact
force chains are fewer and nonuniformly formed between
the particles, but they support the load of the entire particle
system.

Figure 7 shows the contact force chain diagram of
discrete element samples with a moisture content of 6.9%
under a loading frequency of 1Hz and different deviatoric
stress amplitudes after 1000 cyclic loads. /e black chain
represents compression, the red chain represents tension,
and the thickness of the chain represents the magnitude of
the contact force between the particles. From the figure, the
contact force chain distribution of the discrete element
sample can be seen intuitively. At the same moisture content
and loading frequency, as the deviatoric stress amplitude

increases, the force chain distribution gradually changes
from sparse to dense, and the force chain changes from thin
to thick. /is indicates that the number of stressed skeleton
particles increases and the contact force between the par-
ticles gradually increases.

Figure 8 shows the contact force chains in samples with
three different moisture contents under a deviatoric stress
amplitude of 60 kPa and a loading frequency of 1Hz after
1000 cyclic loads. It is noted that with the increase of the
moisture content, the axial permanent deformation in-
creases at the macroscopic level. In this case, the distribution
of the compressive force chain changes from dense to sparse
and the tensile force chain gradually increases at the
mesoscopic level. Meanwhile, the number of stressed skel-
eton particles gradually decreases, and the deformation of
the sample gradually increases, which is consistent with the
macromechanical properties.

Figure 9 illustrates the force chains in samples with a
moisture content of 6.9% under three different loading
frequencies and a deviatoric stress amplitude of 60 kPa after
1000 cyclic loads. With the increase of the loading fre-
quency, the macroscopic performance is that the axial
permanent deformation increases; moreover, the tensile
force chain is less and more concentrated on the upper and
lower surfaces at the mesoscopic level. And as the loading
frequency increases, the tensile force chain gradually in-
creases and moves closer to the middle of the sample, but
the number of tensile force chains is less than the number
of compressive force chains. As a result, no shear failure
occurs to the sample, which is consistent with the mac-
romechanical behavior.

4.3. Law of Particle Motion. /e position of particles inside
the embankment constantly changes during road opera-
tions. In this section, the particle velocity and displacement
track in different directions at the end of the initial loading
stage (i.e., 1000th cycle) are analyzed. /is simulation is
performed with the sample with a moisture content of 6.9%
under a deviatoric stress amplitude of 60 kPa and a loading
frequency of 1Hz.

In Figures 10(a)–10(c), the red area represents the
positive velocity and the blue area represents the negative
velocity. /e darker the color of the particle, the greater the
absolute value of the velocity. Figures 10(a) and 10(b)
present that the absolute value of the velocity is increas-
ing from the center axis of the test sample to the edge of the
test sample, indicating that the particles have a velocity of
moving outwards during the test. Figure 10(c) presents that
the particles have a downward moving velocity under cyclic
loading, and the velocity gradually decreases with the de-
crease of the height. Figure 10(d) shows the displacement
track of particles. /e arrow in the figure indicates the di-
rection of particle movement. It is observed that the particles
have a tendency to move outward under cyclic loading,
which is consistent with the results shown in Figures 10(a)–
10(c). According to Figure 10, the velocity and displacement
in the three directions of the sample are not uniformly
distributed but exhibit obvious anisotropy, which may also
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(a) (b) (c)

Figure 8: Contact force chains of discrete element samples with different moisture contents under σ0 � 60 kPa and f� of 1Hz. (a) w � 6.9%.
(b) w � 7.8%. (c) w � 9.1%.

(a) (b) (c)

Figure 9: Contact force chains of discrete element samples with w � 6.9% under different loading frequencies and σ0 � 60 kPa. (a) f� 0.5Hz.
(b) f� 1Hz. (c) f� 3Hz.

(a) (b) (c)

Figure 7: Contact force chains of discrete element samples at w � 6.9% and f� 1Hz affected by deviatoric stress amplitude. (a) σ0 � 25 kPa.
(b) σ0 � 45 kPa. (c) σ0 � 60 kPa.
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be related to the uneven spatial distribution of particles with
different particle sizes in addition to the loading anisotropy.

4.4. Variation of Porosity. In the PFC3D software, the po-
rosity is defined as the ratio of the volume of pores in a
measurement circle to the volume of the measurement
circle. /e change of the porosity reflects the compactness of
the sample during the test. /e smaller the porosity of the
sample, the denser the sample. /e conventional test cannot
directly measure the change of the porosity during the test,
and the indirect method is easy to cause disturbance to the
sample and affect the test results. /e PFC3D software can
monitor the change of internal porosity in real time, which
plays a positive role in analyzing the permanent deformation

mechanism of coarse-grained soil under cyclic loading. Five
measurement circles with radius of 5mm are created
(Figure 11). As an example, the change of porosity of the
sample in scheme E3 (σ0 � 60 kPa, w � 9.1%, and f� 1Hz) is
illustrated in Figure 12.

It is noted that as the cyclic loading progresses, the
porosity decreases continuously. /e variation of porosity at
the measurement circles 4 and 5 is similar. /e porosity has
the smallest change and fluctuates around 22% at the
measurement circle 3. /is is because the cyclic load is
applied to the sample via the upper loading plate, and the
bottom of the sample is obviously less affected by the load.
Under the action of cyclic loading, the coarse-grained soil is
continuously compacted, thus reducing the porosity.
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Figure 10: Internal velocity and displacement track of soil particles. (a) Velocity in X axis. (b) Velocity in Y axis. (c) Velocity in Z axis. (d)
Particle displacement track.
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5. Conclusion

(1) /e permanent deformation of coarse-grained soil
increases rapidly during the first 1000 loading
cycles, reaching 80% of the final permanent de-
formation value, after which the deformation
slowly increases and gradually approaches a fixed
value. Also, with the increase of deviatoric stress
amplitude, the moisture content, and loading
frequency, the deformation of the sample at the

same number of loading cycles increases and the
ability to resist deformation decreases in different
degrees.

(2) Under the same moisture content and loading
frequency, with the increase of the deviatoric stress
amplitude, the force chain distribution gradually
changes from sparse to dense; meanwhile, the force
chain changes from thin to thick, the number of
stressed skeleton particles increases, and the
contact force between the particles gradually in-
creases. Under the same deviatoric stress ampli-
tude and loading frequency, with the increase of
moisture content, the axial permanent deforma-
tion increases, the distribution of the compressive
force chain changes from dense to sparse, and the
tensile force chain gradually increases; thus, the
number of stressed skeleton particles gradually
decreases, and the deformation of the sample
gradually increases. Under the same moisture
content and deviatoric stress amplitude, the axial
permanent deformation increases with the in-
crease of the loading frequency and the tensile
force chain gradually increases and moves closer to
the middle of the sample, but the number of tensile
force chains is less than the number of compressive
force chains, and no shear failure occurs to the
sample, which is consistent with the macro-
mechanical behavior.

(3) /e velocity and displacement in the three directions
of the sample are not uniformly distributed,
exhibiting obvious anisotropy./is may be related to
the uneven spatial distribution of particles with
different particle sizes in addition to the loading
anisotropy. /e contact force is relatively even in the
downward direction while dispersed near the edge of
the sample. Meanwhile, the bottom of the sample is
less affected by the cyclic load. /e coarse-grained
soil is continuously compacted under cyclic loading,
thus reducing the porosity.

(4) /e mechanical characteristics and mesoscopic
deformation of coarse-grained soil affected by
deviatoric stress amplitudes, moisture contents,
and loading frequencies were analyzed in this
study. However, the environment of a practical
embankment is much more complicated. As a
matter of fact, the drying-wetting cycles and the
temperature change will also affect the service
performance of the embankment filled with
coarse-grained soil. /erefore, in the follow-up
studies, the effects of various factors on the me-
chanical properties of the coarse-grained soil as
embankment filler should be comprehensively
considered.

Data Availability

/e data used to support the finding of this study are
available from the corresponding author upon request.

Figure 11: Schematic diagram of measurement circles.
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