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Abstract: The analysis of the behavior of soil and foundations when the piles in offshore areas are
subjected to long-term lateral loading (wind) is one of the major problems associated with the smooth
operation of superstructure. The strength of the pile-soil system is influenced by variations in the
water content of the soil. At present, there are no studies carried out analyzing the mechanical and
deformational behavior of both the material of the laterally loaded piles and soil with groundwater
level as a variable. In this paper, a series of 1-g model tests were conducted to explore the lateral
behavior of both soil and monopile under unidirectional cyclic loading, based on the foundation of
an offshore wind turbine near the island. The influence of underground water level and cyclic load
magnitude on the performance of the pile–soil system was analyzed. To visualize the movements of
soil particles during the experimental process, particle image velocimetry (PIV) was used to record
the soil displacement field under various cyclic loading conditions. The relationship curves between
pile top displacement and cyclic steps, as well as the relationship curves between cyclic stiffness
and cyclic steps, were displayed. Combined with fractal theory, the fractal dimension of each curve
was calculated to evaluate the sensitivity of the pile–soil interaction system. The results showed
that cyclic loading conditions and groundwater depth are the main factors affecting the pile–soil
interaction. The cyclic stiffness of the soil increased in all test groups as loading progressed; however,
an increase in the cyclic load magnitude decreased the initial and cyclic stiffness. The initial and
cyclic stiffness of dry soil was higher than that of saturated soil, but less than that of unsaturated soil.
The ability of the unsaturated soil to limit the lateral displacement of the pile decreased as the depth
of the groundwater level dropped. The greater the fluctuation of the pile top displacement, the larger
the fractal dimension of each relationship curve, with a variation interval of roughly 1.24–1.38. The
average increment of the cumulative pile top displacement between each cycle step following the
cyclic loading was positively correlated with fractal dimension. Based on the PIV results, the changes
in the pile–soil system were predominantly focused in the early stages of the experiment, and the
short-term effects of lateral cyclic loading are greater than the long-term effects. In addition, this
research was limited to a single soil layer. The pile–soil interaction under layered soil is investigated,
and the results will be used in more complex ground conditions in the future.

Keywords: laterally loaded piles; cyclic loading; unsaturated soil; pile–soil interaction; fractal
dimension; model tests; particle image velocimetry

1. Introduction

The target of this article was to analyze the mechanical and deformational behavior of
the soil and the pile under lateral cyclic loading, as well as the results from model tests con-
ducted to estimate the influence of changes in groundwater level and loading conditions on
pile–soil interaction. This research can give some reference value to practical engineering.

Fractal Fract. 2022, 6, 198. https://doi.org/10.3390/fractalfract6040198 https://www.mdpi.com/journal/fractalfract

https://doi.org/10.3390/fractalfract6040198
https://doi.org/10.3390/fractalfract6040198
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/fractalfract
https://www.mdpi.com
https://orcid.org/0000-0001-5650-2374
https://orcid.org/0000-0002-9041-1502
https://doi.org/10.3390/fractalfract6040198
https://www.mdpi.com/journal/fractalfract
https://www.mdpi.com/article/10.3390/fractalfract6040198?type=check_update&version=1


Fractal Fract. 2022, 6, 198 2 of 20

The monopile is the most popular foundation in offshore wind power projects [1–4]. Cur-
rently, 81% of offshore wind turbines have already used monopiles as support structures [5].
One of the competitive advantages of this type is that it has relatively lower installation
costs than other foundations and has enough load-bearing capacity in sea areas with water
depths of less than 30 m [6–8]. The behavior of monopile foundations has been extensively
studied under lateral loading. Due to structural movement, particle migration would occur
in the soil around the pile [9–11]. Offshore monopiles are subject to the influence of water
for long periods of time, which is different from traditional pile foundations [12–14]. Some
tests carried out onshore did not take into account the geotechnical characteristics of the
soil in the sea [15–18], but the role of water could not be ignored. The presence of water
in sand can easily induce a series of problems that seriously endanger people’s lives and
property, such as gushing water and surface collapse [19–22]. Compared to clay, water-rich
sand layers are more fluid and less cemented, and the separation between water and sand
makes the interaction between them more clearly influenced [23–26]. Therefore, it is worth
determining the behavior of water-rich soil (sand). The performance of pile foundations
in water-rich sand has become a very important issue in engineering applications and
academic circles.

Some research and valuable results for monopiles in water-rich strata have been made.
The presence of water has multiple effects on soil and structure [27–32]. The dynamic
properties of pile foundations in water-rich sand could be profoundly influenced by ground
motion parameters [33]. Several analytical solutions for the resistance of saturated soil to a
laterally loaded pile have been proposed by many academics to assess the effects of liquid
density and interstitial fluid bulk modulus on the stiffness and damping of soil [34,35].
Numerous experiments and engineering examples have shown that the bearing capacity
of the pile is mostly determined by the properties of the soil [36]. In contrast, the shaft
resistance in saturated sand is less than in dry sand [37,38]. The water flow can also reduce
the lateral bearing capacity of the pile [8,12,39,40]. Cui et al. examined the effects of soil
porosity, shear modulus, and the thickness of the saturated soil layer at the base of the pile
on the dynamic performance of the floating pile [41]. Much of the existing previous work
has focused solely on the influence of the soil on the structure under various conditions,
neglecting the counteraction of the structure on the soil. Moreover, the soil employed in
these studies was saturated. However, for offshore wind turbines adjacent to islands and
land, rising and falling tides frequently produce fluctuations in the groundwater levels, and
the soil may stay unsaturated for an extended length of time in real settings. Changes in
groundwater levels can also have a substantial influence on the mechanical characteristics
of the soil.

The soil particles around the pile are constantly rearranged under the lateral cyclic load-
ing. In addition, the plastic deformation of the soil around the pile will accumulate, which
leads to the fluctuation of the cumulative deformation, especially at the pile head [42–45]. In
previous studies, the analysis of this kind of fluctuation was relatively complicated, and the
accumulated deformation was often normalized before discussion [46,47]. It was difficult to
directly compare the fluctuation degree about the response of the pile affected by the cycle
loading under different test conditions. This paper introduced fractal theory to quantify
this fluctuation. The application of fractal theory to analyze the degree of the fluctuation of
the curve has become common in a number of research areas. Some researchers have intro-
duced fractal theory to investigate the correlation between the alterations of EMG signals
and stride-to-stride variability at various walking speeds [48,49]. In the field of energy, the
degree of fluctuation of the daily electrical load curve was successfully calculated under
the box-counting method in order to predict future electrical energy demand [50]. Yan et al.
and Shu et al. used fractal dimension analysis to provide a comprehensive assessment of
wind speed fluctuation over time in various terrain settings [51,52]. Fractals have been
widely used in engineering [53–55]. Xiao et al. investigated the various characteristics of
the pile–soil interface under sulphury acid corrosion using fractal dimension. The fractal
dimension and the contact friction angle have a non-linear connection [56]. Li et al. and
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Wang et al. pioneered the use of fractal theory in the study of the microstructure of various
cement materials. The findings showed that cement pore structure and crystal shape are
linked to hydration [57–59]. Duan et al. have summarized the fractal characteristics about
surface cracks of failed coal specimens under different experimental conditions [60]. At
present, there is a lack of quantitative analysis using fractal dimension on the fluctuation of
the response index of pile–soil systems to cyclic loading.

In this paper, a series of model tests were conducted to simulate a driven monopile at
different water levels subjected to lateral cyclic loading. Combined with PIV, the evolution
process of the displacement field of soil around a laterally loaded pile under cyclic loading
was visualized. The fluctuation of displacement at the pile top and the stiffness of soil
around the pile during cyclic loading were successfully quantitatively evaluated by fractals.
Then, the potential reasons for the difference in fractal dimension among the experimental
groups were discussed. Finally, the relationship between fractal dimension and the variance
of cumulative deformation was analyzed.

This study represents the first experimental investigation of the pile–soil interaction of
the monopile subjected to lateral cyclic loading under groundwater level variations and
introduces fractal theory into the field of model tests of the monopile. The experimental
data presented in this paper are particularly useful for modeling calibration and validation
in future numerical studies of monopile evaluation in water-rich areas. This research is an
important step in developing a technique for assessing the response of the pile–soil system
in water-rich sand under cyclic loading.

2. Materials and Methods
2.1. Model Box

This research employed a scaled model test of a single pile under lateral loading. The
size of the model box used was 230 mm in length, 180 mm in width, and 320 mm in height.
Fixed pulleys were installed on the outer wall of the model box to ensure that the lateral
loading application direction is horizontal. A working platform with a laser displacement
meter was installed at the elevation of the pile top and on the other side of a fixed pulley
device. At the corner of the model box, a water level observation pipe was set up with a
5 mm thick plexiglass plate. The pipe had a permeable hole at the bottom of the model box.
The pipe simultaneously served as a channel for groundwater packing. The model box
design is shown in Figure 1.
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2.2. Test Model Pile

The prototype of this test was a C80 large-diameter anti-slide concrete square pile with
a width of 3 m, a length of 6 m, and a height of 60 m. For the scaled model test, geometric
similarity, motion similarity, dynamic similarity and constitutive similarity are necessary
conditions in producing consistent experimental results, and the similarity ratio used for
similar experimental results is shown in Table 1 [61]. The test selected a size similarity ratio
of 1:300 for the model test, so the section size of the half-mold scaled test model pile was
10 mm in length, 10 mm in width, and 200 mm in height. According to the material and
size parameters of the prototype, the bending stiffness of the prototype pile was calculated
to be 256.5 GN·m2, and the bending stiffness of the converted model pile was 31.6 N·m2.
According to this calculated value, a square hollow aluminum tube with an elastic modulus
of 60 GPa was selected as the material of the model pile. Its actual bending stiffness was
calculated to be 29.5 N·m2. The specific parameters of the model pile are shown in Table 2.
The assembled strain gauge on the side of the model pile is shown in Figure 2.

Table 1. Proportional relation between the model and prototype [61].

Parameter Scale (Model/Prototype)

Cross-sectional area 1/n2

Pile length 1/n
Bending stiffness 1/n4

Table 2. The physical properties of the model pile material.

Pile Length Width of Pile Section Pile Thickness Moment of Inertia
I Bending Stiffness

L D d (mm4) EI
(mm) (mm) (mm) (N·m2)
200 10 1 492 29.5
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2.3. Test Soil

In order to better control the consistency of the test soil structure when installing the
mold and reduce the interference caused by the uneven assembly of soil particles on the
test results, this test selected poorly graded Fujian standard sand. The physical properties
of the soil particles are shown in Table 3, the relative density is 2.64, the maximum pore
ratio is 0.855, and the minimum pore ratio is 0.604. The mass of sand required to achieve a
relative compactness of Dr = 0.3 can be obtained through Equations (1) and (2). The filling
steps are as follows: (1) filling in layers, with each layer filled to a thickness of 50 mm, and
the speed of filling was slow enough to obtain a loose soil particle structure. (2) When the
filling thickness of the soil in the model box reached 150 mm, the model pile should be set
to the inner wall of the model box, the verticality of the model pile should be corrected,
and then continue to fill. (3) After filling the soil, the tube was placed at the bottom of the
water inlet of the model box, and then the peristaltic pump was used to fill the sand with
water. In order to ensure that the compactness of the sand was not affected by the dynamic
hydraulic force during the water filling process, the peristaltic pump was set to work at a
slow speed of 20 revolutions per minute. The sample is shown in Figure 3.

Table 3. Physical parameters of Fujian standard sand.

Specific Gravity
ds

(g/cm3)

Minimum Dry Density
ρdmin

(g/cm3)

Maximum Dry Density
ρdmax

(g/cm3)

Minimum Void
Ratio
emin

Maximum Void
Ratio
emax

Internal Friction
Angle (◦)

2.64 1.332 1.628 0.604 0.855 36

Dr =
emax − e

emax − emin
(1)

ρd =
dsρw

1 + e
(2)

Dr—Relative density of soil;
e—The current void ratio of the soil;
ρd—Pore volume;
ds—Relative density of soil;
ρw—The density of water.
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2.4. Acquisition System

Currently, in the field of displacement measurement, PIV is the most commonly used
soil deformation measurement technology. Stanier et al. [62] and White et al. [63], from the
University of Cambridge, first applied this speed measurement technology to geotechnical
engineering tests. Gudehus and Nubel [64] used PIV technology in physical models to
study the properties of soil particles and visualize the soil shear zones. Because of its
technical advantages, such as relatively simple equipment and convenient operation, this
technology has gained considerable popularity and additional development in the field
of geotechnical engineering over the years [65]. Yuan et al. found that the PIV technology
could be used as an application in measuring the displacement field of soil, especially in
the study of the soil settlement around the pile and the foundation [66].

The collection of data in this experiment was divided into the collection of movement
images of the piles and soil, the collection of pile top displacement, and the collection of
pile body strain. In the first phase of data collection, a high-resolution camera was used
to make images of the front of the model box. A Panasonic HG-C1030 laser displacement
meter was used to collect the change of the pile top displacement during the test loading
process. Finally, a computer was connected to the Donghua Test DH3815N static strain
collector to collect information relevant to pile strain. The schematic diagram of the overall
model test device is shown in Figure 4. The test system mainly consisted of a model box, a
model pile, a static strain collector, a high resolution camera, and a computer.
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2.5. Cyclic Loading Test Plan

The control variables for this test were loading and groundwater depth conditions for
ten sets of tests. The number of cyclic loading steps for each set of tests is 20. Five different
groundwater depth conditions were set: dry sand, saturated sand, a groundwater depth of
40 mm, a groundwater depth of 90 mm, and a groundwater depth of 140 mm. Two loads
with different load peaks were set for cyclic loading, 3 N and 4 N respectively. The test was
divided into ten groups. The test plan and test group numbers are shown in Table 4. The
specific test process was as follows.

The model box was filled with sand in layers. After the filling, the sand was left to
stand for 1 h, allowing the soil particles in the model box to stabilize. Then the camera was
turned on to record the front of the box, the laser displacement meter was turned on, the
strain collector was turned on, and the relevant parameters were set on the computer. In
this study, the weights were used to produce the cyclic loading, and one hundred gram
weights were loaded and/or unloaded sequentially, with an interval of about 30 s between
each step of loading and unloading. The data were recorded after the displacement of the
pile top and the strain of the pile body remained unchanged for 10 s.
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Table 4. Cyclic loading test scheme.

Loading Conditions Group Hmax = 3 N Hmin = 0 N Group Hmax = 4 N Hmin = 0 N

Groundwater depth
conditions

1 Saturated sand 6 Saturated sand
2 Dry sand 7 Dry sand

3 Groundwater depth
140 mm 8 Groundwater depth

140 mm

4 Groundwater depth
90 mm 9 Groundwater depth

90 mm

5 Groundwater depth
40 mm 10 Groundwater depth

40 mm

After the experiment, the model pile was taken out, the water in the soil was pumped
out using a peristaltic pump, and the sand was first placed in an oven for 24 h to dry at
105 ◦C and then placed in a drying oven to air at room temperature. After that procedure,
the next experiment could be started.

In order to prevent the occurrence of accidental errors, repeated tests were carried
out for each experimental group. If the difference between the two tests (such as the
displacement of the pile top and the strain data) was less than 10%, the group with the
better photo quality would be selected for analysis. If the error between the two tests was
greater than 10%, the test materials and equipment would be necessary to check, and the
result would be annulled.

2.6. Theoretical Method
2.6.1. Cyclic Secant Stiffness

For the general research on the cyclic bearing characteristics of laterally loaded piles,
the cyclic secant stiffness is a commonly used evaluation parameter in various pile–soil
interaction studies. Zhang et al. believed that the cyclic secant stiffness calculated by
the cyclic loading amplitude and the full amount of pile deformation was not suitable
for evaluating the cyclic bearing characteristics of laterally loaded piles in loose sand
foundations [67]. That is because, in the sand, when the pile is subjected to lateral loading,
the compression deformation is usually the main factor, and its bearing characteristics
increase to a certain extent with the increasing number of cycles. The research of Zhang
referred to the previous calculation experience on the cyclic stiffness of the laterally loaded
pile and used the cyclic loading amplitude and the lateral deformation increment of the
pile to construct the laterally loaded pile cyclic stiffness parameter. The calculation method
is shown in Figure 5.
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[67]. That is because, in the sand, when the pile is subjected to lateral loading, the com-
pression deformation is usually the main factor, and its bearing characteristics increase to a 
certain extent with the increasing number of cycles. The research of Zhang referred to the 
previous calculation experience on the cyclic stiffness of the laterally loaded pile and used 
the cyclic loading amplitude and the lateral deformation increment of the pile to construct 
the laterally loaded pile cyclic stiffness parameter. The calculation method is shown in 
Figure 5. 
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The lateral cyclic stiffness of the laterally loaded pile under the Nth cyclic loading is:

khN =
Hmax − Hmin

yNmax − yNmin
(3)

Hmax—Peak cyclic loading;
Hmin—Minimum value of cyclic loading;
yNmax—The maximum displacement at the Nth cycle;
yNmin—Cumulative displacement at the Nth cycle.

2.6.2. Fractal Dimension

In fractal theory, fractal dimension is a quantitative index whose value increases with
the increase of complex shapes and forms of graphics [53]. The effective value of fractal
dimension depends on the proper calculation method, in which the box-counting method
is usually used [68].

In the box counting method, a divided mesh with a grid length of h is used to cover
the image whose fractal dimension needs to be calculated. Then, the number of grids
overlapped with the graphic characters in the image is counted as “N(h)”. When h is
constantly changing, the relationship between h and N(h) can be obtained and expressed
by Equation (4).

N(h) = kh−D (4)

where D = fractal dimension; h = grid length; N(h) = number of grids; and k is a constant.
D can be obtained by removing logarithm from both sides of Equation (4), as shown in
Equation (5).

ln N(h) = −D ln h + ln k (5)

It is easy to know that D is the slope of the logarithmic equation represented by
Equation (5). The image processing process is shown in Figure 6. First, the image is
binarized, and then meshed. In this paper, the fractal dimension of Figures 7 and 8
is calculated.
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3. Results and Discussion
3.1. Analysis of Cumulative Displacement of Pile Top Cyclic Loading

The displacement curve of the pile top under each step of cyclic loading was obtained
by measuring the displacement of the pile top of the model pile on the soil surface. The
test analysis results are shown in Figure 7. Loading each test to the same number of
steps, the cumulative pile top displacement with a cyclic loading peak of 3 N is sorted in
descending order of group 1, group 2, group 3, group 4, group 5, and the cumulative pile
top displacement with a cyclic loading peak value of 4 N is in descending order of group 6,
group 7, group 8, group 9, and group 10.

The detailed incremental data of the displacement of each test pile top with the increase
of cycle steps are shown in Table 5.
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Table 5. Detailed data of pile top accumulated displacement.

Maximum and Minimum Values of Cyclic Loading Group y1min
(mm)

y20min
(mm)

E(δ)
(mm) S2(δ) COV

Hmax = 3 N Hmin = 0 N

1 0.595 1.67 0.0566 16.1 × 10−4 1.29
2 0.46 1.52 0.0558 5.5 × 10−4 1.51
3 0.379 0.961 0.0306 4 × 10−4 0.754
4 0.284 0.691 0.0214 2 × 10−4 0.482
5 0.159 0.429 0.0142 1.4 × 10−4 0.313

Hmax = 4 N Hmin = 0 N

6 0.735 2.195 0.0768 55.7 × 10−4 2.11
7 0.728 1.87 0.0601 33.7 × 10−4 1.60
8 0.694 1.353 0.0347 15.9 × 10−4 0.904
9 0.426 1.062 0.0335 8 × 10−4 0.977
10 0.378 0.873 0.0261 4.2 × 10−4 0.753

The detailed data of accumulated pile top displacement are obtained after processing
the data in Figure 7. Groups 6 to 10 showed the ratio of the cumulative pile top displacement
in the first step to the cumulative pile top displacement in the twentieth step exceeded by
35%. That is to say, the plastic deformation caused by the pile body to the soil around the
pile is the largest during the first cyclic loading, and, as the number of cyclic steps increases,
the cumulative displacement increment of the pile top of each test pile decreases, which
is consistent with the conclusion of previous cyclic loading tests in sand with different
densities [67]. The short-term effect of cyclic cumulative displacement of a laterally loaded
pile is greater than its long-term effect.

Several more representative data were obtained after processing the cumulative dis-
placement increment of the pile top, as shown in Table 5. yNmin in the table is the cumulative
pile top displacement at the end of the Nth cycle; E(δ) is the average increment of the cumu-
lative pile top displacement between each cycle step after the first cyclic loading; and S2(δ)
is the variance of the cumulative pile top displacement increment data group between each
step. COV is the covariance between the cumulative pile top displacement and the number
of cycle steps. COV is a measure of how much the cumulative pile top displacement and the
number of cycle steps move together. S2(δ) shows the change of pile top displacement better
than E(δ). S2(δ) shows that, when the laterally loaded pile is subjected to cyclic loading, the
degree of dispersion of the cumulative plastic deformation increment data of the pile top is
related to the ability of the soil around the pile to limit the lateral displacement of the pile.

It can be seen from Table 5 that the COV of all experimental groups is greater than
zero, which means a strong positive relationship between the cumulative displacement of
the pile top and the number of cycle steps. Under the lateral cyclic loading with the same
peak value, as the water level drops, both E(δ) and S2(δ) decreased. This shows that the
lowering of the groundwater level can increase the soil mass and limit the displacement of
the soil around the pile. At the same time, it can be seen that the E(δ) and S2(δ) of dry sand
are slightly lower than those of saturated sand. This is because, on the one hand, as the
groundwater level is at the soil surface, hydrostatic pressure will reduce the effective stress
of the soil particles, thereby, reducing the strength of the soil [24,25]. That is the ability
to restrict the movement of the pile is reduced, and finally the displacement of the pile
top will increase. On the other hand, as the groundwater level rises, the buoyancy of the
groundwater on the pile is also greater, which reduces the effect of soil on the pile and also
causes the displacement of the pile top to increase.

3.2. Analysis of Cyclic Stiffness of Sand around Pile

According to Figure 8, the cyclic stiffness of the soil increases gradually with the
number of cycles for different cyclic load magnitudes and different groundwater levels. For
example (Figure 8e), with cyclic peak load Hmax of 3 N and Hmin of 0 N, kh1 = 43.82 N/mm
and kh20 = 91.93 N/mm, the cyclic stiffness at the 20th cyclic loading was 2.1 times higher
than that at the 1st. Obviously, this is different from the general conclusion that cyclic
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loading leads to the weakening of soil stiffness [42]. This is mainly because the self-weight
stress provided by the soil in the model test is low, while the deformation of sand under
low confining pressure is usually dominated by compression.

It was noteworthy that both the lateral initial and cyclic stiffness decreased with
the increase of the cyclic loading amplitude. For example (Figure 8e), at Hmax = 3 N,
kh1 = 43.82 N/mm and kh20 = 91.93 N/mm. At Hmax = 4 N, kh1 = 24.92 N/mm and
kh20 = 73.26 N/mm. As the loading amplitude rose, the difference between the maximum
and minimum displacements during a single cycle increased. This indicates that the
cumulative deformation of the monopile increases with the cyclic loading amplitude. This
is similar to the conclusion reached by Malakshah et al. in calcareous sands [47], and it
also shows that the response behavior of the pile–soil system under cyclic loading is less
affected by the type of soil.
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Taking the test groups with a loading amplitude of 3 N as an example, when the
loading conditions remain unchanged, kh20 = 13.82 N/mm in the saturated sand test and
kh20 = 23.47 N/mm in the dry sand test. Compared with the dry sand test, when the soil
was saturated (the groundwater level was at the soil surface), the ability of the sand to limit
the displacement of the pile was significantly weakened. The suction stress in saturated
soil was the pore water pressure [25]. The grain spacing between soil particles became
larger, the effective stress was reduced, and the soil strength decreased. It can be seen that
the presence of groundwater can significantly impact the mechanical properties of sand.

When the water level was lower than the soil surface, the constraining capacity of the
sand to the laterally loaded piles was obviously enhanced compared to the dry sand test,
and the growth rate of the cyclic stiffness of each group was affected by the change in water
levels. For example, in the 140 mm groundwater depth tests (Figure 8c), the cyclic stiffness
at the 20th cycle increased by 40.3% and 43.2% when compared with the first cycle, the
corresponding growth rates in the 90 mm groundwater depth tests (Figure 8d) were 85.9%
and 129%, and the corresponding growth rates in the 40 mm groundwater depth tests
(Figure 8e) were 109.8% and 194.3%. In Bishop’s effective stress, the capillary pressure is
regarded as the matrix suction, and this theory is widely adopted in many disciplines [69].
Lowering the water level causes capillary stress or matrix suction to develop above the
water level. Capillary water can be considered as a fluid with an isotropic negative pore
water pressure in the unsaturated soil. The shrink film produced by the capillary water
bears an air pressure greater than the water pressure [23,25], which affects the effective
stress of the soil and the strength of the soil is increased. The capillary layer moved down
and the growth rate of cyclic stiffness decreased as the groundwater level dropped. This is
because the shallow soil has a greater influence on the pile–soil system compared to the
deep sand [70].

3.3. Analysis of Fractal Dimension

Fractal dimension can describe the fluctuation degree of curve quantitatively. The
higher the fractal dimension, the greater the fluctuation of the curve. The curves of the
relationship between the pile top displacement and cycle steps are zigzag and has obvious
fractal characteristics. The curve of the relationship between the cyclic stiffness of the sand
around the pile and cycle steps also has the same fractal characteristics.

Figure 9 shows the fractal dimension of the curve of the relationship between the
pile top displacement and the cycle steps. Taking the peak cyclic load 4 N as an example
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(Figure 8b), the fractal dimension decreases in the order of saturated sand (group 6), dry
sand (group 7), and groundwater depth 140 mm (group 8), 90 mm (group 9) and 40 mm
(group 10), which are 1.3728, 1.3107, 1.295, 1.269, and 1.2443, respectively. The lower
the fractal dimension, the smoother the displacement curve, which means the difference
between ymax and ymin of the pile in each cycle is small. In other words, the high resistance
ability of the soil to deformation represents a small fractal dimension. The displacement of
pile top mainly depends on the behavior of shallow sand. Compared with dry sand, the
shallower the groundwater table is, the more obvious the matric suction caused by capillary
water rising strengthens the shallow sand, which leads to the smaller the fractal dimension.
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However, as far as saturated sand is concerned, the shallow sand is saturated and the
matric suction has disappeared. The water film between the sand particles in the shallow
sand plays a “lubricating role”, which makes the sliding between the sand particles easier.
Therefore, under the action of cyclic load, the displacement range of sand is naturally the
largest, and the fractal dimension is also the largest. When the peak cyclic load is 3 N
(Figure 9a), the fractal dimensions are 1.365, 1.3137, 1.3133, 1.2474, and 1.2442 respectively,
which is similar to the law when the peak cyclic load is 4 N.

Figure 10 shows the fractal dimension of the curves of the stiffness of sand around
piles and cycle steps. It can be seen from Figure 10a that the fractal dimensions of group 1
to group 5 are 1.2289, 1.2144, 1.2065, 1.1709, and 1.1596 respectively, which indicates that
under the condition of saturated sand, the change amplitude of sand stiffness is the largest.
However, when the buried depth of groundwater level is 40 mm, the change amplitude is
the smallest. In Figure 10b, the fractal dimensions of group 6 to group 10 are 1.231, 1.2211,
1.2159, 1.1886, and 1.1502, respectively. By comparing the fractal dimensions of Figure 9a,b,
it can be seen that the change amplitude of sand stiffness under the peak cyclic load of
4 N is larger than that under the peak cyclic load of 3 N when the groundwater depth is
the same.

In order to explore the sensitivity of pile top displacement to cyclic steps under
different groundwater depths, the relationship between displacement fluctuation index and
fractal dimension is discussed. Figure 11 shows the linear fitting results of the variance and
fractal dimension of the accumulated pile top displacement increment data group between
each cycle step. The slope of linear fitting line is 0.04265 when the peak value of cyclic load
is 4 N, which is higher than 0.01043 when the peak value of cyclic load is 3 N, indicating that
the increase of peak value of cyclic load will increase the sensitivity of pile top displacement
to cyclic steps. Obviously, there is a strong positive correlation between them, which means
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that the larger the fractal dimension is, the stronger the sensitivity of pile top displacement
to cyclic steps is. Moreover, the correlation between fractal dimension and the mechanical
response of the pile–soil system is also further verified. The value of the fractal dimension
can reflect the change of the pile–soil system under various environmental circumstances.
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In addition, the average increment and fractal dimension of cumulative pile top
displacement between each cyclic step after the first cyclic load are fitted and analyzed,
and the results are shown in Figure 12. They also showed a good positive correlation.

3.4. Comparative Analysis of the Change Law of Soil Displacement Field

Research by Yuan et al. explained how to obtain the spot pattern needed to calculate
the soil displacement field [71]. Using that information, this research process applied
PIVview2C software to process the images taken during the cyclic loading peak Hmax = 4 N
test process to obtain the soil particle displacement field data between the key frames
during each step of the cyclic loading process, and then imported it into the TECPLOT
software for displacement field equivalence line drawing [72]. This section analyzes the
mechanism of pile–soil interaction in soil under cyclic loading from the macroscopic view
of particle movement.
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There were five sets of experiments in this experiment, and the practice associated
with each set of images was the same. Therefore, a set of representative PIV images at
a groundwater depth of 90 mm was selected. The PIV images after the first, second,
tenth, and twentieth cyclic loadings are as shown in Figure 13. As shown in Figure 13a,
the main deformation of the soil around the pile occurred in the first cycle. Initially,
the soil displacement was induced within 20 mm of the pile circumference, and the soil
displacement was most obvious at a distance of 10 mm around the pile circumference. The
image after the second cyclic loading is shown in Figure 8b. Most of the soil displacement
was concentrated within 40 mm around the pile circumference, and the soil displacement
at a distance of 10 mm around the pile circumference was still the most obvious. The
image after the tenth cyclic loading is shown in Figure 13c. Compared with the second
loading, the soil displacement range was significantly reduced, and the soil displacement
was concentrated within 30 mm of the pile circumference. The image after the twentieth
loading is shown in Figure 13d. The soil displacement particles are obviously sparse, and
the soil displacement range is reduced to within 20 mm.

The reason for this phenomenon is that the displacement of sand grains in the vertical
direction is predisposed to occur, resulting in the volume change of the soil remaining
largely compressible and maintaining a lot of room for strength. When the cyclic loading
reaches the peak state, the shear zone will form in the core area around the pile. As the
deformation further increases, the shear zone begins to develop around the pile, and the
sand on both sides of the pile gradually slips and the strength decreases slowly. When the
shear band is misaligned to a certain extent, under the action of false cohesion, the soil
around the pile reaches the static equilibrium state again, and no new slip occurs. At this
point, the soil around the pile reaches a stable residual state, and the displacement of the
pile only disturbs the soil around the pile within a certain range.
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4. Conclusions

An original pile–soil test platform combined with PIV was designed for conducting
horizontal loading tests on a monopile with the groundwater level and loading amplitude
as variables under the unidirectional lateral cyclic loading. The pile–soil system was
significantly affected by the cyclic loading, and the lateral stiffness of the soil increased
as the loading proceeded. It was evident from the PIV images that the short-term effects
of cyclic loading on the pile are much greater than the long-term effects. The disturbance
range of soil around the pile rose with the increase in the number of cycles in the first ten
cycles of loading. The soil structure was reconstructed, and the disturbance range of the
soil around the pile gradually shrank and stabilized in the final ten cycles of loading. With
a higher loading amplitude, the initial and cyclic stiffness of the soil would be less. The
growth rate of cyclic stiffness was reduced as the groundwater level dropped. The stiffness
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of dry sand was greater than the stiffness of saturated soil, but less than the stiffness of the
soil when the water table was below the soil surface, a difference due to matrix suction.
Fractal theory was introduced to analyze the curves of the pile top displacement and
the curve of the cyclic stiffness of the sand. The larger the fluctuation amplitude of the
curve, the larger the fractal dimension. Both the variance and the average increment of
the cumulative pile top displacement between each cycle step were positively correlated
with fractal dimension. Therefore, a new physical meaning was given to fractal dimension,
which meant fractal dimension could reflect the load response of the pile–soil system under
cyclic loading.

The study outcome is expected to deepen understanding of the physical process and
fundamental principles of the response of laterally loaded piles and sand bodies under
different groundwater depths. However, this study was limited to a single soil layer.
Further research is needed to explore the interaction mechanism of the pile–soil system
during changes in groundwater levels under complex stratified soil in order to provide a
better reference for the project monitoring.
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