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Abstract: For an offshore photovoltaic helical pile foundation, significant horizontal cyclic loading is
imposed by wind and waves. To study a fixed offshore PV helical pile’s horizontal cyclic bearing
performance, a numerical model of the helical pile under horizontal cyclic loading was established
using an elastic—plastic boundary interface constitutive model of the clay soil. This model was
compared with a monopile of the same diameter under similar conditions. The study examined
the effects of horizontal cyclic loading amplitude, period, and vertical loads on the horizontal
cyclic bearing performance. The results show that under horizontal monotonic loading, the bearing
capacities of a helical pile and monopile in a serviceability limit state are quite similar. However, as
the amplitude of horizontal cyclic loading increases, soil stiffness deteriorates significantly, leading
to greater horizontal displacement accumulation for both types of piles. The helical pile’s bearing
capacity under horizontal cyclic loadings is approximately 60% of that under monotonic loading.
With shorter cyclic loading periods, horizontal displacement accumulates rapidly in the initial stage
and stabilizes over a shorter duration. In contrast, longer cyclic loading periods lead to slower initial
displacement accumulation, but the total accumulated displacement at stabilization is greater. When
vertical loads are applied, the helical pile exhibits more stable horizontal cyclic bearing performance
than the monopile.
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1. Introduction

Developing offshore photovoltaics (PV) is an emerging strategy in the renewable en-
ergy sector that holds considerable promise for meeting the world’s growing energy needs
sustainably [1]. The push toward offshore PV is driven by several key factors that make
it an attractive option compared to traditional land-based PV systems [2]. Photovoltaics
generally perform better at cooler temperatures, and the natural cooling effects of water
may help maintain optimal operating conditions, potentially leading to greater energy
output [3]. Offshore PV also has the advantage of being near the world’s largest cities,
which are located near coastlines. Electricity can be generated closer to where it is needed,
reducing the losses during transmission over long distances. Despite these advantages, the
development of offshore PV also faces challenges. The foundation structures must with-
stand dynamic loads from the ocean environment, including wind, waves, and currents [4].
The bearing capacity of foundation structures under cyclic loads significantly affects the
operation of the offshore PV system.

Oftshore PV foundations are generally classified into two main types: floating and
fixed. Floating structures are designed to allow PV panels to float on the water’s surface.
These platforms are anchored to the seabed to prevent drift but are otherwise free to move
with waves, which reduces stresses on the panels and the structure [5]. Fixed structures, as

J. Mar. Sci. Eng. 2024, 12, 1826. https:/ /doi.org/10.3390/jmse12101826 https:/ /www.mdpi.com/journal /jmse


https://doi.org/10.3390/jmse12101826
https://doi.org/10.3390/jmse12101826
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jmse
https://www.mdpi.com
https://doi.org/10.3390/jmse12101826
https://www.mdpi.com/journal/jmse
https://www.mdpi.com/article/10.3390/jmse12101826?type=check_update&version=1

J. Mar. Sci. Eng. 2024, 12,1826

2of 16

shown in Figure 1, are anchored directly to the seabed. These foundation structures are
usually made from steel or concrete and are suitable for shallow waters where the seabed

is accessible for construction.
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=
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Figure 1. Fixed offshore PV: (a) First fixed offshore PV in Shandong Province, China; (b) Helical piles
for fixed offshore PV foundation.

Helical piles are widely used in onshore PV support structures with the advantages of
a high bearing capacity, adaptability, and ease of construction [6]. They exhibit enhanced
bearing performance due to the helical blades along the shafts, which increase the frictional
resistance between piles and soil [7]. The offshore helical pile foundations are recently con-
sidered promising types for offshore PV and offshore wind power support structures [8,9].
The research and application of offshore helical piles have gained significant attention,
primarily focusing on helical piles” horizontal or vertical static bearing performance in
marine soils. Regarding horizontal static bearing performance, Kumar conducted model
tests to investigate the factors affecting the piles’ bearing capacity. It was found that the
piles’ bearing capacity was significantly increased due to the presence of blades [10]. Ren
proposed a helical pile-soil interaction model based on the FEM-SPH method to predict the
piles’ bearing performances [11]. Helical piles were set as rigid bodies, the soil was modeled
as particles using SPH methods, and the soil’s stress distributions and displacements were
investigated. Lin used finite element modeling (FEM) of helical piles and soil to compare
the influences of blade pitch, spacing, and numbers on the bearing performances of helical
pile groups [12]. For vertical static bearing performance, physical models and numerical
analysis were used to study the vertical bearing performance of helical piles [13,14]. The
shape, spacing, and burial depth of the helical blades were found to affect the pile’s up-
lift resistance and the horizontal load-bearing capacity significantly. Additionally, Wang
studied the installation methods of helical piles and examined the pile shaft materials
and structures, finding that the installation process and pile shaft material significantly
influence the vertical bearing capacity [15]. In summary, the study of offshore helical piles
typically focuses on the deflection and shear of the pile under static loads, analyzing the
ultimate horizontal or vertical bearing capacity of helical piles.

Offshore PV or offshore wind power foundations are typically subjected to significant
random wind loads, combined with waves and currents acting on the pile foundation,
leading to complex dynamic responses. Therefore, more in-depth research is required
on the helical piles’ bearing performance under cyclic loadings. Narasimha conducted
model tests of helical piles subjected to cyclic loadings and found that helical piles’ bearing
performance remained unchanged when the cyclic loading amplitude was less than 55% of
the static bearing capacity [16]. However, it decreased significantly when the amplitude
reached 70% of the static bearing capacity. Indoor and field model tests were conducted,
applying different cyclic loading amplitudes in stages, and it was found that offshore helical
piles in sandy soils could withstand cyclic loading peaks between 60% and 80% of the
static bearing capacity [17]. Hao performed centrifuge tests on helical piles in sandy soils,
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revealing that, under constant cyclic loading frequency and amplitude, the bearing capacity
increased with burial depth [18]. The bearing performance stabilized when the burial depth
exceeded 12 times the helical blade’s diameter. Yang developed an equivalent stiffness
approach to derive the helical piles’ dynamic govern equation, considering the helical pile’s
shear deformation effect [19]. In summary, helical pile foundations have broad application
prospects in offshore PV and offshore wind power, and their bearing performance under
horizontal cyclic loadings is a key area of interest.

Currently, most studies on offshore helical piles” horizontal cyclic bearing performance
focus on sandy soils, with limited research on their performance in clay. Horizontal cyclic
loadings cause the helical pile to displace horizontally, compressing the surrounding
clay and causing cumulative plastic deformation. Furthermore, due to the upper PV
panels’ large area and tilt angle, wind loads cause significant vertical uplift or downward
loads to the helical pile head (Figure 2). Vertical loads’ direction and amplitude influence
helical piles’ bearing performance under horizontal cyclic loadings [20]. To analyze the
horizontal cyclic bearing performance of a helical pile for an offshore PV system, this
study uses an elasto-plastic boundary surface constitutive model to evaluate the behavior
of clay. Then, the numerical analysis method is established to simulate the helical piles’
bearing performances under horizontal cyclic loadings. After validating the model with
experimental results, the study compares numerical models of a helical pile and a monopile
to analyze the effects of cyclic loading amplitude, period, and vertical load on the piles’
horizontal bearing performances.
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Figure 2. Offshore PV helical pile foundation subjected to wind, wave, and current loads.

2. Models and Methodology
2.1. Numerical Model of the Helical Pile for Offshore PV

The offshore PV foundation consists of an upper PV bracket and four helical piles.
Due to the large span of the PV bracket, every two helical piles are spaced relatively far
apart, typically more than 20 times the pile shaft’s diameter, allowing the group pile effect
to be ignored [21]. Therefore, for an in-depth study of the helical piles’ bearing performance
under horizontal cyclic loadings, a single helical pile is chosen for the analysis. The helical
pile’s diameter d is set to 0.8 m according to practical offshore PV engineering experience
in Shandong Province, China (Figure 1), with the appropriate range of pile diameters
(0.6-0.8 m) for offshore PV foundations. The blade diameter D is set to three times the pile’s
diameter of 2.4 m. The helical pile and blades’ thickness is 3 cm, and the pitch is set to
0.3d = 0.24 m. According to the research by Merifield [22], increasing the number of blades
can enhance the bearing performance to some extent, but having more than three blades
increases construction difficulty. Thus, the number of blades is set to 3, with a spacing [ of
2.4 m between the blades. The pile length L is 25 m, with 10 m above the seabed and 15 m
embedded in the soil, and the first blade is buried at a depth of 9.2 m. The material for the
helical pile and blades is steel, with a material density of 7850 kg/m3, an elastic modulus
of 210 GPa, and a Poisson’s ratio of 0.3. To eliminate boundary effects, the soil region is
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set to a diameter of 20D = 48 m, with a height of 1.67 times the pile’s embedded depth of
25 m. The soil’s undrained shear strength S, at the mud surface is 13 kPa and increases
linearly with depth, S, = 13 + 2z kPa (z is the soil depth). The saturated unit weight is
16.95 kN/m?3, and the Poisson’s ratio is 0.45. Abaqus 2022 software is used to establish a
3D FEM of the helical pile and soil (Figure 3), which are modeled as three-dimensional
solid elements, with the mesh type being C3D8. Soil domain size and mesh sensitivity
analysis were carried out to investigate the boundary and mesh density effects. A soil
size with a radius of 48 m and a mesh density of 58,208 elements is considered sufficient
to avoid boundary and mesh density effects. A frictional contact algorithm featuring a
contact friction coefficient of 0.3 is employed to model the interaction between the helical
pile and soil. Normal contact is set to “hard contact”, allowing separation after contact.
The boundary conditions impose restrictions on both horizontal and lateral displacements
at the base of the soil region, with horizontal displacement constraints also applied to the
sidewalls. An initial geostatic analysis is performed before applying horizontal loads to
establish the soil’s initial stress fields. In addition, a simplification is made in this numerical
model. Due to the irregular shape of the helical blades, if they are modeled as helical in
the FEM, the qualities of the mesh elements near the blades are typically poor, leading to
non-convergence or significant errors in the results. When the pitch is between 0.24 and
0.3d, the helical blades can usually be simplified as flat blades, and the bearing capacities of
the simplified piles are almost the same as those of prototype ones [20,23,24].

Loading point

w G

Figure 3. 3D FEM of the helical pile foundation in clay.

A constitutive model for clay, which considers stiffness degradation and strain accumu-
lation effects of clay under horizontal cyclic loading, is used in the numerical model [25,26].
The boundary surface equation in the model is expressed using the Von Mises function:

3_ _
F = Esijsij - A% =0 (1)

In the equation, F is a function of the bounding surface based on Von Mises yield
criterion; gij are the deviatoric stress tensors on the boundary surface, i,j = 1, 2, 3 represent
components of a tensor; A is the radius of the boundary surface, which can be calculated
with the undrained shear strength of the clay according to Equation (1), Ay = 25, [27]. A
schematic diagram of bounding surface and mapping rules in multidimensional stresses is
shown in Figure 4, where s?j, §ij, and s;; are the mapping center, image point and current
point stress tensors; JF /ds;; are the exterior normal vectors of the bounding surface at the
image stress points.
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Figure 4. A schematic diagram of bounding surface and mapping rules in multidimensional stresses.

After the soil is subjected to the cyclic loading transferred by the pile foundation, the
elasto-plastic shear modulus of the current stress point along the loading and unloading
paths can be determined using the following interpolation function:

oK B i
H = (5) Huave ¢/ 15 @

In the equation, § represents the distance from the current stress point to the stress
point on the boundary surface; J) represents the distance from the mapping center to the
image stress point; i represents the parameter that reflects the shape of the stress—strain
curve during initial loading, with a value of 2 to assume that the initial shape of the stress—
strain curve is a hyperbola curve; Hpyayx is the maximum elasto-plastic shear modulus; ¢
reflects the rate of soil stiffness degradation and shear strain accumulation, taking the
value of 0 for monotonic loading and 2 for cyclic loading. These model parameters can be

obtained from dynamic triaxial test or simple shear test [25]. [ ‘dEZ‘ is the accumulated

equivalent plastic shear strain. Then, the incremental relationships between deviatoric
stress and strain in the model can be expressed as

3 Sij_
dsij + iskldskl 3)

1
"G Y A2
2H' A§

deij = 3G

In this equation, de;; is the incremental deviatoric strain on the boundary surface; G
is the elastic shear modulus of the soil and G = E/[2(1 4 v)]; E is the elastic modulus
(typically taken as E = 500S,,); v is Poisson’s ratio, ds;; is the incremental deviatoric strain,
k=1, 2,3 represent components of a tensor; H’ is the plastic hardening modulus, and
H' =2GH/(2G — H); 5y, is the incremental deviatoric stress on the boundary surface; and
dsy; is the incremental deviatoric stress at the current stress point.

2.2. Validation of the Numerical Analysis Methods

The tests conducted by Prasad [28] under horizontal loading were selected for simula-
tion to verify the numerical analysis methods for the performance of helical piles in clay
under horizontal cyclic loadings and the effectiveness of the constitutive model of the soil.
The experiment consists of tests for both monotonic loadings and horizontal cyclic loadings.
The length of the helical pile is 513 mm, the diameter is 13.8 mm, and it consists of four
blades. The blade diameter is 30 mm, and the spacing between the blades is 49.7 mm. The
helical pile was embedded with a depth of 276 mm. The clay soil has a saturated unit
weight of 16.95 kN/m? and an undrained shear strength of 10.0 kPa. The tests were carried
out in a cylindrical container measuring 400 mm in diameter and 500 mm in height. The
loading point was located 100 mm above the mud surface. A corresponding 3D FEM was
established, as shown in Figure 5.
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Figure 5. The 3D FEM of the validation test.

During the monotonic loading test, an increasing load is applied at the loading point
until the bearing capacity limit of the helical pile foundation is attained. Figure 6a compares
the simulated horizontal load—-displacement curves with the test under monotonic loading.
It must be noted that horizontal displacements at the loading point were measured in
Prasad’s test. Therefore, these displacements were compared. The figure shows that the
simulated horizontal load-displacement curves agree well with the test. Plastic deformation
occurs in the soil during the compression by the piles, and the horizontal load—displacement
curves show a curved shape in the initial and middle stages, transitioning to a straight
line at the end. The connection point between the middle curve and the final straight
line can be considered the failure point, with the corresponding load representing the
horizontal ultimate bearing limits. The numerical simulation shows a value of 110 N, while
the experimental result is 122 N, with a difference of less than 10%.
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Figure 6. Comparisons of simulation results with test results: (a) Load—displacement curves under
monotonic loading; (b) Cycle number-displacement curves under horizontal cyclic loading.

In the horizontal cyclic loading test, the controller applied horizontal cyclic loadings
with a period of 12 s at the loading point, with an amplitude of 0.4 times the horizontal
ultimate bearing capacity, i.e., 48.8 N. Figure 6b compares the simulated cycle count-
displacement curve with the experimental results during horizontal cyclic loadings. It is
found that in the initial stage, there is a little difference between the simulated and test
cycle count—displacement curves: in the numerical simulation, the helical pile produces
the displacement corresponding to the static load during the first cycle, while in the
experimental results, the cumulative displacement is relatively small in the initial cycles.
After approximately 250 cycles, the stiffness of clay gradually stabilizes, and the helical
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pile’s displacements no longer increase significantly in both the numerical simulation and
the experiment. The cumulative displacements obtained from the simulation agree well
with those obtained from the tests.

In conclusion, for both horizontal monotonic and cyclic loading tests, the numerical
results are close to the test ones regarding the horizontal displacement values and trends.
This demonstrates the effectiveness of the numerical modeling and analysis method in
simulating the horizontal force-deformation behavior of helical piles in clay.

3. Results
3.1. Bearing Performances of the Helical Pile under Horizontal Monotonic Loadings

To examine the ultimate horizontal bearing performances of a single helical pile under
horizontal loading, as described in Section 2.1, a corresponding monopile without blades is
also established for comparison. The monopile model’s diameter, wall thickness, and soil
parameters are the same. A monotonically increasing horizontal load along the positive Y
direction is applied at the 7.0 m height above the mud surface (representing the combined
loading point of the wind and wave forces) until the ultimate horizontal bearing limit is
reached with a load increment of 10 kN at each step.

Figure 7a shows the helical pile and monopile’s horizontal load—displacement curves
at the mud surface. The figure shows that displacements at the mud surface increase
gradually with horizontal load, showing no distinct yield point or turning point in the
bearing capacity. Considering that the offshore PV foundation is controlled by the ser-
viceability limit state (SLS) and strict regulations exist on the pile foundation’s horizontal
displacements, the horizontal bearing capacity is defined based on the horizontal displace-
ment at the mudline. For piles subjected to horizontal loads, Byrne suggested using the
displacements corresponding to 10% of the piles” diameters at the mudline as the hori-
zontal bearing limits in the SLS [29]. In Figure 7a, it is found that the horizontal bearing
capacities in the SLS for the helical pile and monopile (Fs;s) are 177.5 kN and 174.1 kN,
respectively. These values will be used as the standard to determine the amplitude of the
subsequent horizontal cyclic loadings. Additionally, it is noted that the increase in the
horizontal bearing limit of the helical pile, compared to the monopile under monotonic
horizontal loading, is quite minimal. This is mainly due to the smaller diameter and larger
length-to-diameter ratio of the offshore PV piles foundation, which exhibits the bearing
performance of a flexible pile under horizontal loadings. As the horizontal displacements
of the piles increase, the soil resistance shifts deeper until reaching the blades (Figure 7b).
The horizontal displacements of the helical pile under the static loadings of 50 kN, 100 kN,
150 kN, and 200 kN, respectively, are shown in Figure 8. The horizontal displacements
gradually increase as the load increases. A similar trend of piles” Von Mises stress is shown
in Figure 9.
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Figure 7. (a) Horizontal load—displacement curve of the piles at mud surface and (b) soil resistance
along the piles’ shaft in SLS.
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Figure 8. Horizontal displacements of the helical pile under static loadings of (a) 50 kN, (b) 100 kN,
(c) 150 kN, and (d) 200 kN, respectively.
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Figure 9. Von Mises stress of the helical pile under static loadings of (a) 50 kN, (b) 100 kN, (c) 150 kN,
and (d) 200 kN, respectively.

Figure 10 shows the bending moments distribution and horizontal displacement along
the piles’ shafts under different horizontal load amplitudes. The bending moment is
derived from the stresses of the piles. As the load increases, the bending moments of both
pile foundations increase, and the depth of soil layers where maximum bending moments
occur gradually increases. Comparing Figure 10a,b, it can be seen that at a lower load
amplitude (50 kN), the bending moments at the blade position of the helical pile change
slightly and are similar to that of the monopile. However, as the load amplitude increases,
the blades gradually contribute to the bearing capacity, and the bending moment at the
blade height increases accordingly. In Figure 10c, the influence depth of the soil increases
as the load amplitude increases. There is little difference in horizontal displacements along
the piles’ shaft in helical piles and monopiles in monotonic loading cases.
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Figure 10. Distribution of bending moments with height for (a) helical pile and (b) monopile under
different horizontal load amplitudes, and (c) horizontal displacements along the piles’ shaft.
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3.2. Bearing Performances of the Helical Pile under Horizontal Cyclic Loadings
3.2.1. Effects of Cyclic Loadings Amplitude on Horizontal Bearing Performances

To study the effects of cyclic loadings amplitude on horizontal bearing performances
of the piles, semi-sinusoidal horizontal cyclic loadings with amplitudes of 0.2 Fg;s, 0.4 Fgr s,
and 0.6 Fsr g, and a period of 6 s are applied at the loading point mentioned earlier. The
time history curves of the applied horizontal cyclic loadings for the first five cycles are
illustrated in Figure 11.
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Figure 11. Time histories of horizontal cyclic loadings with different amplitudes (first 5 cycles).

Figure 12 shows the horizontal displacements at the mud surface for the piles under
different cyclic loading amplitudes. With the increase in the number of cycles, the horizontal
displacements of both piles at the mud surface increase. This is due to the degradation of
soil stiffness under cyclic compression of piles, leading to the accumulation of irreversible
plastic deformations. For the helical pile, under a smaller cyclic loading amplitude (0.2Fsys),
the soil stiffness tends to stabilize after a certain number of cycles, and the horizontal
displacement no longer increases. However, under a larger cyclic loading amplitude
(0.6Fgrs), the number of cycles required for the horizontal displacements at the mudline
to stabilize increases. The displacement after stabilization is slightly greater than the
horizontal displacement corresponding to that in the SLS. For the monopile, under a
smaller cyclic loading amplitude (0.2Fgys), the horizontal displacement at the mud surface
is similar to that of the helical pile. The displacement stabilizes after a specific number of
cycles. Under a medium cyclic loading amplitude (0.4Fg; ), the number of cycles to stabilize
increases. Under a larger cyclic loading amplitude (0.6Fgys), the horizontal displacement
increases and does not stabilize within 200 cycles, exceeding the horizontal displacement
corresponding to that in the SLS. This represents that the helical piles’ bearing capacity
under horizontal cyclic loadings is approximately 60% of its static bearing capacity, whereas
the monopile’s bearing capacity under cyclic loading is less than 60% of its static bearing
capacity. This occurs because, at larger cyclic loading amplitudes, the degradation of soil
stiffness becomes more evident as the number of cycles increases, leading to a rise in the
accumulation of plastic strain. Although the applied load amplitude does not exceed the
monotonic loading limits, cumulative horizontal displacements exceed the displacement
corresponding to the SLS after a specific number of cycles. Figure 13 shows horizontal
displacements of piles and soil after 100 load cycles under different load amplitudes. Under
larger cyclic loading amplitudes (0.6Fsrs), the helical pile exhibits more stability due to the
blades’ increased pile-soil interaction area. For the helical pile, the influenced soil zone
has a depth of 7.8 m. Meanwhile, for the monopile, the depth increases to 8.5 m. Figure 14
shows the Von Mises stresses of the helical pile and the monopile. Under a smaller cyclic
loading amplitude (0.2F sy s), the Von Mises stress of the helical pile near the blade is slightly
larger than the Von Mises stress of the monopile. When the cyclic loading amplitude
increases, the maximum stress point shifts up for both piles. The helical pile shows a lower
stress than the monopile under larger cyclic loadings.
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Figure 12. Horizontal displacements at the mud surface of piles under different load amplitudes.
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Figure 14. Von Mises stress of the piles after 100 cycles with different load amplitudes: (a) Helical pile
0.2Fsrs, (b) Helical pile 0.4Fsrs, (c) Helical pile 0.6Fg; s, (d) Monopile 0.2F gy s, (e) Monopile 0.4Fg; g,
and (f) Monopile 0.6Fg; g, respectively.

Figure 15 shows the bending moment distribution along the piles’ shaft after 100 cycles
under different load amplitudes. It is found that the bending moments of both piles increase
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with the load amplitude. In the shallowly buried region (above —5 m), the helical pile’s
bending moments are slightly larger than those of the monopile. However, in deeper buried
regions, the helical pile’s bending moments are smaller than those of the monopile due to
the presence of blades.

100 ——— Helical pile 0.2Fy;
—*— Helical pile 0.4F |
5.0 —— Helical pile 0.6F
""""" Monopile 0.2F;
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I
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Figure 15. Bending moment distribution of helical pile and monopile after 100 load cycles under
different load amplitudes.

3.2.2. Effects of Cyclic Loadings Period on Horizontal Bearing Performances

To analyze the effects of cyclic loadings period on horizontal bearing performances of
the piles, semi-sinusoidal horizontal cyclic loads with an amplitude of 0.2 Fs; s and periods
of 65, 8s, and 10 s were applied at the previously mentioned load point. The time history
curves of the applied horizontal cyclic loads for the first five cycles are shown in Figure 16.

50 -
Period of 6 s

Z 40 ——Period of 8 s
~ ——Period of 10 s 0.2F
o0 . y
=t
5 30+
I3
2
=
£20}
s}
N I
s {
= 10

0
0 5 10 15 20 25 30 35 40 45 50

Time /s

Figure 16. Time histories of applied horizontal cyclic loadings with different periods (first 5 cycles).

Figure 17 shows the horizontal displacements at the mud surface for the helical pile
and monopile under different cyclic loading periods. For different load periods, both piles
follow the same pattern: the smaller the cyclic loading period, the larger the accumulation
of horizontal displacements in an initial phase, and the faster it stabilizes. Conversely, the
larger the cyclic loading period, the smaller the initial accumulated horizontal displace-
ments, but the accumulated displacements at stabilization are more significant. Comparing
the time history curves of horizontal displacements for the helical pile and monopile, when
the period is short (6 s), the accumulated displacements of the monopile are slightly smaller
than those of the helical pile. However, for longer periods (8 s and 10 s), the helical pile
stabilizes in fewer cycles and has a better accumulated displacement performance than the
monopile. Figure 18 shows the horizontal displacements of the piles and soil after 100 load
cycles under different load periods. Within the first 100 cycles, the period has a minor effect
on the amplitude of horizontal displacement. A similar trend of piles’ Von Mises stress is
shown in Figure 19. The Von Mises stress of the helical pile near the blade is slightly larger
than the Von Mises stress of the monopile due to the gravity of the soil on top of the blades.
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Figure 18. Horizontal displacements after 100 cycles with different load periods: (a) Helical pile, 6 s;
(b) Helical pile, 8 s; (c) Helical pile, 10 s; (d) Monopile, 6 s; (e) Monopile, 8 s; and (f) Monopile, 10s,

respectively.
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Figure 19. Von Mises stress of the piles after 100 cycles with different load amplitudes: (a) Helical
pile, 0.2Fgrs; (b) Helical pile, 0.4F gy s; (c) Helical pile, 0.6Fg;g; (d) Monopile, 0.2Fg; s; (e) Monopile,
0.4Fgys; and (f) Monopile, 0.6Fg; s, respectively.

Figure 20 shows the bending moment distribution along the shafts of the piles after
100 cycles under different load periods. It can be observed that the loading period has
little effect on the bending moments of the pile shaft, and the bending moments are mainly
influenced by the amplitudes of the cyclic loadings.
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Figure 20. Bending moment distribution of helical pile and monopile after 100 cycles under different

loading periods.

3.2.3. Effects of Vertical Loads on Horizontal Bearing Performances

Due to the tilt and large area of offshore PV panels, wind loads cause significant
vertical uplift or downward loads on the helical pile head. These vertical loads can affect
the horizontal bearing performance of the helical pile under cyclic loadings. For a typical
offshore PV system with a length of 20 m, a width of 15 m, and an inclination angle of
15°, under SLS (Serviceability Limit State) conditions, the vertical wind load component
is about 100 kN. This load is distributed across four piles, with 25 kN on each pile. To
analyze the impacts of vertical loads on the horizontal bearing performances of helical
piles, constant vertical loads of 15 kN, 25 kN, —15 kN, and —25 kN were applied along
with a horizontal cyclic loading of 0.2 Fs; g and a period of 6 s. A positive value indicates
an upward vertical load, while a negative value indicates a downward vertical load.

Figure 21 shows the horizontal displacements at the mud surface for the helical pile
and monopile under the combined action of different vertical loads and horizontal cyclic
loadings. The amplitude and direction of the vertical loads have little impact on the
horizontal cyclic bearing performances of the helical pile, as shown in Figure 21a. This is
mainly because the blades of the helical pile provide significant uplift and compression
resistance (Figure 22a,b). The blades prevent large shear forces around the pile’s shaft, and
the clay does not experience significant shear failure, allowing it to provide substantial
horizontal resistance. In contrast, in Figure 21b, the horizontal bearing performance
of the monopile is not significantly affected by small vertical loads. However, under
larger vertical loads, whether upward or downward, the horizontal displacement of the
monopile increases, reducing its horizontal bearing capacity. This is because large vertical
loads combined with horizontal cyclic loads cause shear deformation in the shallow soil
around the pile shaft, leading to rapid soil stiffness degradation and significant cumulative
horizontal displacement (Figure 22c,d). However, the vertical load shows little effect on the
piles” Von Mises stress (Figure 23).
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Figure 21. Time history of horizontal displacement of (a) helical pile and (b) monopile at mud surface

under different vertical loads.
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Figure 22. Horizontal displacements after 200 cycles with different vertical loads: (a) Helical pile
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S, Mises

(Avg: 75%)
+7.421x107
+6.803x107
+6.185x107
+5.566x107
+4.948x107
+4.330x107
+3.711x107
+3.093x107
+2.475%107
+1.856x107
+1.238x107
+6.195x10°
+1.112x10*

(@)

S, Mises

(Avg: 75%)
+7.139x107
+6.544x107
+5.949x107
+5.354x10"
+4.760x10"
+4.165x107
+3.570x107
+2.975x107
+2.380x107
+1.785x107
+1.191x107
+5.958x10¢
+9.812x10°

|

L[

(b)

S, Mises
(Avg: 75%)
+5.974x107
+5.476x107
+4.978x107
+4.480x107
+3.983x107
- +3.485x107
+2.987x107
+2.490x107
+1.992x107
+1.494x107
+9.964x10°
+4.987x10°
+9.985x10°

(o)

S, Mises

(Avg: 75%)
+5.232x107
+4.796 x10”
+4.360x107
+3.924x107
+3.489x10"
+3.053x107
+2.617x107
+2.181x107
+1.745x107
+1.310x107
+8.739x10°¢
+4.381x10°
+2.333x10*

(d)

Figure 23. Von Mises stress of the piles after 200 cycles with different vertical loads: (a) Helical pile,
25 kN; (b) Helical pile, —25 kN; (c) Monopile, 25 kN; and (d) Monopile, —25 kN, respectively.

Figure 24 shows the bending moment distribution along the piles’ shafts after 200 cycles
under different vertical loads. In the soil layer above —5 m, the bending moments of the
helical pile are greater than that of the monopile, validating the earlier hypothesis that in
the monopile, the shallow soil stiffness degrades significantly, causing the load-bearing
soil layer to move downward. For the monopile, the bending moments rapidly increase
to a peak after —5 m and then decrease. The bending moments in the lower section of the

helical pile are lower than those in the monopile due to the presence of blades.
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Figure 24. Bending moment distribution of helical pile and monopile after 200 load cycles under
different vertical loads.
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4. Conclusions

This study focuses on the helical pile for offshore PV. A numerical analysis method is
proposed to evaluate the horizontal bearing performance of the helical pile in clay under
horizontal cyclic loadings using an elasto-plastic boundary surface constitutive model for
the clay. This study investigates the effects of the cyclic loading amplitude, load period, and
vertical load on the horizontal bearing performance of helical piles. The key conclusions
can be summarized as follows:

1. Under horizontal monotonic loading, the bearing performance of the helical pile
and monopile with the same diameter shows little difference in the serviceability
limit state.

2. Under small horizontal cyclic loadings, the stiffness of the soil around piles stabilizes
after a certain number of cycles, and the horizontal displacement no longer increases.
Under larger cyclic loads, the stiffness of the soil degrades significantly, leading to
more significant accumulated plastic deformation. The horizontal bearing capacity
of the helical pile under cyclic loading is approximately 60% of its capacity under
monotonic loading, whereas the monopile’s capacity under cyclic loading is less than
60% of its monotonic loading capacity.

3. The shorter the cyclic loading period, the greater the initial horizontal displacement
accumulation, and the sooner stability is reached. Conversely, the longer the cyclic
loading period, the smaller the initial horizontal displacement accumulation, but the
accumulated displacement at stabilization is more significant.

4. The horizontal cyclic bearing performance of the monopile is greatly affected by
vertical loads. However, due to the uplift and compressive resistance provided by the
blades, vertical loads have little effect on the horizontal cyclic bearing performance of
the helical pile, which exhibits a more stable horizontal cyclic bearing performance.
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