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To explore the pile-soil interaction response in saturated sand under long-term horizontal cyclic loading, a series of indoor 1 g
model tests were carried out with self-made loading equipment. In this paper, the self-made loading system and test program are
introduced firstly. Then, the long-term horizontal cyclic loading-induced pile top cumulative displacement, the rotation angle, the
mono-pile horizontal cyclic stiffness, the cyclic p-y curve, the pore water pressure, the soil settlement, and cracks around mono-
pile are fully studied. Based on the experimental results, the pile-soil interaction response shows a two-stage characteristic with the
change in cycle (N), and the short-term effects of horizontal cyclic loading are greater than the long-term effects. In the first 1000
cycles, the cumulative displacement of pile top, the rotation angle of mono-pile, and the pore water pressure could reach more
than 90% of the final value. In addition, the cyclic p-y curve obtained by the test is generally smaller than the p-y curve calculated
from the API specification, and the soil near the mono-pile will settle with annular cracks under the cyclic loading.

1. Introduction

In the past decade, with the continuous development of
science and technology and the sustainable development
needs of clean and environment-friendly energy, offshore
wind power has entered a period of rapid development
[1-5]. Offshore wind power generation which has attracted
great attention due to its advantages of stable wind re-
sources, high wind speed, large power generation, and no
occupation of land resources has a good development
prospect [6]. In recent years, with the decrease in onshore
wind energy resources, wind farm construction shows a
trend of transferring from land to offshore [7]. From 2009 to
2019, China’s cumulative installed capacity of offshore wind
power increased by 253 times, from 17.5MW to
4,429.9 MW. Large-diameter single pile foundation is widely
used in offshore wind turbine engineering. Located in a
complex marine environment, offshore wind power

foundation will undergo permanent lateral cumulative de-
formation under cyclic loading such as wind, tide, wave
current, and ocean current. A host of studies have shown
that when the rotation angle of pile shaft exceeds 0.5°, the
offshore wind turbine will not work normally [8]. Therefore,
it is of great significance to study the long-term loading
response of offshore wind power foundation under hori-
zontal cyclic loading for the design and stability evaluation
of offshore wind power foundation [9].

Long-term loading test of the single pile in saturated
sand is the most direct method to investigate the long-term
loading characteristics of single pile in saturated sand under
horizontal cyclic loading. The long-term loading test of
single pile foundation is divided into field test and model
test. In field tests, Little et al., Long et al.,, and Lin et al.
proposed empirical formulas for cuamulative deformation of
single pile foundation in sand under horizontal cyclic
loading through field tests [10-12]. These formulas are
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mainly in exponential and logarithmic forms, but they are
essentially p-y curve stiffness weakening models. Although
long-term loading of a single pile can truly reflect the long-
term loading response of a single pile in the field test, the
preparation time of the field test is long, the test cycle is long,
and the test is difficult. Therefore, most of the studies in-
vestigate the long-term loading response of a single pile
through model tests. The model test includes centrifugal test
and 1 g model test. The centrifugal test of single pile can
satisfy all kinds of similarity ratio between the model and
prototype, but the preparation period of the centrifugal test
is long and the number of cycles is small. For example,
Rosquoet et al,, Klinkvort et al., and Zhang et al. conducted
single pile centrifuge tests with loading cycles within 1000
cycles [13-15]. These results have little significance for
predicting the long-term loading response of single pile.
Compared with the single pile centrifugal test, the 1 g model
test is difficult to overcome the deficiency caused by the
similarity ratio between the model and prototype, but the 1 g
model test can be loaded for a long time and repeated, and
the difficulty in model test is relatively low. The most rep-
resentative one is Leblanc et al., who conducted model tests
of about 10* cycles of cyclic loading in dry sand through a
self-made long-term horizontal cyclic loading device and
proposed a horizontal cyclic cumulative rotation angle
prediction model, but this model is in a nonexplicit form
[16]. Subsequently, Arshad et al., Chen et al., Zhu et al., and
Zhang et al. further carried out long-term cyclic loading
model tests of large-diameter single pile, suction bucket, and
caisson pile by self-made long-term horizontal cyclic loading
device [17-20]. Zhu et al. realized cyclic loading tests of
suction bucket foundation for millions of cycles, and these
test results have great significance for predicting the long-
term loading response law of offshore buildings [21].
Compared with experimental research, the theoretical
research mainly focuses on the accurate simulation of
hysteresis path within dozens of internal cycles, such as the
p-y analysis method based on elastic foundation beam.
Allotey et al. established the p-y curve simulating the
loading-unloading and reloading process based on the
nonlinear Winkler foundation model and, at the same time,
took into account the disconnecting effect of soil around the
pile [22]. Heidari et al. combined Masing criterion and the
cyclic attenuation model of soil with the horizontal load-
bearing strain wedge SW model to simulate the cyclic
hysteresis characteristics [23]. Huang and Liu proposed a
nonlinear motion-hardening model based on the single-
medium metal elastoplastic model, which considered the
stress-strain hysteretic property of soil on the basis of
considering the elastic modulus of soil [24]. In terms of
numerical simulation, Achmus et al. and Depina et al.
proposed an improved stiffness attenuation model to cal-
culate the cumulative deformation of single pile under cyclic
loading through secondary development, but this model
ignored the hysteresis effect of soil under cyclic loading
[25, 26]. Bourgeois et al. and Giannakos et al. realized three-
dimensional numerical simulation of single horizontally
loaded pile by means of the motion-hardening soil model
based on D-P criterion and the Mohr-Coulomb criterion
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and studied the dynamic response of single pile under long-
term loading, respectively [27, 28]. Based on the nonlinear
Winkler foundation model, Memarpour et al. proposed a
new stable and practical BNWF model by adopting the CPSI
element considering decoupling, which can be used to
calculate the lateral displacement characteristics of pile
under the action of cyclic loading [29].

At present, a great deal of studies on the load-bearing
characteristics of pile under horizontal cyclic loading have
been investigated, but little attention has been paid on the
cumulative deformation and resistance attenuation of soil
around pile. Moreover, study of variation rules of pore water
pressure within the pile-soil interface under horizontal cyclic
loading is relatively less, and the loading cycles of tests of the
existing researches are mostly concentrated within 1000
cycles. Therefore, the small-scale model test of single pile
under horizontal cyclic loading was carried out in this paper
using the self-made indoor model test cyclic loading system,
and the number of cyclic loading was over 5 x 10> cycles to
study the long-term response of mono-pile under horizontal
cyclic loading. In this paper, the self-made indoor model test
cyclic loading system and test scheme will be introduced in
Section 2. In Section 3, the cumulative pile top displacement,
the rotation angle, the mono-pile horizontal cyclic stiffness,
the cyclic p-y curve, the pore water pressure, and the set-
tlement and cracking around mono-pile under horizontal
cyclic loading will be analyzed in detail.

2. Model Test

2.1. Model Pile. During the physical model tests, the model
pile is made of hollow aluminum alloy. The geometric
similarity ratio of model pile and prototype pile is 1:100. As
shown in Figure 1, the model pile has a pipe diameter of
50 mm, a thickness of 3mm, and a length of 1m, and its
elastic modulus is 71 GPa. The bottom of the model pile is
sealed with a round flat-bottom aluminum cap. The model
pile is embedded into the soil for 70 cm, and the suspended
section above the foundation surface is 30 cm. In order to
meet the similarity of constitution, dynamics, and motion,
the critical pile length is introduced to keep the long-term
loading response law of the experimental model and the
prototype pile under the consistent horizontal cyclic loading.
The formula of critical pile length in sand [30] is

1/5
E.I

L, = 2(&) ,
L)

1/5
EEIE
ch = 4( nO > 5

where L., and L are the critical pile length of rigid pile and
flexible pile, respectively; E, and I, are the elastic modulus
and sectional moment of inertia of pile foundation, re-
spectively; and n, is the initial reaction coefficient of
foundation, which can be calculated by the relationship
curve given by Terzaghi [31], as shown in Figure 2. The n,
calculated in this model test is shown in Table 1. The pile
used in this model test is semirigid pile.

(1)
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FIGURE 2: Relationship curve between n, and D, of sand.

TasLE 1: Critical pile length.

Soil Pa D, i L, Ly
Sand 1.54 60.3 6.3 0.53 1.06

2.2. Model Sand. The sand used in the model test is local
river sand, which is thoroughly washed and dried. As shown
in Table 2, the dry density is 1.542 g/cm”, the compactness is
60.3%, and the relative density is 2.64. The grading curve of
the soil is shown in Figure 3. In the test, the filling thickness
of soil in the model box is 0.8 m, which is prepared by layered
filling and rolling. The filling steps of soil are as follows: (1)
the model pile is fixed in the centre of the test box and keeps
the pile body upright. (2) A scale is pasted on the toughened
glass on both sides of the test box to control the filling
thickness of each layer and the total filling thickness. The

3
TABLE 2: Model test parameters.

Parameter Symbol Value
Soil properties
Mean grain size dso (mm) 0.175
Dry density pa (glcm?) 1.541
Specific gravity of sediment grain G, 2.64
Poisson’s ratio Us 0.32
Maximum void ratio Cmax 0.856
Minimum void ratio Cmin 0.427
Void ratio E 0.597
Relative density D, 0.603
Pipe properties
Diameter D (mm) 50
Thickness h; (mm) 3
Length L (mm) 1000
Elastic modulus E (GPa) 71
Poisson’s ratio Hp 0.3
Loading properties
Frequency f (Hz) 1

filling thickness of each layer of soil is 30 mm. After the even
filling is completed, iron blocks with a diameter of 200 mm
and thickness of 60 mm are used for compaction. According
to the designed rolling times, the designed dry density is
achieved. (3) After filling the soil, water is added into the
model box and the test is conducted after standing for 24
hours. At the same time, the water depth of about 10 mm
should be kept throughout the test.

2.3. Test Device. The foundation of in-service offshore wind
power will endure billions of cycles of cyclic loading with
different amplitudes in the service life; for example, Achmus
et al. found that the number of cycles would exceed 10% [25].
Therefore, the complex load borne by the offshore wind
power foundation is simplified into a simple periodic cyclic
loading in the test. At the same time, a self-designed long-
term horizontal cyclic loading system was used to carry out
model tests, as shown in Figure 4. The loading system
consists of power system, sliding system, loading regulation
system, connection system, and reaction system. The power
system consists of a motor, an eccentric wheel, and a motor
step-down frequency regulator, which mainly provides
loading power with different frequencies and amplitudes for
this model test. The sliding system is mainly composed of
connecting rod and linear slider bearing, which mainly
ensures the directional loading of this model test. The
loading regulation system is mainly composed of special
coupling and tension pressure sensor, which is mainly used
to adjust and measure the cyclic loading in the test. The
connection system mainly refers to the connection mode
between the model pile and the loading regulation system,
and different loading paths can be realized through different
connection modes. The reaction system is mainly a reaction
steel frame, which is mainly used to reduce mechanical
vibration, provide reaction force, and prevent dumping. This
test can achieve horizontal cyclic loading with different
amplitudes, different cycles, different frequencies, and dif-
ferent loading paths, which meet the requirements of this
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FiGure 3: Grading curve and sand sample.

FIGURE 4: Schematic diagram of test device.

model test. In the test, the loading curve obtained by tension
and compression sensor is shown in Figure 5.

The size of the model box is 1.2m x 1.35m x 0.9 m, and
the distance between the model pile and the edge of the
model box is greater than 10D (D is the pile diameter),
which meets the requirements of boundary conditions, so
the boundary effect can be ignored. The layout of the sensors
in the test is shown in Figure 6.

2.4. Test Program. In this test, 16 channels of Donghua DH-
5922 dynamic signal acquisition system were used to collect
test data. In order to ensure the progress of the test, the
following situations occur in the model test: (1) when the
number of cycles reaches 5000; (2) when the displacement at
the mud surface exceeds 0.2 D.

In the study, the horizontal ultimate bearing capacity of
the model pile is determined through the horizontal static
loading test and the slow maintenance loading method is
adopted in the model test. When the displacement of the pile
body at the mud surface exceeds 0.2 D [32, 33], loading is
stopped. At this time, it is considered that the loading
corresponding to the displacement of 0.2 D in the loading-
displacement curve (Figure 7) obtained from the test is the
ultimate bearing capacity of the model pile. And the ultimate
bearing capacity of the model pile is 120 N. Leblanc et al.

suggested that the ratio of cyclic loading amplitude to static
ultimate bearing capacity should be adopted [16]. Therefore,
in this paper, the ratio of horizontal cyclic loading amplitude
(H,) to horizontal ultimate bearing capacity (H,) is defined
as horizontal cyclic loading ratio (7.). The test conditions are
shown in Table 3. Considering the frequency of wave loading
and wind loading in marine environment, Hesham et al.
suggested that the loading frequency of model test should be
0-1Hz [34], so the loading frequency in this model ex-
periment is 1Hz. In order to maintain the waveform, a
frequency sampling of 10 Hz was used in the test.

3. Results and Discussion

3.1. The Cumulative Deformation of Mono-Pile under Hori-
zontal Cyclic Loading. Previous studies have shown that the
pile top’s cumulative lateral displacement [24] and rotation
angle [16] of mono-pile foundation in saturated sand will
increase continuously under lateral cyclic loading. And the
phenomenon of weakening appears as shown in macro-
scopic view. In this section, the cumulative deformation law
of large-diameter mono-pile in saturated sand based on the
mono-pile model test results under different amplitudes and
cycles will be analyzed. Figure 8 shows the variation in
cumulative deformation of model pile top with the number
of cycles, where N is the number of cycles, y is the dis-
placement of pile top, and 0 is the rotation angle of the
mono-pile top. Figure 9 displays the variation in maximum
cumulative displacement and rotation angle of model pile
top with 7.

As shown in Figure 8(a), when the amplitude of hori-
zontal cyclic loading is small (0.125<#,.<0.5), the cumu-
lative displacement of pile top increases rapidly in the first
1000 cycles. Then, the increasing speed of cumulative dis-
placement at the top of pile gradually slows down and tends
to be stable. When the amplitude of horizontal cyclic loading
is large (0.625 < 7.), the cumulative displacement of pile top
increases rapidly in the first 1000 cycles. When the number
of cycles N is 5000 cycles, the cumulative displacement of
pile top still increases. Therefore, the critical lateral cyclic
loading ratio (/:min> Hemax) 1S assumed in the paper. When 7,
is less than or equal to #.min, the horizontal accumulated
displacement of pile top will not accumulate with the
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increase in the number of cycles. When 7, is less than or
equal to # max the horizontal accumulated displacement of
pile top increase with the increase in cycles, and the hori-
zontal accumulated displacement of pile top will not increase
at the later stage of the cycle. As shown in Figure 8(b), the
variation trend of the cumulative rotation angle of model
pile top is consistent with pile top cumulative displacement.
It further indicates the existence of critical horizontal cyclic
loading ratio. Therefore, when the design of large-diameter
mono-pile foundation is considered for restraining pile
foundation deformation, it is recommended to control # .«
within 0.5.

As shown in Figure 9, when #.<0.25, the maximum
cumulative displacement of pile top and the rotation angle of
model pile increase slowly with the increase in horizontal
cyclic loading ratio. When #.<0.25, the maximum
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TaBLE 3: Experiment conditions.
Horizontal cyclic loading ratio (#,) Cycles (N)
Case 1 0.125 5000
Case 2 0.25 5000
Case 3 0.375 5000
Case 4 0.5 5000
Case 5 0.625 5000
Case 6 0.75 5000

cumulative displacement of pile top and the cumulative ro-
tation angle of model pile develop rapidly with the increase in
horizontal cyclic loading ratio. This paper argues that, in
saturated sand, when the horizontal cyclic loading amplitude
is small, the internal strain of the soil around the single pile is
small, the soil structure has not been damaged, and the
stiffness of the soil around the pile decreases slowly so that the
soil deformation is small, resulting in a small cumulative
displacement of the mono-pile. When the horizontal cyclic
loading amplitude is large, the internal strain of soil around a
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mono-pile is large. With the rapid development of the
number of cycles, the structure of soil will be destroyed in a
short time, and the stiffness attenuation of soil will be
accelerated, which is finally manifested as the rapid increase in
accumulation of displacement mono-pile.

3.2. The Horizontal Cyclic Stiffness of Mono-Pile. As shown in
Figure 10, in order to further reflect the cumulative de-
formation characteristics of single pile under long-term
horizontal cyclic loading, the cyclic loading and deformation
increment mode is adopted, and the calculation method for
the horizontal cyclic stiffness of mono-pile is constructed by
considering the maximum displacement (¥ mnay), minimum
displacement (y.;,), and the variation in the amplitude of

cmax

Ylemin Ylemax Y Nemin Y Nemax

Figure 10: Calculation method of horizontal cyclic stiffness of
single pile.

horizontal cyclic loading (H,) of the three parameters of the
cyclic loading path, so as to reflect the variation law of the
horizontal cyclic stiffness of single pile under the action of
horizontal cyclic loading:

k.= H. k.= H. (2)
‘ (ycmax _ycmin)D ‘ (ycmax _ycmin)D,

where k. is the he horizontal cyclic stiffness of mono-pile.
Figure 10 shows the variation in cyclic stiffness of single pile
with cycles.

As shown in Figure 11, the horizontal cyclic stiffness of
the mono-pile increases with increase in the cyclic loading
cycles. As the cycles increase, the difference between the
maximum (Yemay) and minimum (Yemin) values of the dis-
placement within a single cycle keeps decreasing. The
minimum value (y.;,) of the displacement produced within
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a cycle is constantly converging to the maximum value
(Yemax)- This indicates that as the cycles increase, the cu-
mulative deformation of the mono-pile foundation tends to
balance, which is consistent with the results in Section 3.1. It
is noteworthy that as the cyclic loading amplitude increases,
the lateral cycle stiffness of the mono-pile decreases. As the
cyclic loading amplitude increases, the difference between
the maximum and minimum displacement within a single
cycle increases. This means that as the cyclic loading am-
plitude increases, the cumulative deformation of the mono-
pile foundation increases.

3.3. The Cyclic p-y Curve. In order to study the cyclic p-y
curves of large-diameter mono-pile foundations under cyclic
loading, this paper mainly relies on the results of Section 3.1
(Figure 9) to analyze the cyclic p-y curves of mono-pile
foundation at different depths under different conditions
within 5000 cycles in this section. According to the model
test results, the authors adopted the method suggested by
Yang and Liang, to obtain the p-y curve under cyclic loading
[35]. It can be expressed by the following equation:

EI EI
M (z) = 228 M (z) = Zeef (3)
C C
&M
_ M (4)
P dz*
(ML (M
y = ”Eele dz"y = «”Eele dz*, (5)

where c is the radius of the pile, E,I is the bending stiffness of
the pile, ¢ is the measured strain value at a specific depth (z)
along the buried length of the pile, p is the soil resistance, and
y is the displacement of the pile.

In order to obtain the p-y curve, the two steps are in-
volved [36]: (1) according to the measured strain of single
pile, the bending moment of single pile is calculated by
equation (3); (2) p and y are calculated according to
equations (4) and (5), respectively. The two boundary
conditions are used for equation (5): one boundary con-
dition is the tip of single pile with zero displacement, and
another boundary condition is obtained from the dis-
placement measured by using LVDT1 and LVDT2. Figure 12
shows the variation in moment of single pile with depth, and
Figure 13 shows the cycle p-y curves, based on the experi-
mental results.

As shown in Figure 13, the p-y curve at different depths is
degraded as the cycles increase. The variation trend is
consistent with that of single pile bending moment (Fig-
ure 12). This shows that the stiffness of the soil around the
mono-pile decreases and the soil weakens as the cycles
increase, which leads to the accumulation of pile top dis-
placement. As the loading amplitude increases, the degra-
dation of the p-y curve at the same depth increases. And the
displacement at the same depth develops rapidly. When 7, is
0.75, the displacement at the same depth keeps an increasing
trend with the increase in the cycles, which further indicates
the existence of a maximum critical loading ratio. In
summary, at the same depth, a larger loading amplitude has
a greater effect on the soil around the pile foundation and the
stiffness attenuation is more pronounced. In addition, under
the effect of the same loading amplitude, the loading change
gradually decreases as the depth increases. And the stiffness
attenuation keeps increasing. The attenuation of the p-y
curve is mainly concentrated in the shallow layer (1 D).
When the loading amplitude (#.=0.75) is larger, the in-
fluence of the p-y curve slightly decreases. This is consistent
with the findings of Matlock [37].

According to APT’s standards [38, 39], the comparisons
between the calculated results and the test results are given in
Figure 14. On the whole, the displacement values obtained
for API’s standards under the same soil resistance are
smaller than the test results. Therefore, the calculation re-
sults according to API standards will overestimate the
bearing performance of large-diameter pile foundations
under lateral cyclic loading.

3.4. The Cumulative Pore Water Pressure at Mono-Pile Side
under Cyclic Loading. Under cyclic loading, the pore water
pressure in the vicinity of mono-pile foundations in satu-
rated silt sand soils can accumulate. It may further lead to the
decrease in the effective stress in the sandy soil. Eventually,
the bearing properties of the pile foundation will continue to
deteriorate [40]. Therefore, based on the model test results in
case 4, the pattern of pore water pressure variation near the
pile-soil interface is studied in this section. Figure 15 shows
the normalized curves of pore water pressure variation at
different depths near a mono-pile. p, is the pore water
pressure amplitude, and o, is the vertical effective stress at
the same depth.

As shown in Figure 15, the pore water pressure near the
mono-pile increases as the cycles increase. The pore water
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FIGURE 15: Variation in pore water pressure: (a) P1; (b) P2; (c) P3; (d) P4; (e) P5.

pressure develops rapidly at the first 1000 cycles and thenthe 7 D, respectively. Under horizontal cyclic loading, the pore
increasing trend slows down. The pore water pressures of P1, ~ water in the soil around the pile could not be removed
P2, and P3 follow the same trend. The pore water pressures  quickly, which led to an increasing pore water pressure. The
continued to accumulate and finally are stabilized. However, = pore water pressure of P4 is negative. With the increase in
the pore water pressure in Pl tended to decrease. This is  the number of cycles, the pore water pressure keeps accu-
because P1, P2, and P3 are located at depths of 1 D,4 D, and  mulating. It is believed that the negative pressure occurs
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FIGURE 16: The gap and the settlement around pile: (a) case 2; (b) case 6.
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FIGURE 17: Settlement with different cycles around pile in case 6: (a) N=1000 cycles; (b) N=5000 cycles.

mainly because P4 is located in the opposite direction of the
pile movement and a suction situation occurs, which in turn
exhibits negative pressure during the test. The phenomenon
is similar to that of Liao et al. and Bauer et al. in the mono-
pile model test in clay [36, 41]. The pore water pressure of P5
continued to accumulate with increasing number of cycles,
and the increasing trend slightly decreased. In addition, the
maximum value of pore water pressure of P5 is less than the
maximum value of pore water pressure of P1. P5 decreases
by about 22% relative to P1. This indicates that the pore
water pressure decayed in the range of 1D at the pile
circumference.

3.5. The Cumulative Pore Water Pressure at Pile Side under
Cyclic Loading. In this test, sedimentation and cracks in the
soil around the pile at the muddy surface under cyclic
loading are local damage phenomena of the pile-soil system
under horizontal loading. Therefore, in this section, the
development pattern of settlement and cracks in the soil
around the pile at the muddy surface under cyclic loading
will be analyzed in detail. Figure 16 shows the soil gaps and
the settlements around pile. Figure 17 shows the settlement
with different cycles around pile. Figure 18 shows the
variation in the settlement depth with the loading amplitude.

As shown in Figure 16, under horizontal cyclic loading,
clear settlement and cracks appeared around the mono-pile.

1.2 T T T T T T T

0.6 pog i

h/D

0.4 | ’ i

0.2 e i

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

FIGURE 18: Variation in the settlement depth with the loading
amplitude.

Under the cyclic loading, the soil around the pile appears to
settle into an approximately circular pit. Circular cracks
appeared at the bottom of the circular pit. The above
phenomena indicate that the soil structure around the
mono-pile is continuously adjusted under the cyclic loading
and the pore water pressure is accumulating. Under the
coupling effect of pore water pressure and soil structure
adjustment, the soil around the mono-pile sinks continu-
ously. And the sinking phenomenon becomes more and
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more obvious as the cycles increase. At the same time, cracks
appear at the muddy surface.

4. Conclusions

In this paper, the pile-soil interaction response in saturated
sand under horizontal cyclic loading was investigated by
the 1 g model test, where 6 groups of horizontal cyclic tests
with different loading amplitudes were carried out by self-
made loading test system. Under the horizontal cyclic
loading, the cumulative displacement of pile top, the ro-
tation angle of mono-pile, the mono-pile horizontal cyclic
stiffness, the cyclic p-y curve, the pore water pressure, and
the settlement and gaps around mono-pile are fully studied.
Based on the experimental results, the following conclu-
sions are drawn:

(1) Under the horizontal cyclic loading, the cumulative
displacement of pile top and the rotation angle of
mono-pile show a trend of increasing at first and
then decreasing as cycles increase, and the maximum
cumulative displacement of pile top increases with
the increase in loading amplitude.

(2) The critical horizontal cyclic loading ratio (#cmax)
should be existed in judging the cumulative law of
the pile. In other words, the horizontal displacement
of pile top will not accumulate with cyclic loading
when the horizontal cyclic loading ratio is less than
the critical horizontal cyclic loading ratio and the
cumulative horizontal displacement of pile top in-
creases rapidly and does not tend to be stable in the
later stage when the horizontal cyclic loading ratio is
larger than the critical horizontal cyclic loading ratio.

(3) The variation trend of the horizontal cyclic stiffness
of mono-pile is opposite to the cumulative defor-
mation of mono-pile. The horizontal cyclic stiffness
of single pile increases with the increase in the
number of cycles and the horizontal cyclic stiffness of
mono-pile decreases with the increase in loading
amplitude.

(4) The cyclic weakening continues to weaken with the
increase in depth, and the weakening phenomenon
mainly occurs within 50 mm from the surface. The
cyclic p-y curve obtained from the API specification
is generally larger than the measured value.

(5) The horizontal cyclic loading-induced pore water
pressure near mono-pile increases continuously, and
the variation in pore water pressure was up to 22% in
the 50 mm range.

(6) The soil settlement around the mono-pile mainly
occurred within the first 1000 cycles, and the cir-
cumferential cracks appeared in the test should be
noticed.
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