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Abstract: It is of great significance to deeply understand the stress damage mechanism of the
pile–soil interface under cyclic loading for the safety control of engineering entities. Large-scale self-
developed shear equipment was used to conduct cyclic shear tests of the interface between steel and
siliceous sand, and the macroscopic shear characteristics and particle crushing characteristics were
analyzed. Finally, the interface micro characteristics were analyzed through numerical simulation.
The results indicate that the interface peak shear stress under constant stress conditions mainly
exhibits strengthening characteristics, while under constant stiffness conditions it exhibits weakening
characteristics. The position of the relationship curve between shear stress and normal stress gradually
moves towards the direction of low normal stress as the experiment progresses, and the distance
between the curves gradually decreases. The degree of particle breakage increases with the number
of cycles but is mainly concentrated in the first few cycles. The principal stress is proportional to the
normal stress, and its rotation degree gradually weakens with the normal stress. The contact number
of particles at any angle increases with the normal stress.

Keywords: siliceous sand; normal load; constant stress; constant stiffness; cyclic shear characteristics;
numerical simulation

1. Introduction

Sand is a common and representative geotechnical medium [1,2], which is widely
distributed in coastal zones, rivers, and foothills due to geographical conditions such
as terrain and sedimentary environment. In recent years, with the rapid development
of economy, more and more energy projects and high-speed transportation projects are
built along rivers and coastal areas, such as offshore wind turbines [3,4], offshore drilling
platforms, sea crossing bridges, etc. These projects need to have high overturning resistance
and bear large superstructure loads. Pile has become the foundation form of primary
consideration in the design of these projects because of its strong bearing capacity and
high degree of construction machinery [5,6]. In the field of wind power engineering,
the development trend of “large-scale” and “deepwater” has brought many technical
challenges. Wind turbines bear significant environmental loads such as wind and waves,
which poses serious challenges to the design of offshore wind turbine foundations. As
shown in Figure 1, among the three types of deep-water wind turbine foundation forms,
the upper overturning moment is mainly transmitted to the lower foundation in the form
of vertical loads [7]. Under cyclic loads caused by wind, waves, and blade rotation, the
repeated shear between the pile and soil causes a weakening of the pile side friction, which
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has a significant impact on the mechanical properties of the pile–soil interface and can
potentially damage the bearing capacity of the pile foundation [8].
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Some scholars have studied the effects of factors such as cyclic shear amplitude and
sand particle type on the strength weakening of the pile soil interface through model pile
loading tests [9–11] and believe that the reduction in interface strength mainly depends
on the magnitude of cyclic load. They have proposed a “cyclic slip” model to simulate
the strength weakening process of the pile–soil interface [12]. In addition, some scholars,
combined with the indoor model pile loading test [13,14], used modified triaxial equipment
to explore the evolution the law of pile side friction characteristics under cyclic loading [15].
It is found that the initial cyclic shear causes obvious particle breakage, leading to a
large reduction in the normal stress and a significant weakening of the interface shear
stress. In addition to model tests, different types of interface shear equipment are used
to conduct structural sand interface shear tests under the influence of multiple factors. It
is an important way for many scholars to explore the shear characteristics of interfaces.
For example, using an interface torsion shear apparatus [16], small amplitude cyclic shear
is performed after large displacement monotonic shear. The experiment simulated the
interface state of the pile after being driven into the soil layer. Explore the effects of factors
such as normal phase load and shear amplitude on interface shear behavior.

In addition, a direct shear test is also an important test method to explore the interac-
tion between pile and soil interface. A constant stress interface shear test is widely used
to explore the mechanical characteristics of the interface under different normal stress
conditions [17–21]. However, due to the influence of shear behavior, the contact surface
soil may experience shear shrinkage or expansion in practical engineering, resulting in the
normal stress of the contact surface not being constant. The constant stiffness boundary
condition is closer to the actual stress state of the pile–soil contact surface than the con-
stant stress boundary condition [22,23]. Therefore, the constant stiffness interface cyclic
shear test can more realistically simulate the weakening phenomenon of pile side friction
resistance under cyclic load [24]. Vangla [25] and Han [26] studied the effects of factors
such as particle size, particle gradation, and particle shape on the interface friction angle
using a constant stiffness direct shear device. The results indicate that particle size has
a significant impact on interface strength, and the interface friction angle of irregularly
shaped particles is greater. Rui [27] further studied the shear state of calcareous sand
under constant stiffness cyclic shear using a transparent observation window. Research has
found that, compared to monotonic shear, cyclic shear produces more fine particles, which
enhances the interaction between aggregate and steel. The interface strength of cyclic shear
is higher than that of monotonic shear. Tohidvand [28] studied the influence of different
stress paths on the shear mechanical behavior of sand under incomplete drainage condi-
tions using a stacked ring shear equipment, and pointed out that the initial stress in the
experiment is an important parameter determining the cyclic shear behavior of sand under
incomplete drainage conditions. Tarhouni [29] studied the influence of shear amplitude
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changes on cyclic shear dynamic and deformation characteristics under different normal
stress conditions and analyzed the deformation trend of soil under different conditions. It
was pointed out that shear amplitude and normal stress are the main factors affecting soil
deformation. In view of this, this article selects Xiamen siliceous sand as the research object.
The experiment adopts two boundary conditions: constant stiffness and constant stress.
Utilize a self-developed large-scale structure soil interface cyclic shear apparatus. Cyclic
shear tests were conducted on the steel siliceous sand interface under different boundary
conditions. The experiment aims to explore the effects of normal stress, loading method,
and number of cycles on interface shear characteristics.

2. Test Preparation
2.1. Test Equipment

This device is a large-scale interface shearing instrument independently developed
by the team. The detailed schematic diagram is shown in Figure 2a, and Figure 2b shows
the appearance of the actual device. The equipment consists of a shear system, a normal
system, and a control acquisition system. The shear system mainly consists of a shear box,
shear stress sensor, shear displacement sensor, and servo motor. The shear force is provided
by a 0.75 kW servo motor, with a maximum shear force of 50 kN, a maximum range of
50 kN for horizontal load sensors, and a maximum range of 50 mm for shear displacement
sensors. The normal system mainly consists of a force cylinder, a normal load sensor, and a
normal displacement sensor. The maximum value of the normal load sensor is 40 kN, and
the maximum value of the normal displacement sensor is 30 mm.
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The test shear box is shown in Figure 3. The upper shear box is filled with soil and
permeable stone, while the lower shear box is installed with structures to simulate piles
in foundation engineering. There is sufficient length on both sides of the steel plate in the
lower shear box. During the interface shearing process, the contact area between steel and
sand remains unchanged. The experimental steel plate was mechanically processed and
engraved with an inverted triangular groove on the surface, with a groove depth of 1.5 mm,
a groove width of 2 mm, and a number of 20 grooves, as shown in Figure 3.
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As shown in Figure 4, the required normal stress for the test is generated by applying
pressure to the cylinder. The pressure generated by the cylinder is applied to the sand in
the upper shear box through a load sensor and a force transmission spring. By replacing
different types of limit steel rings, the cylinder retraction under different normal stresses is
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restrained to achieve the goal of constant stiffness loading. The principles of constant stress
and constant stiffness loading can be explained by the following equation:

σ = σ0 ± k|δ| (1)
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Among them, σ is the normal stress during the testing process, σ0 is the initial normal
stress, k is the spring coefficient (the ratio of the change in normal stress to the change
in spring height), the value of k under constant stress loading is 0, the value of k under
constant stiffness loading is 1.12 kN/mm, and δ is the normal displacement.

2.2. Test Soil

The sand used for the experiment is Xiamen siliceous sand. After screening, coarse
sand with a particle size group of 0.5–2 mm is selected for testing. The sand particles are
shown in Figure 5, with a mass ratio of 53.35% for the particle size group of 0.5–1 mm
and 46.65% for the particle size group of 1–2 mm. The grading index is shown in Table 1.
The main physical indicators of the sand used for the test are obtained according to the
Highway Geotechnical Test Specification (JTG 3430-2020) [30], as shown in Table 2. To
eliminate the influence of water content on the test results, the test sand was dried in an
oven before use.
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Table 1. Grading index of test sand.

Characteristic Particle Size/mm
Cu Cc

d10 d30 d50 d60

0.57 0.74 0.96 1.10 1.94 0.87
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Table 2. Main physical indicators of test Sand.

Maximum Void
Ratio

Minimum Void
Ratio Test Void Ratio Specific Gravity Density/(g·cm−3)

0.671 0.520 0.535 2.65 1.73

2.3. Test Plan

The experiment adopts normal loading boundary conditions of constant stress and
constant stiffness. In order to study the strength and deformation characteristics of sand
under different normal stresses, the normal stress is divided into normal pressure, medium
pressure, and high pressure according to the numerical value. Normal stress not exceeding
800 kPa is considered low pressure, a normal stress range from 800 to 2000 kPa is considered
medium pressure, normal stress greater than 2000 kPa is considered high pressure, and
normal stress applied under normal stress conditions is 200 kPa, 1100 kPa, and 2400 kPa,
respectively. The maximum normal stress that the equipment can apply under constant
stiffness conditions is 2000 kPa. Therefore, under constant stiffness conditions, normal
stress applied is 200 kPa and 1100 kPa, respectively. The number of cycles N is 1, 5, 10, and
15, respectively, and the number of test groups is 20.

The cyclic shear displacement process is shown in Figure 6, which divides a cyclic
process into four stages: 1©– 4©. Firstly, the shear displacement increases, indicating that
the experiment begins to shear forward at a shear rate of 1 mm per minute. After the
shear displacement reaches 4 mm, the shear displacement begins to decrease, indicating the
beginning of reverse shear until the shear displacement reaches 8 mm in this direction, and
then shear to 4 mm in the positive direction, indicating the end of the entire cycle. After
each group of experiments is completed, the sand in the shear box is screened to study the
broken characteristics of sand particles.
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Figure 6. Schematic diagram of cyclic shear.

3. Interface Macroscopic Shear Characteristics
3.1. Change Rule of Shear Stress

The relationship between shear stress and the number of cycles of interface between
steel and siliceous sand is shown in Figure 7. It can be analyzed that the shear stress
exhibits a periodic variation rule with the shear time and the alternating change in shear
direction. Under constant stress conditions, the peak shear stress at 200 kPa and 1100 kPa
decreases first and then increases with the number of cycles. The peak shear stress at
2400 kPa increases with the number of cycles and gradually stabilizes. It can be seen that
the peak shear stress at low and medium pressure shows weakening characteristics in the
first few cycles of the test, while it shows certain strengthening characteristics under high
pressure. Under constant stiffness conditions, the peak shear stress at 200 kPa and 1100 kPa
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decreases with the number of cycles, and the rate of decrease gradually slows down. The
peak shear stress shows a weakening characteristic throughout the entire experiment.
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The relationship between shear stress and shear displacement is shown in Figure 8.
It can be seen that the variation of interface shear stress with shear displacement in stage
1© is consistent with the monotonic shear law of the interface. In stages 2© and 3©, the shear

direction changes from positive to negative, and the shear stress changes from positive to
negative. For a single cyclic shear, the relationship curve between shear stress and shear
displacement forms a “hysteresis loop”. Under constant stress conditions, the area of the
“hysteresis loop” at 200 kPa and 1100 kPa shows a decreasing and then increasing trend
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with the number of cycles. The area of the “hysteresis loop” at 2400 kPa shows a gradually
increasing trend, but the positions of the “hysteresis loop” at the 10th and 15th cycle
have basically overlapped. Under constant stiffness conditions, the area of the “hysteresis
loop” at 200 kPa decreases with the number of cycles. The area of the “hysteresis loop” at
1100 kPa decreases significantly from the first cycle to the fifth cycle, and the positions of
the “hysteresis loop” at the fifth, tenth, and fifteenth cycles have basically overlapped.
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Figure 8. Relationship between shear stress and shear displacement: (a) constant stress normal
stress 200 kPa; (b) constant stress normal stress 1100 kPa; (c) constant stress normal stress 2400 kPa;
(d) constant stiffness normal stress 200 kPa; (e) constant stiffness normal stress 1100 kPa.

3.2. Change Rule of Normal Displacement

The relationship between the normal volumetric deformation characteristics of siliceous
sand and the number of cyclic shear is shown in Figure 9. As the number of cyclic shear
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increases, siliceous sand exhibits regular deformation characteristics. An increase in normal
displacement represents shear expansion and a decrease in normal displacement represents
shear shrinkage. Overall, in cyclic shear experiments, the normal displacement exhibits
shear shrinkage characteristics, and the degree of shrinkage is proportional to the normal
stress. Under the same normal stress conditions, different loading conditions can lead
to significant differences in shear deformation. It can be concluded that under the same
stress conditions, the cumulative shear volume variables under constant stress loading
are greater than those under constant stiffness loading. Within a single shear cycle, the
volumetric characteristics exhibit regular shear shrinkage and shear expansion. The larger
the normal stress, the greater the fluctuation amplitude of the relationship curve between
normal displacement and the number of cycles.
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Figure 9. Relationship between normal displacement and the number of cycles.

The relationship between normal displacement and shear displacement is shown in
Figure 10. It can be seen that the curve gradually moves downwards with the number of
cycles, and the interval distance between the curves gradually decreases. The amplitude
of the fluctuation of the curve within a single cycle gradually weakens, and the shape
of the curve gradually flattens with the number of cycles. Under different experimental
conditions, the variation rule of normal displacement with shear displacement varies. At
200 kPa, the volumetric characteristics of each cycle stage 1© are mainly manifested as
shear expansion, while the soil at stage 2©, 3©, and 4© exhibits volumetric characteristics of
first shear shrinkage and then shear expansion. At 1100 kPa and 2400 kPa, the volumetric
deformation characteristics of siliceous sand are mainly characterized by shear expansion
in the stage 1© of the first cycle, except for small shear shrinkage in the initial stage of the
first cycle. The volumetric deformation characteristics in stages 2© and 3© are similar to
those at 200 kPa and are significantly weakened by normal stress at 2400 kPa; in addition,
the volumetric deformation characteristics of the 5th cycle show significant shear shrinkage
compared to the first cycle; the soil exhibits obvious shear expansion characteristics in
stage 4©, which are significantly different from the volumetric deformation characteristics
at 200 kPa. Compared with the constant stress condition, the fluctuation amplitude of
the normal displacement shear displacement curve under the constant stiffness condition
decreases, the curve is flatter, the normal displacement of the same number of cycles is
smaller, and the distance between adjacent curves is also smaller.



Buildings 2023, 13, 2241 10 of 23Buildings 2023, 13, x FOR PEER REVIEW 10 of 24 
 

  
(a) (b) 

 
(c) 

  
(d) (e) 

Figure 10. Relationship between normal displacement and shear displacement: (a) constant stress 
normal stress 200 kPa; (b) constant stress normal stress 1100 kPa; (c) constant stress normal stress 
2400 kPa; (d) constant stiffness normal stress 200 kPa; (e) constant stiffness normal stress 1100 kPa. 

3.3. Change Rule of Normal Stress 
Under constant stress loading conditions, the normal stress remains unchanged in 

the experiment, so only the variation law of normal stress under constant stiffness loading 
is analyzed. The relationship between shear stress and normal stress of the interface be-
tween steel and siliceous sand under constant stiffness conditions is shown in Figure 11. 
It can be seen that the normal stress at 200 kPa exhibits an “increase-decrease-increase-
decrease-increase“ rule within a single cycle. Except for the first cycle, the decreasing am-
plitude of other cycles is greater than the increasing amplitude. The normal stress at 1100 
kPa exhibits a “decrease-increase-decrease-increase-decrease” rule in the first cycle, and 
an “increase-decrease-increase” rule in the fifth, tenth, and fifteenth cycles. As the number 
of cycles increases, the relationship curve between shear stress and normal stress gradu-
ally moves towards the direction of low normal stress. The distance between the 

-2.4

-1.6

-0.8

0

0.8

-6 -4 -2 0 2 4 6

N
or

m
al

 d
isp

la
ce

m
en

t(m
m

)

Shear displacement(mm)

N=1 N=5 N=10 N=15

-2.4

-1.6

-0.8

0

0.8

-6 -4 -2 0 2 4 6

N
or

m
al

 d
isp

la
ce

m
en

t(m
m

)

Shear displacement(mm)

N=1 N=5 N=10 N=15

-2.4

-1.6

-0.8

0

0.8

-6 -4 -2 0 2 4 6

N
or

m
al

 d
isp

la
ce

m
en

t(m
m

)

Shear displacement(mm)

N=1 N=5 N=10 N=15

-2.4

-1.6

-0.8

0

0.8

-6 -4 -2 0 2 4 6

N
or

m
al

 d
isp

la
ce

m
en

t(m
m

)

Shear displacement(mm)

N=1 N=5 N=10 N=15

-2.4

-1.6

-0.8

0

0.8

-6 -4 -2 0 2 4 6

N
or

m
al

 d
isp

la
ce

m
en

t(m
m

)

Shear displacement(mm)

N=1 N=5 N=10 N=15

Figure 10. Relationship between normal displacement and shear displacement: (a) constant stress
normal stress 200 kPa; (b) constant stress normal stress 1100 kPa; (c) constant stress normal stress
2400 kPa; (d) constant stiffness normal stress 200 kPa; (e) constant stiffness normal stress 1100 kPa.

3.3. Change Rule of Normal Stress

Under constant stress loading conditions, the normal stress remains unchanged in the
experiment, so only the variation law of normal stress under constant stiffness loading is
analyzed. The relationship between shear stress and normal stress of the interface between
steel and siliceous sand under constant stiffness conditions is shown in Figure 11. It can
be seen that the normal stress at 200 kPa exhibits an “increase-decrease-increase-decrease-
increase“ rule within a single cycle. Except for the first cycle, the decreasing amplitude
of other cycles is greater than the increasing amplitude. The normal stress at 1100 kPa
exhibits a “decrease-increase-decrease-increase-decrease” rule in the first cycle, and an
“increase-decrease-increase” rule in the fifth, tenth, and fifteenth cycles. As the number of
cycles increases, the relationship curve between shear stress and normal stress gradually
moves towards the direction of low normal stress. The distance between the relationship
curves of different cycles at 200 kPa gradually decreases as the number of cycles increases.
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The relationship curve of the fifth cycle at 1100 kPa has a significant distance from the
first cycle curve, indicating that the shear shrinkage behavior of the soil in the first five
cycles is significant, and the corresponding normal stress also shows a significant decrease.
Afterwards, the soil shear shrinkage significantly decreased.
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Figure 11. The relationship between shear stress and normal stress under constant stiffness conditions:
(a) normal stress = 200 kPa; (b) normal stress = 1100 kPa.

4. Particle Breakage Behavior
4.1. Particle Grading Curve and Indicators

To study the variation rule of the breakage degree of siliceous sand with the number
of cycles under different experimental conditions, the test sand after the end of the first,
fifth, tenth, and fifteenth cycles was screened. The characteristic particle size and grading
indicators are shown in Table 3. The particle grading curves of the test sand with different
cycles were plotted, as shown in Figure 12. It can be seen that the characteristic particle
size of siliceous sand decreases with the normal stress and number of cycles. The non-
uniformity coefficient Cu and curvature coefficient Cc of sand particles are relatively close
under different experimental conditions and do not show obvious changes. According to
the Highway Geotechnical Test Specification (JTG 3430-2020), sand with a nonuniformity
coefficient Cu > 5 and a curvature coefficient Cc that ranges from 1 to 3 is considered
well graded, while other conditions are considered poorly graded. The nonuniformity
coefficient Cu of siliceous sand is concentrated in the range of 1.89–1.93, and the curvature
coefficient Cc is concentrated in the range of 0.87–0.88. The breakage degree of siliceous
sand is relatively small, meeting the conditions for poor grading. The distance between
adjacent grading curves gradually decreases with the number of cycles, indicating that
particle breakage behavior mainly occurs in the first few cycles. The distance between
adjacent grading curves increases with normal stress. The very small distance between
adjacent grading curves at 200 kPa indicates that the breakage of siliceous sand particles
mainly occurs under medium and high pressures.

Table 3. Characteristic particle size and grading indicators.

Normal Loading σ/kPa N Cu Cc
Characteristic Particle Size

d60/mm d50/mm d30/mm d10/mm

Constant stress

200

1 1.93 0.87 1.09 0.95 0.73 0.56
5 1.92 0.87 1.07 0.93 0.72 0.56

10 1.91 0.87 1.06 0.92 0.71 0.55
15 1.90 0.87 1.05 0.92 0.71 0.55

1100

1 1.93 0.87 1.07 0.93 0.72 0.55
5 1.93 0.87 1.04 0.91 0.70 0.54

10 1.92 0.87 1.03 0.90 0.69 0.53
15 1.93 0.87 1.02 0.89 0.69 0.53
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Table 3. Cont.

Normal Loading σ/kPa N Cu Cc
Characteristic Particle Size

d60/mm d50/mm d30/mm d10/mm

2400

1 1.92 0.87 1.05 0.91 0.71 0.55
5 1.92 0.88 1.01 0.89 0.69 0.53

10 1.92 0.88 1.00 0.87 0.67 0.52
15 1.93 0.88 0.99 0.87 0.67 0.51

Constant
stiffness

200

1 1.92 0.87 1.08 0.94 0.73 0.56
5 1.90 0.87 1.06 0.92 0.72 0.56

10 1.89 0.87 1.05 0.92 0.71 0.55
15 1.90 0.87 1.05 0.91 0.71 0.55

1100

1 1.93 0.87 1.07 0.93 0.71 0.55
5 1.93 0.87 1.04 0.91 0.70 0.54

10 1.92 0.87 1.03 0.90 0.69 0.53
15 1.92 0.88 1.02 0.89 0.69 0.53
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Figure 12. Particle grading curves under different cycles: (a) constant stress normal stress 200 kPa;
(b) constant stress normal stress 1100 kPa; (c) constant stress normal stress 2400 kPa; (d) constant
stiffness normal stress 200 kPa; (e) constant stiffness normal stress 1100 kPa.
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4.2. Particle Breakage Evaluation

Particle breakage can cause changes in the gradation of granular soil. Hardin’s break-
age model was used to study the degree of particle breakage. This model refers to the initial
breakage potential Bpo as the area enclosed by the pretest gradation curve and the vertical
line with a particle size of d = 0.5–2 mm. The total breakage Bt is the area enclosed by the
post-test gradation curve and the vertical line with a particle size of d = 0.074 mm. The
formula for the relative breakage value Br is as follows:

Br =
Bt

Bpo
(2)

According to Formula (2), the relative breakage value of the test sand under different
test conditions is calculated. The relationship between the relative breakage value and
the number of cycles is shown in Figure 13. It can be seen that under the same number
of cycles, the normal stress shows a positive correlation with the relative breakage value.
Under the same normal stress, the relative breakage value Br increases with the number
of cycles, but the rate of increase gradually slows down, which indicates that the first few
cycles caused significant particle breakage. As the number of cycles increases, the amount
of breakage caused by shear behavior gradually decreases. The relative breakage values at
200 kPa, 1100 kPa, and 2400 kPa are concentrated in the range of 0.012~0.046, 0.029~0.074,
and 0.046~0.101, respectively. The relative breakage values Br under constant stress and
constant stiffness conditions are relatively close.
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4.3. Microscopic Characteristics of Crushed Particles

Conduct SEM electron microscopy tests on sand particles with particle sizes ranging
from 0.25 to 0.5 mm, 0.075 to 0.25 mm, and <0.075 mm after screening, with magnification
of 30 times, 100 times, and 500 times, as shown in Figure 14. For crushed siliceous sand
particles, when magnified by 30 times for sand particles with a particle size range of
0.25~0.5 mm, multiple particles with obvious fractures and irregular shapes can be seen; no
open pores are observed on the surface of the particles. In a photo magnified by 100 times,
several particles with rough surfaces and fractures can be observed. In a photo magnified
by 500 times, only smoother particle surfaces can be seen. When magnified 30 times for
siliceous sand with a particle size range of 0.075~0.25 mm, many particles of varying sizes
can be seen. The fracture surface of the particles can be clearly seen in a photo magnified by
100 times, and the fracture morphology of individual particles can be observed in a photo
magnified by 500 times. Magnify siliceous sand smaller than 0.075 mm by 30 times, and
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countless small particles can be seen in the photo. The shape and size of the particles can
only be clearly seen in the photo magnified by 100 times, and the particle size varies. There
are multiple flaky siliceous sand particles in the photo magnified by 500 times.
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Figure 14. SEM images of crushed siliceous sand particles: (a) particle size range (0.25~0.5 mm);
(b) particle size range (0.075~0.25 mm); (c) particle size range (<0.075 mm).

5. Numerical Simulation

Sand is a soil mass with anisotropy, nonuniformity, and discreteness. The mechanics
and deformation characteristics of the structure–sand interface are closely related to the
formation and evolution of shear bands. The discrete element method (DEM) is widely
used in geotechnical engineering as a numerical analysis method to describe the mechanic
characteristics of granular soil [31–33]. In this paper, the numerical analysis software PFC2D

5.0 is used to simulate the cyclic shear test of the steel–sand interface, and the evolution
law of the principal stress field and composition diagram is studied.

5.1. Model Assumptions

The assumptions of the numerical model include that all particles are rigid bodies,
the particle shape is circular, contact particles can rotate with each other, the connection
between particles is achieved through the use of tangent points, the contact state of particles
is represented by the bonding force between particles, and a small overlap between particles
is allowed.

5.2. Modeling
5.2.1. Setting of Generalized Walls

As shown in Figure 15, the upper shear box and structure are simulated through a
generalized wall, which is consistent with the experimental size. The generalized wall size
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is set to be 100 mm long and 50 mm high. The numbers 1©, 3©, and 4© in the figure represent
the upper shear box, while the number 2© represents the structure. Taking a steel plate
with 20 textures as an example, the texture size remains consistent with the test. During the
experiment, the generalized wall numbered 1©, 3©, and 4© remained stationary, while the
generalized wall numbered 2© underwent bidirectional cyclic shear at a certain shear rate.
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5.2.2. Generate Particles

The establishment of the numerical simulation experimental model adopts the GM
method proposed by Duan and Cheng [34]. According to this method, the grid is divided
layer by layer from the interface and filled with particles.

5.2.3. Determination of Numerical Simulation Parameters

Considering that particles may undergo fragmentation under different experimental
conditions, the study of model fragmentation is achieved through the method of breaking
the bond chain between particles. Therefore, the initial grading of the model needs to
be input according to the grading after experimental fragmentation. Hardin [35] found
that particles with a particle size of less than 0.074 mm no longer break. Therefore, the
minimum particle size after crushing was set to 0.074 mm, and the initial model grading
curve is shown in Figure 16.
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The contact between particles or between particles and structure adopts a linear
stiffness model. The linear stiffness model is expressed as the relationship between the
contact force and the relative displacement of particles, which includes the relationship
between the normal contact force and the normal displacement, and the relationship
between the tangential contact force and the tangential displacement. The formula is
as follows:

Fn
i = knUnni

∆Fs
i = −ks∆Us

i

}
(3)
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In the above formula, kn and ks are the normal contact stiffness and tangential contact
stiffness, respectively; ni is the normal vector; Un and Us are the increment of normal
contact force and tangential contact force; and are the increment of normal displacement
and tangential displacement.

The friction coefficient µ between particles or between structures and particles through
indoor experiments is shown in Table 4, and the numerical simulation parameters are
shown in Table 5.

Table 4. Friction coefficient µ.

Contact Type Loading Method Friction Coefficient µ

between particles constant stress 0.6551
constant stiffness 0.7209

between particles and structure constant stress 0.5589
constant stiffness 0.6223

Table 5. Numerical simulation parameters.

Particle
Density

ρ/(kg/m3)

Tangential
Contact Stiffness
between Particles

ks/(N/m)

Normal Contact
Stiffness between
Particles kn/(N/m)

Normal Contact
Stiffness of

Wall knw/(N/m)

Initial Porosity
n0

1628 1 × 108 1 × 108 4 × 108 0.23

5.2.4. Setting of the Bonding Model

The study of particle fragmentation characteristics is achieved by constructing a
bonding model [36], as shown in Figure 17. A bonding chain is added between circular
particles generated by the GM method, which sets point contact between particles and
randomly binds multiple small particles into a square particle unit with a side length of
1 mm. The particle units are separated by a bonding interval value. The higher the normal
stress, the smaller the bonding interval value, and the closer the contact between particles.
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As shown in Figure 18, during the preloading or shear process of the square particle
unit, some of the bonding chains in the particle unit are broken, the red circles disappear,
and smaller particle units are generated. As the agglomerates generated by this method
are closer to the actual sand particles, the model calculation results are more reliable. By
adjusting the model parameters, the bonding force between silica sand particles is set to
4200 N.
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5.2.5. Arrangement of Measuring Circles and Principal Stresses

As shown in Figure 19, using the measurement circle function in PFC2D, a total of one
hundred and twelve measurement circles with fourteen rows and eight columns were set
inside the particles to monitor the stress changes of the particles under different cycles.
UD Tensor was used inside each measurement circle to set the principal stress, with the
long axis representing the large principal stress and the short axis representing the small
principal stress. The magnitude of the principal stress is related to the trace of the stress
tensor, and the larger its shape, the greater the particle stress value.
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Figure 19. Arrangement of measuring circles and principal stresses: (a) arrangement of measuring
circles; (b) arrangement of principal stresses.

5.3. Experimental Plan for Numerical Simulation

The experimental plan of numerical simulation is consistent with the indoor experi-
ment, with a total of 20 sets of experiments.

5.4. Numerical Simulation Results
5.4.1. Model Reliability Verification

As shown in Figure 20, taking the relationship between shear stress at the interface of
steel siliceous sand and the number of cycles at a constant stiffness of 200 kPa as an example,
a comparison was made between indoor experimental data and numerical simulation data.
It can be seen that the model shear stress shows a regular fluctuation with an increase in the
number of cycles, and the peak shear stress of the model showing a trend of first decreasing
and then gradually stabilizing with an increase in the number of cycles. This is basically
consistent with the variation pattern of experimental data.
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Figure 20. Verification of the relationship between interface shear stress and number of cycles.

5.4.2. Evolution of Principal Stress Field

The evolution of the principal stress field under different normal stresses is shown
in Figure 21. The red long axis in the figure represents the large principal stress, and the
green short axis represents the small principal stress. During the sand preloading pro-cess,
the vertical direction is the large principal stress, and the horizontal direction is the small
principal stress. It can be concluded that the size and rotation of the princi-pal stress show
different laws with the increase of normal stress and the number of cy-cles. At 200 kPa,
the length of the principal stress in most areas of the figure is small, which means that
the contact force between sand particles is small. The occurrence of high principal stress
and significant deflection is mainly concentrated in the middle region, and the magnitude
and deflection of principal stress under the 10th and 15th cycle are more significant than
those under the 1th and 5th cycle. At 1100 kPa and 2400 kPa, the principal stress is larger,
which means that the contact force between particles is larger, but the deflection angle of
the principal stress is smaller than that at 200 kPa, and the principal stress with large angle
deflection is mainly concentrated near the interface, which means that the particles contact
more closely under high normal stress than under low normal stress, and the principal
stress is more difficult to produce rotation. The size of the principal stress and deflection
angle under the first cycle are smaller than those under the 5th, 10th and 15th cycles.

5.4.3. Evolution of Composition Diagram

In the cyclic shear test, the contact force between particles and the direction of the
principal stress change with the number of cycles. The number of particles in different direc-
tions is counted as an interval of 5◦, and the statistical data is plotted in polar co-ordinates
to form a composition diagram. The composition diagram reflects the arrangement char-
acteristics of the contact between particles in space. Therefore, through the study of the
composition diagram, the variation law of the sand particle contact number with angle,
cycle times, and normal stress can be obtained, and the anisotropy degree of the contact
force and contact number distribution can be analyzed accordingly.

The composition diagram of the interface is shown in Figure 22. It can be analyzed
that under the same cycle number, the contact numbers at different angles are connected to
form an asymmetric circle line composed of multiple straight lines, and the sand particles
show obvious anisotropic characteristics. The composition diagram does not show an
obvious change law with the number of cycles. The number of particles in each direction is
increasing with the normal stress, which is reflected in the increase in the composition area.
This indicates that the contact force between particles is positively correlated with the nor-
mal stress. Under the same normal stress, there is little difference in the number of contacts
in different directions under constant stress and constant stiffness loading conditions.
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Taking 90◦ as a statistical interval, calculate the average contact number within the
range of 0◦ to 90◦, 90◦ to 180◦, 180◦ to 270◦, and 270◦ to 360◦. The relationship between
the average contact number and the number of cycles is shown in Figure 23. It can be
concluded that the average contact number is the highest in the range of 270◦ to 360◦,
the lowest in the range of 90◦ to 180◦, and the average contact number is relatively close
between the range of 0◦ to 90◦ and the range of 180◦ to 270◦. The average contact number
between particles fluctuates within a certain range as the number of cycles increases at
200 kPa. At 1100 kPa and 2400 kPa, there is a small change from the beginning of the
experiment to the end of the first cycle. The average contact number from the first cycle to
the fifteenth cycle remains at a stable value. The above law is the same as the law of the
principal stress field under different normal stresses.
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Figure 23. The relationship between the average contact number and the number of cycles: (a) con-
stant stress 200 kPa; (b) constant stress 1100 kPa; (c) constant stress 2400 kPa; (d) constant stiffness
200 kPa; (e) constant stiffness 1100 kPa.

6. Conclusions

Cyclic shear tests were conducted between steel and siliceous sand using self-developed
large-scale direct shear equipment, and the macroscopic shear characteristics of the interface
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and particle breakage characteristics were studied. Finally, numerical simulation software
was used to analyze the interface shear characteristics under cyclic loading. The following
conclusions were obtained:

(1) Under constant stress conditions, the peak shear stress at low and medium pressure
first increases and then decreases with the number of cycles. The peak shear stress at
high pressure increases with the number of cycles. Under constant stiffness conditions,
the peak shear stress at medium and low pressure decreases with the increase of the
number of cycles. The variation rule of the area of the “hysteresis loop” formed by
the relationship curve between shear stress and shear displacement is the same as the
interface peak shear stress.

(2) The volumetric characteristics of siliceous sand exhibit shear shrinkage in each cycle
as a whole. As the number of cycles increases, the shear shrinkage volume variable
gradually decreases, and the cumulative shear shrinkage volume variable increases
with normal stress. The amplitude of the fluctuation of the relationship curve between
normal displacement and shear displacement decreases with the number of cycles,
and the shape of the curve varies under low, medium, and high pressure.

(3) As the number of cycles increases, the relationship curve between shear stress and
normal stress gradually moves towards the direction of low normal stress, and the
distance between the curves of different cycles gradually decreases with the number
of cycles.

(4) Under constant stress conditions, the variation rule of the interface friction angle
with the number of cycles and normal stress is the same as that of peak shear stress.
However, under constant stiffness conditions, the interface friction angle at low
pressure increases with the number of cycles, while the interface friction angle at
medium pressure first decreases and then stabilizes with the number of cycles.

(5) The relative breakage value increases with the number of cycles, but the rate of
increase gradually slows down, and the breakage amount of a single cycle caused by
shear behavior gradually decreases. The broken particles have obvious cracks and
irregular shapes, and no open pores are observed on the surface of the particles. A
large number of flaky particles appear in the sand with a particle size of less than
0.075 mm.

(6) The principal stress increases with the normal stress, but its rotation degree gradually
reduces with the normal stress. The principal stress of large angle deflection is mainly
concentrated near the interface at 1100 kPa and 2400 kPa, which is related to an
increase in the normal stress, the close contact between particles, and an increase in
the contact force.

(7) The contact number of particles at different angles increases with the normal stress.
Sand particles exhibit obvious anisotropic characteristics under different experimental
conditions. The average contact number between 270◦ and 360◦ is the highest, while
the average contact number between 90◦ and 180◦ is the lowest; the remaining two
intervals are relatively close.
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