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Abstract: In this paper, the discrete element method (DEM) is used to study the
microstructure of expansive soils. The results of the numerical calculations are in
agreement with the stress-strain triaxial test curve that is obtained for a representa-
tive expansive soil. Biaxial compression tests are conducted for different confining
pressures (50 kpa, 100 kpa, and 150 kpa). Attention is paid to the following aspects:
deviatoric stress, boundary energy, friction energy, bond energy, strain energy,
kinetic energy, and the contact force between grains when the test specimen is
strained and to the effect of the different confining pressures on the internal crack
expansion. The results of this research show that the cross-section of the specimen
is destroyed along the middle part of the specimen itself. When the confining pres-
sure is higher, the impulse is stronger, and this leads to more effective destruction.
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1 Introduction

At present, road, railway, bridge, and other projects have developed rapidly in the world, and the
requirements for structures are increasingly strict. If the foundation works are not properly treated, the
superstructure will be damaged, and this causes problems such as great harm to building construction,
train noise [1–3], and foundation settlement [4–6]. In the field of geotechnical engineering, a lot of
research has been conducted on the characteristics of multiple fractures in expansive soil. Rosenbalm
et al. [7] studied the variation law of the expansion rate of expansive soil under different overburden
loads, different initial moisture contents, dry and wet cycle times, and dry density. Cao et al. [8] studied
the evolution of expansive soil fissures under rainfall-evaporation conditions and reported that the
dehumidification process was divided into three stages: A slow phase, fast phase, and slow growth phase.
Han et al. [9] used indoor simulated expansive soil as a research object, analyzing the cracking
characteristics of soil under the condition of a dry-wet cycle and the effect of fiber reinforcement on the
development of cracks. Xu et al. [10] carried out an experimental study on remolded expansive soil in
Nanyang. They found that the dehumidification cracking process was divided into three stages: The crack
initiation stage, fracture generation stage, and stabilization stage. Morris et al. [11] established the
theoretical relationship among crack depth, soil characteristics, and suction distribution, and they
proposed three methods to predict soil cracking depth. Li et al. [12] used digital photography to obtain
fracture images of expansive soil and quantitatively studied the effect of cracks on the engineering
characteristics of expansive soil. Hu et al. [13] used Matlab software and wrote a program to reconstruct
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a CT image and to extract the fracture information. It was found that crack development begins at the initial
microcracks and holes in the soil and gradually expands, finally forming a through fracture surface. Tan et al.
[14] conducted simulation experiments using PFC3D software, and they verified that crack development was
the main reason for the attenuation of expansive soil. To date, some valuable results have been obtained from
studies of cracks in expansive soil, but most of the results are qualitative and have rarely involved the
propagation of cracks in expansive soil. In this paper, expansive soil was simulated using two-
dimensional particle flow (PFC2D) software. This paper provides reference to theoretical research and
engineering of expansive soil.

The idea of the discrete element method (DEM) stems from earlier molecular dynamics. It was first
proposed by Cundall in 1971 and applied to geotechnical engineering [15]. Particle flow is a DEM that
uses discs or circles. The particle unit simulates the motion and interaction of a circular granular medium.
This method overcomes the problems that are caused by the macroscopic assumptions of the traditional
continuum model. It not necessary to specify the constitutive relationship; only Newton's second law and
the relationship between force and displacement need to be calculated. The engineering properties of
geomaterials are simulated from a microscopic point of view, and these two laws let the balls and
contacts translate force and moment and different deformations caused by them. The macroscopic
mechanical behavior of materials is analyzed by studying various mesoscopic parameters. In recent years,
the research of domestic and foreign scholars on noncontinuous dielectric materials has mainly been
represented by PFC2D/PFC3D software, which was developed by American ITASCA. At present,
particle DEM is widely applied in geotechnical, mining, dynamic impact, and other fields [16–20], and it
is becoming an effective tool for studying mechanical properties of granular media.

2 Basic Theory of Two-Dimensional Particle Flow

2.1 Basic Assumption of Particle Flow
Two-dimensional particle flow makes the following assumptions during the simulation: (1) The particle

unit is a disc or a sphere. (2) The particle is a rigid body. (3) The particle contact is a flexible contact, and
the contact has a certain amount of overlap. The size of the “overlap amount” is related to the contact force,
and the “overlap amount” is small compared with the particle size. (4) Particle contact occurs over a small
range. (5) There is a special connection strength at the contact. The calculation method of particle flow is
mainly based on the relationship between Newton's second law and force-displacement. The calculation
principle uses the central difference method for dynamic relaxation. The motion between particles is
considered to be a dynamic process of change, and the internal force automatically goes to the equilibrium
state at each time step.

2.2 Parallel Bonding Model
The parallel bond model is a constitutive relationship that describes a cemented material in a limited

range between particles, and this material can hinder slipping between particles. The parallel bond model
assumes that there is a series of springs whose normal stiffness and tangential stiffness are constant on a
circular or rectangular plane centered on the indirect contact of the particles. The springs are divided into
contact springs and parallel bonded springs. The relative motion of the contact points between particles
generates forces and torques. If any of the maximum stresses exceeds the corresponding ultimate
strength, the parallel connection breaks.

The parallel bond model has five parameters: Stiffness (�kn), tangential stiffness (�ks), normal strength
(�rc), tangential strength (�sc), and bond radius (�R). These parameters can be used with the properties
commands pb_kn, pb_ks, pb_nstrength, pb_sstrength and pb_radius. The forces (�Fi) and moments ( �Mi)
that act on the parallel connections are decomposed into normal components (�Fi; �Mi) and tangential
components (�Fs

i ;
�Ms
i ).
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Fig. 1 shows that when the bond is formed, the parallel connection force and torque are initialized to
zero. As the load is applied, the relative displacement between the particles and the increase in the angle
results in an increase in the relative force and moment, respectively. The changes in force and torque are
expressed as follows:

D�Fn
i ¼ ��k

n
ADUn

� �
ni
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where A stands for the area of the disc, �R is the radius of the disc, and I is the moment of inertia of the cross-
section against the rotation direction along the contact point. The vector of force and moment in the new
moment is the superposition of the force and moment that are generated by the contact position in the
past moment. The force and torque vectors at the new moment are as follows:

�Fs
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According to the beam formula, the maximum tensile stress and maximum shear stress at the edge of the
beam are obtained as follows:

rmax ¼ ��Fn
i

A
þ

�Ms
i

�� ��
I

�R

smax ¼
�Fs
i

�� ��
A

þ
�Ms
i

�� ��
J

�R

8>><
>>: (4)

where J is the polar moment of inertia of the section. If the maximum normal stress is greater than the normal
strength (rmax > r) or if the maximum tangential stress is greater than the tangential strength (smax > s), then
the parallel connections between particles are destroyed. Otherwise, forces and moments are transferred
between adjacent particles.

Figure 1: Parallel model
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3 Numerical Simulation of Particle Flow in a Biaxial Test of Expansive Soil

3.1 Established Model of Expansive Soil
According to the standard for the indoor triaxial test specimen model with h ¼ 200mm and

D ¼ 101mm, four walls of the model that are 1.2 times of the height and width of the specimen are
created. A coordinate system is also established. The stiffness, friction coefficient, joint strength, density,
and particle contact modulus of the wall and sphere are defined. To eliminate the anisotropy of particles
that are the same size, the generated particle radius is uniformly distributed by Rmin � Rmax, and the
average radius r is Rmin � Rmaxð Þ=2, where Rmin ¼ 0:75 and Rmax ¼ 2:1. The number of particles
produced is 2,659, which meets the accuracy and quantitative requirements of the calculation.

3.2 Verification of Numerical Simulation
According to the macroscopic parameters of the indoor triaxial test (elastic modulus, peak strength, and

shear strength), combined with the relationship between the macroscopic and microscopic mechanical
parameters of the parallel-bond contact model adopted by Yang et al. [21], the mesoscopic parameters
were constantly adjusted and a comparison was made with the indoor triaxial stress strain curve of typical
expansive soil [22]. As shown in Fig. 2, the PFC2D simulation of the stress and strain curve and the
change of the stress-strain curves for the indoor triaxial test are consistent for similar strengths, and this
shows that the selection of mesoscopic parameters reflects the basic mechanical properties of expansive
soil. The microscopic parameters are shown in Tab. 1. It can be seen from the entire picture that the
curve of numerical simulation fluctuates little, as the influence of particle breakage is not considered in
the numerical model. Xu et al. [23] showed that the particle crushing degree would also increase with an
increase in the confining pressure. Therefore, the values of confining pressure that are used for numerical
simulation in this paper are 50 kPa, 100 kPa, and 150 kPa.

Table 1: Microscopic parameters

Sample
size/mm

Friction
coefficient

Particle contact
modulus/Pa

Parallel bond
modulus/Pa

Parallel bond
stiffness ratio

200 × 101 0.30 14 × 106 12 × 106 1.5

Figure 2: Stress-strain curve
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4 Results and Analysis

4.1 Mechanical Behavior
The stress-strain curves under different values of confining pressure are shown in Fig. 3. As seen in

Fig. 3, the peak strength of the stress-strain curve increases with an increase in the confining pressure.
Meanwhile, the axial strain that corresponds to the peak strength achieved with low confining pressure is
less than that which corresponds to the peak strength achieved with high confining pressure. When the
confining pressure reached a peak point of 50 kPa, the stress-strain curve showed a strain softening
phenomenon. When the curves for confining pressures of 100 kPa and 150 kPa reached their peaks, they
showed a strain hardening trend. These results are consistent with the trend of expansive soil, which
softens with low confining pressures and hardens with high confining pressures. Therefore, the
microscopic parameters of DEM that are used in this paper can well describe the macroscopic mechanical
characteristics of expansive soil materials.

4.2 Crack Growth
A crack indicates a failure of the bond strength between two particles, and a tensile crack indicates a

situation where the fracture direction of two adjacent particles is parallel to the direction of the load. A
shear crack indicates the case where the direction of the fracture is perpendicular to the direction of the
load. As seen in Fig. 4, when the axial strain increases, the total number of cracks increases sharply at
first, and then it increases slowly and tends to be constant at end. Under the same confining pressure, the
number of shear cracks is much larger than that of tensile cracks, and this indicates that the biaxial
compression test is mainly caused by shear failure. Under the same axial strain, the number of total
cracks that occur with low confining pressure was larger than that with a high confining pressure. The
reason for this is that the increase in confining pressure causes a significant degree of compression
densification on the specimen; also, the specimen was not easily destroyed, and this led to a relative
decrease in the number of total cracks.

4.3 Contact Force of Particles
As seen in Fig. 5, the black rectangle represents the parallel contact force between particles. When the

rectangular area is larger, the contact force is greater. Larger contact should be mainly distributed near the
pressure plate. During the loading process, the contact force is gradually destroyed, and internal damage
is the most obvious. With an increase in the axial displacement, the deviatoric stress increases gradually.

Figure 3: Deviator stress and axial strain
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When stress concentration occurs in a certain area, contact forces among a large number of particles are
destroyed, and a macroscopic shear fault zone form. The failure of specimens is transmitted along the
central boundary of the model to both ends. This is consistent with the failure condition of the triaxial
test specimen in the laboratory, and the occurrence of microcracks is accompanied by deviatoric stress,
which reaches a certain value. The short red curve represents shear cracks, and the short black curve
represents tensile cracks. The number of shear cracks is much larger than that of tensile cracks, and this
indicates that shear failure is the main cause of the biaxial compression test.

Figure 4: Number of cracks and axial strain

Figure 5: Contact force changes. (a) Before loading (b) Loading (c) Failure (d) End of loading
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4.4 Energy Evolution
It is not enough only to observe the failure mechanism of expansive soil from the macroscopic failure

state and the mechanical properties of stress-strain curves. For an energy perspective, this paper analyzes the

Figure 6: Energy and axial strain. (a) Boundary energy and axial strain (b) Friction energy and axial strain
(c) Strain energy and axial strain (d) Bond energy and axial strain and (e) Kinetic energy and axial strain
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transformation of energy in the loading process of the specimen and the adjustment of various energies in the
loading process. It also explains the main role of various energies in the failure process of the specimen, and
this is of certain reference value for studying the properties of expansive soil materials.

As seen in Figs. 6a–6c, the boundary energy, friction energy, and strain energy of the three confining
pressures gradually increase with an increase in the axial strain. With the same axial strain, the three
energy values that correspond to the high confining pressure are larger than those that correspond to the
low confining pressure. The reason for this is that the high confining pressure generates a large external
force, and this increases the boundary energy and friction energy. When the confining pressure is higher,
a larger strain energy is required for specimen failure, and thus, the soil sample is less likely to be
destroyed. At the same time, a higher confining pressure increases the density of particles in the sample.
Also, the number of contacts between the particles increases, and this results an increase in the strain
energy. Meanwhile, the specimen particles have a certain strain energy in the isotropic consolidation
stage. As seen in Fig. 6d, when the confining pressure is 50 kPa and 100 kPa, the bonding energy in the
elastic phase increases rapidly with an increase in the axial strain. Then, the particle bonds rupture at the
peak point, and this results in a rapid decrease in the bonding energy. When the confining pressure is
150 kpa, the bonding energy decreases with an increase in the axial strain, and this indicates that the
bonding energy of the confining pressure reaches the maximum in the isoconsolidation stage of the test
piece. Also, the maximum bonding energy value of the three confining pressures happens in the elastic
phase. Values occur during the elastic deformation phase. As seen in Fig. 6e, several specimens
experience multiple pulses before failure under three confining pressures, and this indicates that the
failure of the specimen is unstable. Also, the maximum pulse value is positively proportional to the
confining pressure; the pulse value of the test piece is the largest at the point of failure under the same
confining pressure, and the particle position adjusts to the maximum at this moment.

5 Conclusions

1. The evolution law of strain energy for typical expansive soil is consistent with the change law of the
stress-strain curve. The evolution law of strain energy is the underlying reason for the macroscopic
mechanical performance of soil.

2. A crack increases rapidly with an increase in the axial strain. Then, it increases slowly, and finally
stabilizes. The number of shear cracks is greater than the number of cracks, and the biaxial
compression test is mainly based on shear stress. When the confining pressure is higher, the
number of cracks is less, and the high confining pressure inhibits damage to the specimen.

3. The contact stress is the largest in the vicinity of the pressure plate, and the damage from contact
stress is accompanied by the generation of cracks. When stress concentration occurs in a certain
area, a large amount of contact stress is destroyed, and macroscopic shear surface forms. The
penetration form of the internal crack in the test piece is consistent with the sectional form of the
indoor triaxial test piece.

4. In the parallel bond model, deviatoric stress, boundary energy, frictional energy, and strain energy
increase with an increase in the axial strain, and the value of the corresponding confining pressure
is greater than that of the corresponding lower confining pressure. The maximum binding energy
of the three confining pressures occurs in the elastic phase, but the storage phase of the bonding
energy is slightly different. The damage of the test piece is unstable. When the confining pressure
is higher, the pulse value is larger, and the damage to the test piece is more severe.
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