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Abstract

Plate-monopile hybrid foundations, as a potential alternative to monopiles, have demon-
strated promising potential in enhancing load-bearing capacity and structural stability. To
investigate its load transfer mechanisms and pile—soil interaction in clay, numerical models
are developed under varying undrained shear strength (Su), pile diameter (D), and plate-
to-pile diameter ratio (R). Through comparative analyses within different parameters con-
figurations, the load-bearing capacity, pile deflection, bending moment and shear force dis-
tributions are systematically examined. The results indicate that: (1) Su, D and R are all pos-
itively correlated with the load-bearing capacity of the hybrid foundation, which can be ex-
pressed as the superposition of the monopile capacity and a quadratic function of R; (2) with
increasing R, load transfer shifts from deep to shallow soil, accompanied by an upward
pivot shift; increasing D causes a downward shift, more pronounced in weak soils; (3) for
small-diameter hybrid foundation, the bending moment decreases progressively with in-
creasing R, while for large-diameter, a stage-dependent response is observed, characterised
by local moment concentration near the mudline within a certain range of R; (4) the shear
force exhibits a double-peak pattern; increasing R strengthens the shallow peak and weak-
ens the deep one, while increasing D localises the distribution near the mudline.

Keywords: hybrid foundation; plate; monopile; bearing capacity; soil-pile interaction

1. Introduction

Offshore wind energy has become a cornerstone of the global transition towards low-
carbon and sustainable energy systems and has experienced rapid development in recent
years [1-4]. To meet the increasing demand for clean energy, the capacity of individual
wind turbines has increased from early values of 3 MW to the current 15 MW, accompa-
nied by a growth in blade length from 60 m to 110 m [5-8]. Meanwhile, the number and
scale of wind farms continue to expand. These developments subject wind turbines to
larger environmental loads and more complex geological conditions during operation,
thereby imposing more stringent requirements on their structural performance [9-11]. As
the primary load-bearing structure responsible for maintaining the overall stability of
wind turbines, the foundation system plays a crucial role in ensuring the safety and eco-
nomic efficiency of offshore wind energy systems. Therefore, the design of safe, reliable,
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and efficient foundation systems is essential for the stable operation of offshore wind
farms. At present, monopile foundations are widely adopted in offshore wind energy due
to their structural simplicity, construction convenience, and mature engineering applica-
tions [12,13]. However, with the increasing requirements for foundation stability and
load-bearing capacity, the diameter of monopiles has continued to increase [14-16]. While
large-diameter monopiles enhance load-bearing capacity, they also give rise to a series of
challenges. On the one hand, fabrication, transportation, and offshore installation become
more technically demanding and involve elevated construction risks. On the other hand,
the substantial increase in size results in higher material consumption and significantly
increased costs, thereby reducing their economic efficiency. Accordingly, the develop-
ment of alternative foundation solutions that preserve structural simplicity while reduc-
ing construction difficulty and maintaining economic viability has become an important
research direction in offshore wind engineering.

In recent years, the concept of hybrid foundations has been progressively proposed.
Various types of hybrid foundation have been developed based on monopile, including
plate-monopile [17-19], bucket-monopile [20-22], wing-monopile [23-25] and helical-
monopile configurations [26-28], etc. These systems are typically formed by integrating
additional structural components with the monopile to enhance load-bearing capacity
and improve overall stability, thereby reducing the reliance on large-diameter monopiles.
Among the various types of hybrid foundations, the plate-monopile has attracted consid-
erable attention in recent years due to its favourable overall performance in balancing
structural complexity, constructability, and economic efficiency. Compared with other hy-
brid configurations, the plate—-monopile can effectively enhance foundation performance
by incorporating relatively simple auxiliary components, without significantly increasing
structural complexity or construction difficulty. In addition, as the plate is typically in-
stalled at the mudline level without requiring embedment into the seabed, the engineering
adaptability is enhanced, enabling more flexible design and application under different
geological conditions.

Recent studies have been conducted to investigate the load-bearing advantages of
plate-monopile hybrid foundations. Ma et al. [17] employed numerical simulations to eval-
uate the bearing performance of plate-monopile hybrid foundations and showed that, un-
der sand conditions with a relative density of 50%, such foundations exhibit a significant
advantage in reducing the required embedded depth of the monopile. Aleem et al. [26] con-
ducted 1 g model tests on plate-monopile hybrid foundations with different geometric con-
figurations in Red Hill 110 silica sand, demonstrating that the hybrid system can effectively
restrain pile head rotation. Li et al. [20] combined 1 g model tests with numerical simulations
to analyse the migration characteristics of sand particles around hybrid foundations under
cyclic lateral loading. Lehane et al. [27] carried out centrifuge tests and numerical simula-
tions in sand to compare the mechanical performance of hybrid foundations and monopiles,
and found that the inclusion of a plate significantly increases the seabed contact area and
enhances the overall bending stiffness. Wang et al. [28] performed centrifuge tests in clay,
showing that the introduction of a plate leads to a significant increase in stiffness and load-
bearing capacity compared with monopiles, but the bearing capacity is lower than the sum
of the individual capacities of the monopile and the plate.

Overall, existing studies on plate—-monopile hybrid foundations have mainly focused
on sand conditions and have achieved relatively comprehensive research progress. Nu-
merical simulations, 1 g model tests, and centrifuge tests have demonstrated that the in-
troduction of a plate can effectively enhance the lateral bearing capacity, reduce pile head
rotation, improve overall stiffness, and mitigate deformation under both monotonic and
cyclic loading. These improvements are mainly attributed to the enlarged seabed contact
area, enhanced soil confinement, increased frictional resistance, and more favourable load
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transfer mechanisms. Furthermore, several studies have investigated soil particle migra-
tion and stress distribution, providing valuable insights into the interaction between the
foundation and surrounding sand. Compared with sand, studies on plate-monopile hy-
brid foundations in clay remain very limited [29-31]. Existing research has mainly evalu-
ated the overall bearing capacity and stiffness through centrifuge tests, demonstrating that
the inclusion of a plate can significantly improve foundation performance. However, ow-
ing to the fundamentally different mechanical behaviour of clay, the load-bearing mech-
anism is governed primarily by undrained shear resistance and stress redistribution ra-
ther than particle friction and rearrangement. Consequently, the pile-soil interaction, load
transfer path, and collaborative mechanism between the plate and monopile differ sub-
stantially from those in sand. Therefore, conclusions obtained under sand conditions can-
not be directly extended to clay. However, systematic investigations into the pile-soil in-
teraction, internal force transfer, and load redistribution mechanisms within plate-mono-
pile hybrid foundations in clay remain insufficient. This limited understanding restricts
both the interpretation of the working mechanism and the optimisation of foundation de-
sign under complex offshore clay conditions.

In this study, numerical models of plate-monopile hybrid foundations and mono-
piles are established in clay under different undrained shear strengths (Su). A systematic
comparative analysis of the load-bearing performance of hybrid foundations is conducted
under varying pile diameters (D) and plate-to-pile diameter ratios (R). Furthermore, the
pile-soil interaction characteristics and the mechanisms of load transfer and redistribution
within the foundation system are investigated. The study provides a useful reference for
understanding the load-bearing mechanisms and for the design optimisation of plate—
monopile hybrid foundations in clay.

2. Numerical Methodology
2.1. Constitutive Model

The Norwegian Geotechnical Institute—Anisotropic Deformation Plasticity (NGI-
ADP) yield criterion is an anisotropic elastoplastic constitutive model developed based on
the conventional Tresca yield criterion and is specifically designed to describe the un-
drained mechanical behaviour of clay [32-34]. As illustrated in Figure 1, the NGI-ADP
model employs an anisotropic yield surface in the -plane. Unlike the conventional Tresca
yield criterion, which assumes a uniform yield strength in all loading directions, the NGI-
ADP model assigns different undrained shear strengths to different loading directions.
Consequently, the yield surface exhibits direction-dependent strength characteristics un-
der different stress paths, enabling the model to capture the inherent anisotropy of natural
clays arising from their depositional history and subsequent consolidation processes.

(TX)E

Figure 1. Failure criterion of the NGI-ADP model in the 7t plane [35].
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Prior to yielding, the NGI-ADP model adopts an isotropic linear elastic assumption to
describe the elastic response of the soil, in which the elastic shear modulus and Poisson’s
ratio are assumed to be identical in all directions, thereby neglecting the directional depend-
ence of the elastic properties. Consequently, the anisotropy incorporated in the NGI-ADP
model is manifested in the plastic response rather than the elastic response. During the plas-
tic stage, the model defines the undrained shear strengths corresponding to three repre-
sentative loading modes, namely Active, Direct Simple Shear, and Passive, which are used
to construct a direction-dependent anisotropic yield surface and characterise the plastic re-
sponse under different stress paths. Specifically, the undrained shear strength is expressed
as a continuous function of the Lode angle in the n-plane, allowing a smooth transition of
shear strength between different loading paths. This formulation provides a unified descrip-
tion of the nonlinear mechanical response under typical loading conditions, including triax-
ial compression, triaxial extension, and Direct Simple Shear. Compared with conventional
isotropic constitutive models, the NGI-ADP model more realistically captures the inherent
strength anisotropy of natural clays and improves the prediction of stress—strain behaviour
and deformation characteristics under complex stress paths.

The NGI-ADP model is particularly suitable for the numerical analysis of laterally
loaded pile foundations because the surrounding soil is subjected to multiple stress paths
during loading rather than remaining in a single stress state. In general, the soil behind
the pile predominantly experiences a triaxial compression stress state, whereas the shal-
low soil in front of the pile is mainly subjected to triaxial extension. Near the pile rotation
point, the soil response is dominated by a Direct Simple Shear stress state. At greater
depths, however, the combined effects of multiple stress paths result in a more complex
stress response, as illustrated in Figure 2. By assigning distinct undrained shear strengths
to these representative loading modes, the NGI-ADP model is capable of capturing the
direction-dependent strength characteristics of the surrounding soil, thereby providing a
more accurate description of the deformation behaviour and strength evolution of the soil
around laterally loaded piles.

M

7~y !

]
i "
¢ Passive zone:

Active zone: TXC

Potential gapping

1 1

1 1 Flow around zone:
I I DSS
| |
1 |
1 1

==, "= Rotational zone:

! \l Combination of DSS
Sl s TXCand TXE
-~

Figure 2. Stress path of the soil surrounding the pile [36]: Triaxial Compression (TXC), Triaxial Ex-
tension (TXE), Direct Simple Shear (DSS).

The input parameters required for the NGI-ADP constitutive model can be broadly
classified into two categories: stiffness parameters and strength parameters. The stiffness-
related parameters are used to characterise the elastic response of the soil and its defor-
mation behaviour under different stress paths. These parameters include the ratio of the
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unload/reload shear modulus to the Active undrained shear strength (G,,./S{}), Poisson’s
ratio (v), and the shear strains corresponding to the peak strength under triaxial compres-
sion, triaxial extension, and Direct Simple Shear, denoted by ¢, y; and y7**, respec-
tively. Among these parameters, G,,/S{ and v govern the initial elastic stiffness of the
soil, whereas the characteristic shear strains control the evolution of the stress—strain re-
sponse and the development of plastic deformation under different loading modes.

The strength parameters are primarily used to define the yield characteristics and the
anisotropic strength distribution of the soil. These parameters include the ratio of the Pas-
sive to Active undrained shear strength (Sf/S#), the ratio of the Direct Simple Shear to
Active undrained shear strength (S§%°/S{), the initial mobilisation ratio (t,/S{), the ratio
of the triaxial compression strength to the Active undrained shear strength (S5"* /S¢), and
the soil unit weight (y). Among these parameters, (S5/S#) and (S7°%/S%) play a key role
in defining the strength anisotropy of the soil by specifying the differences in undrained
shear strength associated with different loading directions. When the undrained shear
strengths are identical in all loading directions, the yield surface reduces to an isotropic
form. As the differences between these directional strength ratios increase, the degree of
anisotropy becomes more pronounced, enabling the model to more realistically represent
the inherent directional strength characteristics of naturally deposited clays.

Furthermore, to ensure a smooth transition of the mechanical response between dif-
ferent stress paths, the NGI-ADP model employs an elliptic interpolation scheme to con-
tinuously interpolate the characteristic shear strains between the Active, Direct Simple
Shear, and Passive loading modes. This approach eliminates abrupt changes in the con-
stitutive response between different loading conditions and enhances the model’s capa-
bility to simulate complex stress paths. In addition, the model is capable of accounting for
non-homogeneous clay deposits by assuming that the undrained shear strengths corre-
sponding to the Active, DSS, and Passive loading modes increase linearly with depth. This
assumption enables the model to realistically represent the strength profile of marine soft
clays, in which the undrained shear strength generally increases with depth, thereby im-
proving its applicability to offshore soft clay deposits.

This study considers three representative clay types: soft clay, medium clay, and stiff
clay. To characterise the mechanical properties of clays with different strength levels and
enable a quantitative comparison, the undrained shear strength is adopted as the key con-
trolling parameter, with values of 30 kPa, 60 kPa, and 90 kPa assigned to represent differ-
ent clay strength categories. During the comparative analysis, all other soil parameters are
kept constant. The detailed soil properties are listed in Table 1. It should be noted that this
approach represents a simplified assumption, as in reality, soil properties vary with depth
and multiple parameters may change simultaneously. Therefore, the results are intended
to provide a comparative reference rather than site-specific predictions.

Table 1. NGI-ADP constitutive model parameters.

Parameter Description Unit  Value
Y Soil submerged unit weight kN/m3 8.5
K, Lateral earth pressure coefficient - 1
syl Undrained shear strength kPa 30, 60,90
S {}‘,inc Variation in undrained shear strength with depth kPa/m 3.1
G/ SH Ratio of soil shear modulus to S - 600
crx joa Ratio of undrained shear strength in triaxial compression
RYAAY ); 0.99
to S§
p,oa  Ratio of undrained shear strength in triaxial extension to
Su/Sh A - 0.5
U
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bss soa Ratio of undrained shear strength in Direct Simple Shear
Sy>°/Sh h - 0.75
to S§

To/SH Ratio of Initial in situ maximum shear stress to S{} - 0

Y§ Ultimate plastic strain for compression % 10

Y§ Ultimate plastic strain for extension % 20

y7S Ultimate plastic strain for direct shear % 15

2.2. Finite Element Model

The FEM models are developed using Plaxis 3D 2025.1. It consists of two main com-
ponents: the soil domain and the foundation structure. In previous monopile studies, the
soil domain is typically required to extend at least ten times the pile diameter to minimise
boundary effects [37-40]. However, for plate-monopile hybrid foundations, the plate di-
mension also significantly influences boundary effects. Therefore, considering the maxi-
mum plate size in this study, the soil domain is uniformly defined as 300 x 300 x 70 (length
x width x height). This configuration ensures that, within the parameter range considered,
the soil domain dimensions are no less than ten times the plate diameter, and the depth
direction satisfies the requirement of being larger than twice the embedment depth,
thereby effectively minimising boundary effects on the simulation results. The top surface
of the soil domain is defined as a free boundary, while the lateral boundaries are con-
strained in the horizontal directions, and the bottom boundary is fully fixed. The plate—
monopile hybrid foundation model consists of two components: a monopile with a wall
thickness of 0.07 m and a plate with a thickness of 0.2 m. Both components are modelled
using steel, with a Young’s modulus of 210 GPa and a unit weight of 78.5 kN/m3, as shown
in Figure 3.

300m e :

~ Hybrid foundation
: i/ <t
= "= R=D/D /¢
<

S== 30m i
E> = S
iclay 7 o ¥ Q&%
S AN TS
“ A o | A
& 3>7°ml<124¥
A REWA

Figure 3. Hybrid foundation FEM model.

The monopile is modelled using linear elastic solid elements, with material proper-

ties determined based on the principles of equivalent stiffness and equivalent density [41].
The corresponding formulations are provided in Equations (1) and (2). In this study,
monopiles with diameters of 4 m, 6 m, and 8 m are considered, and their equivalent den-
sity and stiffness parameters are summarised in Table 2. This simplification neglects the
soil plugging effect within the monopile. Its validity has been confirmed in the study by
Achmus et al. [42]. Furthermore, Page et al. [43], Gao [44] and Li et al. [45] have verified
the applicability of this approach for monopiles with diameters ranging from 4 m to 9 m.
The embedded depth of the hybrid foundation is set to 30 m, with a structural height of
40 m above the mudline. The lateral load is applied at a height of 40 m above the mudline.
eq = 6iEDp4Ip @
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_Ap

Peq = Aeq (2)

where E,, is the equivalent flexural stiffness; E,l, is the original flexural stiffness; D is
the structure diameter; p,, is the equivalent density; A is the original structure cross-
section area; p is the original density; A., is the equivalent structure cross-section area.

Table 2. Equivalent parameters of monopile.

D Equivalent Density Equivalent Stiffness
4m 549.43 kg/m? 27.89 GPa
6m 369.38 kg/m? 18.92 GPa
8 m 277.26 kg/m? 14.31 GPa

To accurately capture potential separation and slippage at the pile-soil interface, in-
terface elements are introduced between the monopile and the surrounding soil, as well
as between the plate and the soil. To facilitate tensile cut-off, the interface is modelled
using the Mohr-Coulomb model. The stiffness parameters of the interface are determined
based on the stiffness characteristics of the adjacent soil, whereas the interface strength
parameters are reduced according to the material combination at the steel-clay interface.
Following the recommendation for steel-clay interfaces provided in [46,47], an interface
strength reduction factor of 0.65 is adopted, such that the interface shear strength is taken
as 65% of the corresponding strength of the adjacent soil. It should be noted that the re-
duction factor reflects the effects of the contacting material combination and interface
roughness on the interface strength; therefore, different reduction factors may be adopted
for different material combinations. To achieve an optimal balance between computa-
tional accuracy and efficiency, a local mesh refinement strategy is adopted. Centred on the
model, a refined zone with a radius of 1.5 times the plate diameter is defined, while the
remaining domain is assigned a standard mesh density. A refinement factor of 0.5 is ap-
plied within the refined region. Two representative foundation configurations are selected
to perform the mesh sensitivity analysis for the standard density region. The first case
consists of a monopile diameter of 6 m and a plate diameter of 15 m, while the second case
is only a monopile with a 6 m diameter. Four mesh densities, coarse, medium, fine, and
very fine, are considered. By applying loads to the monopile and comparing the resulting
deformation at the mudline, it is observed that the difference between the fine and very
fine mesh results for these two cases is within an acceptable range (less than 4%). There-
fore, the fine mesh is adopted for the standard density region in subsequent analyses.

2.3. Verification

Before conducting the numerical simulations, the modelling approach and constitutive
model are validated. The CL2 pile test conducted at the Cowden site during the PISA project
is selected as the benchmark case. The CL2 pile has a diameter of 2 m, an embedded length
of 10.6 m, and a wall thickness of 25 mm. The lateral load is applied at a height of 10.9 m
above the mudline level. The ground profile consists of approximately 40 m of over-consol-
idated clay till underlain by chalk, with the groundwater table located 1 m below the ground
surface. The saturated unit weight of the soil is taken as 21.19 kN/m3. Based on the site in-
vestigation, the variation with depth of the small-strain shear modulus, GO0, the undrained
shear strength in compression, Su, the lateral earth pressure coefficient in terms of effective
stress, KO, and the measured pore water pressure, u, are shown in Figure 4.
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(a) GO0 (Mpa) (b) Undrained Shear Strength (kPa)
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Figure 4. Cowden site soil parameters: (a) Go; (b) Sy; (¢) Ko; (d) u [48].

The validation model is established with dimensions of 30 m x 30 m x 20 m (length x
width x depth). To accurately reproduce the field test results, the soil profile is divided
into ten layers with distinct mechanical properties based on the measured geological data
shown in Figure 4. The undrained shear strength Sf is assumed to vary linearly with
depth (z) as it is given by:

SA=52+31z ®)

where z is the depth. Thus the S{ ;. is 3.1 kPa/m. In each layer, the S;7"*/ can be calcu-
lated using

Sg.ref =Sy 4)
where S;°P is the undrained shear strength at the top of each soil layer. G,,/S{ is de-
fined by:

Gur/SE = Go/ ((Sy7 + SE°t°™) /2) ®)

where SZ¥O™ is the undrained shear strength at the bottom of each soil layer. G, is the
soil shear modulus, which is taken as the average value for each soil layer. S /S¢ is taken
as a constant value of 0.5, while S75°/S{ is defined by

P /oA
spssysp = LHS0/50 520/ Sy (6)
The t,/S{ is obtained using:
To/S§ = 0.5(1 — Kq)oyo/S§ = 0 7)

where T,/S§ represents the initial vertical effective stress. The relationship between the

ultimate plastic strains for compression, extension, and direct shear is defined as follows:
6000

C _
A ®
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Y =vi/2=vy?*/15

Therefore, the NGI-ADP model parameters assigned to each layer are listed in Table 3.

Table 3. The NGI-ADP model parameters for the verification model.

)

Layer z!P ghottom K, g, SYP  ghottom G, G ./S§ Shref Siimc Yi Vi YP© /S
1 0 2 1.5 205 20 130 25 333.3 20 55 18 36 27 0
2 2 4 15 44 130 110 65.5 545.8 130 -10 109 219 164 0
3 4 6 1.5 68.5 110 118.8 94.1 822.5 110 4.4 72 145 109 0
4 6 8 1.12 97 118.8 127 114.7 933.2 118.8 4.1 6.4 128 9.6 0
5 8 10 1 130.5 127 138.3 142.7 1075.7 127 565 55 11.1 8.3 0
6 10 12 095 180 138.30 1549 190.55 1299.7 138.3 8.3 46 9.2 6.9 0.032
7 12 14 0.87 2325 1549 1614 23535 1488.1 154.9 325 40 8.0 6.0 0.097
8 14 16 0.86 256 1614 167.8 258 15674 1614 3.2 38 76 5.7 0.111
9 16 18 0.84 279 167.8 1741 276.8 1619.1 167.8 315 37 74 5.5 0.133
10 18 20 301 174.1 181.4 293 1648.3 174.1 365 36 72 54 0.155

As shown in Figure 5, the numerical results are generally in good agreement with both
the FEM results and the PISA field test data in terms of the load-displacement response.
Both the initial stiffness and the overall nonlinear behaviour are well captured. A slight
overestimation of the lateral resistance is observed at large displacements (approximately
150-200 mm). This discrepancy may be attributed to the discretised representation of the
continuously varying soil profile, the idealised modelling assumptions adopted in the nu-
merical model, and the increased sensitivity of soil behaviour under large deformation. In
addition, the PISA field test may also be influenced by construction disturbance, loading
eccentricity, natural spatial variability of the soil, and measurement uncertainties, which
may further contribute to the observed differences. Nevertheless, compared with the previ-
ously published PISA FEM results, the present model follows the field-test trend more
closely over most of the displacement range. Therefore, the proposed numerical model is
considered capable of reliably reproducing the overall soil-structure interaction behaviour
observed in practice, thereby validating its applicability for the subsequent analyses.

2500
2™
Z 2000
N’
=
g
S 1500
=
ot
e
K 1000 — FEM(AL et al., 2025) - - PISA FEM[ :
— = PISA Field Test — — Present study ," |
500 .
"”' l
-—”"‘ l
0 '
0 50 100 150 200

Mudline Displacement (mm)

Figure 5. Comparison of the verification results and reference data [46].
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It should be noted that the numerical modelling strategy for the plate-monopile hy-
brid foundation has been validated against experimental results under sand conditions in
our previous study [15,17]. Therefore, the present validation primarily aims to verify the
applicability of the adopted NGI-ADP constitutive model and the numerical modelling
framework for marine clay. Together with the previous validation of the hybrid-founda-
tion modelling approach, these results provide confidence in the proposed numerical
methodology for analysing plate-monopile hybrid foundations in clay.

2.4. Simulation Schemes

The undrained shear strength, monopile diameter, and plate—pile diameter ratio are
selected as the key influencing parameters in this study. Two groups of numerical simu-
lation schemes are established, comprising a total of 108 cases, as summarised in Table 4.
The first scheme is designed to evaluate the bearing capacity of the hybrid foundation
under different parameter combination, thereby enabling an analysis of the influence
mechanisms of these parameters and their quantitative relationships with the bearing ca-
pacity. Based on the obtained bearing capacity for each case, the second scheme applies
the corresponding load to each model to bring it to its limit state, with the aim of investi-
gating the effects of different parameters on the pile-soil interaction behaviour under this
condition. It should be noted that a homogeneous clay profile was assumed in the present
study to isolate the effects of representative soil strength and foundation geometry. In
natural marine clay deposits, the undrained shear strength generally increases with depth.
Such a strength gradient may modify the stress distribution around the foundation, alter
the load transfer mechanism between the monopile and the plate, and consequently influ-
ence the bearing capacity, deformation response, and load-sharing behaviour of the hy-
brid foundation. Therefore, the results should be interpreted within the assumptions
adopted in this study. A systematic investigation of different strength gradients will be
considered in future work.

Table 4. FEM schemes.

S. D R Load
4
30 6 15 MN
8
4
I 60 6  0(Monopile), 1.5,2,2.5,3,3.5 20 MN
8
4
90 6 30 MN
8

II 30,60,90 4,6,8 0(Monopile),1.5,2,25,3,35 Corresponding bearing capacity

3. Results Analysis
3.1. Lateral Bearing Capacity

The bearing capacity is evaluated based on the Serviceability Limit State (SLS). Accord-
ing to DNV-GL-ST-0126 (2016) [49], the mudline rotation is limited to 0.5°. Assuming the
rotation centre at the pile toe, the corresponding lateral deflection at the mudline is derived
from the embedment depth, consistent with the approach in Achmus et al. [42] and
Bhattacharya et al. [50]. For an embedded depth of 30 m, the maximum allowable mudline
deflection is 0.262 m. It should be noted that the pile tip is adopted as a reference rotation
centre solely for the definition of the SLS criterion, providing a unified basis for comparing

https://doi.org/10.3390/jmse14141339
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different foundation configurations, rather than representing the actual pivot point during
loading.

Figure 6 presents the load—deflection responses of the foundation under different un-
drained shear strengths, pile diameters, and plate—pile diameter ratios. It can be observed
that the overall shapes of the curves are similar across all cases. In the initial loading stage,
the curves exhibit a relatively steep slope, indicating that the deformation increases slowly
with increasing load and that the system possesses a high initial stiffness. As the load
increases further, the curves gradually flatten and the rate of deformation accelerates, sug-
gesting a reduction in system stiffness and the progressive development of soil nonline-
arity. Under different Su conditions, both the R and the D show a positive correlation with
the bearing capacity. This can be attributed to the increase in the plate diameter, which
enlarges the plate-soil contact area and mobilises a larger volume of surrounding soil,
thereby enhancing the pile—soil interaction. Meanwhile, the plate structure is able to carry
a larger proportion of the applied load, effectively reducing the rotation at the mudline
and improving overall stability. In addition, increasing the pile diameter not only en-
hances the structural bending stiffness but also strengthens the confinement effect of the
surrounding soil, leading to a significant improvement in the overall load-bearing capac-
ity. Furthermore, the bearing capacity also increases with increasing undrained shear
strength. This is because a higher Su directly enhances the shear resistance of the soil,
enabling the surrounding soil to provide larger lateral resistance. As a result, the onset of
soil yielding and the development of plastic zones are delayed, contributing to an increase
in the overall capacity of the foundation.
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Figure 6. Load—deflection curves: (a) Su =30 kPa, D =4 m; (b) Su =60 kPa, D =4 m; (c) Su =90 kPa,
D =4 m; (d) Su=30kPa, D=6 m; (e) Su= 60 kPa, D =6 m; (f) Su=90 kPa, D = 6 m; (g) Su =30 kPa,
D =8 m; (h) Su=60kPa, D=8 m; (i) Su =90 kPa, D = 8 m (D4-R0 denotes the D is 4 m, the R is 0).

The bearing capacity calculation methods for monopiles have been extensively stud-
ied. On the basis of monopile bearing capacity calculations, this paper further investigates
the composition and prediction methods of the bearing capacity of hybrid foundations.
Considering that a hybrid foundation consists of a monopile and a plate, its overall bear-
ing capacity can be reasonably decomposed into two components: one arising from the
load-bearing capacity of the monopile itself, and the other from the additional contribu-
tion of the plate structure to the surrounding soil. Accordingly, to quantitatively evaluate
the effect of the plate, the total bearing capacity of the hybrid foundation is reduced by
the corresponding monopile bearing capacity. The resulting difference is defined as the
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additional bearing capacity, which can be interpreted as the additional load-bearing ca-
pacity provided by the plate. Figure 7 illustrates the variation in the additional bearing
capacity under different parameter combinations. The results indicate that the additional
bearing capacity exhibits a pronounced nonlinear increasing trend with the increase in the
plate-to-pile diameter ratio. Through curve fitting of the data under various conditions, it
is found that the relationship between the additional bearing capacity and R can be well
described by a quadratic function. This nonlinear growth primarily originates from the
geometric scaling effect of the plate. As R increases, the effective area of the plate grows
with the square of its characteristic dimension, thereby mobilising a larger volume of sur-
rounding soil in the load transfer process. This enhanced soil mobilisation strengthens the
pile—soil interaction and improves the overall bearing capacity of the system. Since the
rate of increase in area exceeds the linear variation in R, the soil reaction and the additional
resistance provided by the plate exhibit an accelerated growth trend, ultimately resulting
in a pronounced nonlinear increase in the additional bearing capacity.

Based on the above analysis, a predictive expression for the bearing capacity of the
hybrid foundation is proposed, as shown in Equation (10), in which the total bearing ca-
pacity is formulated as the sum of the monopile capacity and the additional contribution
provided by the plate. It should be noted that this decomposition assumes the superposi-
tion of the two contributions at the macroscopic level. Although a certain degree of cou-
pling exists between the monopile and the plate, such interaction effects can be reasonably
captured by introducing a fitting function based on R. For the contribution provided by
plate, only its numerical superposition with the monopile bearing capacity is considered,
i.e., while the monopile capacity has a unit of MN, the value obtained from the quadratic
function of R is inherently dimensionless; therefore, it is empirically assigned a consistent
unit in the model to ensure dimensional compatibility. Meanwhile, the effects of the Su
and the D on the magnitude of the additional contribution are implicitly embedded in the
fitted parameters. The relationship between the fitting parameters and the R and Su as
illustrated in Figure 8.

FHybrid = FMonopile +aR*+ bR +c (10)

where Fyyprig and Fyonopie denote the bearing capacity of plate-monopile hybrid foun-
dation and monopile, respectively, under SLS. Parameters a, b and c are fitting coeffi-

cients.
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Figure 7. Additional bearing capacity.

https://doi.org/10.3390/jmse14141339



J. Mar. Sci. Eng. 2026, 14, 1339

14 of 27

It should be noted that the proposed empirical equation does not explicitly include
interaction terms between the monopile and the plate. The coupling effect is implicitly
embedded in the fitting coefficients because the regression database is generated from nu-
merical simulations considering the complete soil-foundation interaction. Although the
proposed equation does not explicitly describe the coupling mechanism between the
monopile and the plate, it still provides a useful quantitative reference for engineering
applications within the investigated parameter range. Furthermore, the proposed empir-
ical equation is established based on the assumptions adopted in the present study, in-
cluding a homogeneous clay layer, idealised soil properties, and static loading conditions.
Therefore, it is primarily applicable to the preliminary prediction of the ultimate lateral
bearing capacity of plate—-monopile hybrid foundations under the conditions considered
in this study and should be interpreted within the framework of these assumptions and
the investigated parameter range. For layered soil profiles or other more complex engi-
neering conditions, the soil-foundation interaction mechanism may differ from that con-
sidered herein. Therefore, the proposed empirical equation should be applied with cau-
tion under such conditions and in conjunction with site-specific engineering judgement.
Future work will incorporate more realistic soil profiles and more complex loading con-
ditions to further improve the applicability of the proposed prediction model.
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Figure 8. Fitting parameter curves: (a) fitting parameter a; (b) fitting parameter b; (c) fitting param-

eter c.

In the process of engineering design, the extent to which material properties are ef-
fectively mobilised plays a critical role in determining the structural feasibility. Therefore,
it is essential to quantitatively assess the contribution of unit material area to the enhance-
ment of bearing capacity. Accordingly, a unit material bearing capacity contribution in-
dex, denoted as vy, is introduced, as expressed in Equation (11), representing the ratio of
the additional bearing capacity, Fugaitionai, t0 the corresponding plate area, Apjq¢e, and
corresponding variation presented in Figure 9.
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Y= Fadditinal/Aplate (11)

It can be observed that, under different Su conditions, the hybrid foundation incor-
porating a monopile with a diameter of 4 m exhibits the highest bearing capacity contri-
bution per unit plate area; however, this value gradually decreases with increasing R. This
behaviour can be attributed to the fact that, as the plate radius increases, the additional
plate area is primarily located in the outer region farther away from the monopile. Owing
to stress diffusion within the surrounding soil, the contact pressure acting on the outer
plate region progressively decreases, resulting in a lower mobilisation of the surrounding
soil resistance. Consequently, although enlarging the plate size further enhances the over-
all bearing capacity of the hybrid foundation, the increase in bearing capacity is smaller
than the corresponding increase in plate area. As a result, the bearing capacity contribu-
tion per unit plate area gradually decreases, indicating a diminishing marginal contribu-
tion of the additional plate area.

For hybrid foundations with monopile diameters of 6 m and 8 m, the bearing capacity
contribution per unit plate area is consistently lower than that of the 4 m monopile case,
while its variation with increasing R remains relatively limited. This is because larger-
diameter monopiles possess a higher inherent lateral bearing capacity and therefore carry
a greater proportion of the applied lateral load. Consequently, the relative contribution of
the plate to the overall bearing capacity is reduced, resulting in a lower bearing capacity
contribution per unit plate area than that observed for the smaller-diameter monopile.

Furthermore, compared with the 4 m monopile case, the differences in the bearing
capacity contribution per unit plate area for the 6 m and 8 m monopile cases gradually
decrease as R increases. This indicates that, as the plate size continues to increase, the
marginal bearing capacity contribution of the newly added outer plate area gradually con-
verges, and the influence of monopile diameter on the bearing capacity contribution per
unit plate area gradually reduces.
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3.2. Pile Deflection and Pivot Point

Under external loading, the pile exhibits varying degrees of bending deformation.
Figure 10 presents the deflection profiles of the pile in hybrid foundations under different
parameter combinations at the SLS condition. It can be observed that, under different Su,
a smaller D results in more pronounced pile bending. As R increases, under the same SLS
condition (i.e., identical mudline deflection), the reverse displacement at the pile toe loca-
tion increases. This is primarily because a larger plate mobilises a larger volume of sur-
rounding soil, thereby enhancing the overall system resistance. Consequently, a higher
external load is required to reach the same mudline deflection, which intensifies the pile
bending and local rotational effects, ultimately leading to a larger reverse displacement at

the tie location.

Deflection/m
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L 1 L ]
v

Deflection/m
-0.15 -0.1 -005 0 005 0.1 015 02 025 03

Embedded depth/m

Embedded depth/m

(a) (b)
Deflection/m
-0.15 -0.1 -0.05 0 0.05 0.1 015 02 025 03
L 1 ray 1
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(c)
Figure 10. Pile deflection along embedded depth: (a) Su = 30 kPa; (b) Su = 60 kPa; (c) Su = 90 kPa.

The pivot point represents the equivalent centre of rotation of the pile during deflection
and divides the pile into two regions with opposite displacement directions. The location of
the pivot point varies with changes in system parameters under different conditions. Figure
11 presents a statistical analysis of the pivot point locations for the hybrid foundation.

It can be observed that, under different Su, the pivot point exhibits a gradual upward
shift with increasing R. Specifically, increasing R from 1.5 to 3.5 results in an upward
movement of the pivot point by approximately 1.0-1.9 m, depending on the pile diameter.
This indicates that the rotation centre of the pile moves closer to the ground surface, and
the deformation mechanism of the system transitions from being governed by deeper soil
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layers to being dominated by shallower soil. As the plate size increases, a larger portion
of the shallow soil is mobilised, allowing it to play a more significant role in load transfer,
while the contribution of deeper soil correspondingly diminishes. In addition, when Su is
30 kPa, the lateral confinement provided by the soil is relatively weak. As the pile diame-
ter D increases, a larger external load is required to reach the SLS condition, leading to a
larger reliance on deeper soil layers for load transfer. As a result, the pivot point shifts
progressively deeper, with a more pronounced variation. When D increases from 4 m to
8 m, the pivot point moves downward by approximately 0.7-1.5 m, indicating a substan-
tial increase in the participation of deeper soil in load transfer. In contrast, when Su is 60
kPa and 90 kPa, the pivot point still shows a noticeable downward shift as D increases
from 4 m to 6 m; however, when D further increases to 8 m, the change becomes much
less significant. The additional downward movement of the pivot point from D = 6 m to
D = 8 m is generally less than approximately 0.5-0.8 m. This suggests that, in stronger
soils, the need for deeper soil participation is reduced. Consequently, further increases in
pile diameter have a limited influence on the overall load transfer mechanism, and the
pivot point tends to stabilise.
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Figure 11. Pivot point position: (a) Su = 30 kPa; (b) Su = 60 kPa; (c) Su = 90 kPa.

3.3. Pile Bending Moment

To further understand the load transfer mechanism of the pile—soil system, it is nec-
essary to analyse the bending moment distribution along the pile. The bending moment,
as a key parameter characterising both the load response and deformation behaviour of
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the pile, plays an important role in evaluating structural performance. To facilitate com-
parison among different cases, a normalised bending moment is adopted, defined as the
bending moment divided by the product of the bearing capacity and the distance from
the load application point to the mudline. The distribution of normalised bending mo-
ment along the embedded depth is shown in Figure 12.

The results indicate that, for D =4 m and D = 6 m, the normalised bending moment
distributions exhibit similar overall shapes across different Su for various R, with the max-
imum values occurring at approximately 2.5 m below the mudline. As R increases, the
normalised bending moment along the pile gradually decreases, indicating that the plate
takes on an increasing proportion of the load and bending moment within the system.
However, when D = 8 m, a different behaviour is observed under all Su. At R = 2, the
maximum normalised bending moment occurs near the mudline and exhibits a sudden
increase, with its peak value significantly higher than those for R = 1.5 and R = 0. As R
increases further, the maximum normalised bending moment gradually decreases while
its location remains essentially unchanged; nevertheless, the peak value still remains rel-
atively high. It is worth noting that this phenomenon is confined to the region of the max-
imum bending moment, whereas the normalised bending moment along the rest of the
pile follows the same general trend as observed for D =4 m and D = 6 m, namely a gradual
decrease with increasing R. This indicates that, for the case of D =8 m and R =2, a local
moment concentration effect near the mudline is intensified. For D=4 m and D = 6 m, the
pile is relatively flexible, allowing local load effects to be redistributed along the pile
through continuous bending deformation with depth. Consequently, as R increases, the
role of the plate is primarily to progressively share the external load and reduce the bend-
ing demand on the pile, leading to an overall decrease in the normalised bending moment
without the formation of pronounced local peak amplification. In contrast, when D =8 m,
the bending stiffness of the pile is significantly higher, and its deformation capacity is
reduced. At R =2, the plate reaches a size sufficient to noticeably influence the confinement
of shallow soil and the load transfer interaction at the pile-plate connection. However, its
effect is not yet strong enough to redistribute the bending moment smoothly over a wider
depth range. As a result, this leads to the occurrence of a local moment concentration near
the mudline. As R increases further, the plate contributes more effectively to load and
moment sharing, and the overall load distribution within the system becomes more dis-
persed, causing the maximum normalised bending moment to decrease again.

Therefore, it can be concluded that, for monopiles with smaller diameters, an increase
in plate size primarily leads to a continuous reduction in the bending moment along the
pile. In contrast, for larger-diameter monopiles, the influence of the plate exhibits a more
pronounced stage-dependent behaviour. Specifically, within a certain range of R, the plate
not only contributes to sharing the overall load but may also alter the local load transfer
mechanism near the mudline, thereby inducing a local amplification of the peak bending
moment.

3.4. Pile Shear Force

The shear force provides a direct representation of the pile response under applied
loading, and its distribution along the pile is of critical importance for assessing the safety
and stability of the foundation. To facilitate comparison among different schemes, the
shear force is also normalised by the corresponding bearing capacity in each case. The
distribution of normalised shear force along the embedded depth is shown in Figure 13.
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Figure 12. Normalised bending moment curves: (a) Su = 30 kPa, D =4 m; (b) Su =30 kPa, D=6 m;
(c) Su =30 kPa, D=8 m; (d) Su =60 kPa, D =4 m; (e) Su =60 kPa, D =6 m; (f) Su=60 kPa, D=8 m;
(g) Su=90kPa, D =4 m; (h) Su=90kPa, D=6 m; (i) Su=90 kPa, D=8 m.

Under different Su, when the pile diameter D remains constant, the shear force dis-
tribution of the hybrid foundation generally exhibits similar variation patterns. When D =
4 m and R = 1.5, the shear force distribution of the hybrid foundation shows only minor
differences compared to that of the monopile. The maximum shear force occurs at approx-
imately 20 m below the mudline, indicating that the influence of the plate on the overall
load-bearing mechanism is relatively limited at this stage. When R =2, the direction of the
shear force at the mudline reverses. This is primarily attributed to the increased plate size,
which begins to bear and redistribute part of the external load near the mudline, thereby
altering the local force equilibrium and resulting in a reversal of the shear force direction.
However, the primary load-bearing characteristics of the pile are still governed by the
deeper soil layers, and thus the maximum shear force remains located at approximately
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20 m below the mudline. As R further increases, the shear force at the mudline increases
significantly and gradually becomes the location of the maximum shear force along the
pile. This indicates that the plate participates more actively in load transfer, leading to a
more concentrated load distribution near the mudline and more pronounced internal
force variations in this region, thereby causing a substantial increase in shear force. Mean-
while, a shear force peak still exists at approximately 20 m below the mudline, but its
magnitude gradually decreases with increasing R. This is because part of the load origi-
nally carried by the deeper sections of the pile is progressively transferred due to the en-
largement of the plate.

When D = 6 m, the dispersion of shear force distribution near the mudline becomes
significantly more pronounced. This is attributed to the increased pile stiffness, which re-
duces its ability to redistribute localised loads through bending deformation, thereby
causing the load redistribution induced by the plate to become more concentrated in the
shallow region. At R =1.5, a trend of shear force direction reversal is already observed at
the mudline, indicating that the influence of the plate on the local load-bearing mechanism
has begun to emerge. As R increases, the differences in shear force near the mudline be-
come further amplified. At this stage, the shear force peaks are mainly located at two po-
sitions: near the mudline and approximately 21 m below the mudline. The former results
from the concentrated load distribution in the shallow soil, while the latter reflects the
dominant load-bearing response of the deeper pile section. As R exceeds 1.5, the shear
force at the mudline gradually increases and becomes dominant, whereas the deep-seated
peak progressively decreases. This indicates a transfer of load from the deeper regions of
the pile to the shallow layers.

When the pile diameter increases to D = 8 m, the shear force distribution exhibits a
more pronounced localisation effect, with significantly larger divergence among the
curves near the mudline under different R. This also indicates that, as pile stiffness in-
creases, localised loads can no longer be effectively redistributed to deeper regions
through bending deformation. Consequently, the load redistribution induced by the plate
becomes more concentrated in the vicinity of the mudline. At R = 1.5, a clear reversal in
the shear force direction is already observed near the mudline. As R increases, the shear
force at the mudline rises rapidly and gradually becomes the governing location, indicat-
ing that the load is more intensively redistributed in this region, resulting in more pro-
nounced internal force variations. Meanwhile, a distinct shear force peak still exists at ap-
proximately 22-26 m below the mudline, reflecting the load-bearing response of the
deeper pile section. As R increases, this deep-seated peak follows the same trend observed
for D =4m and D = 6 m, gradually decreasing in magnitude. This also suggests that part
of the load is progressively transferred from the deeper regions to the shallow layers. No-
tably, within the range of approximately 0-5 m below the mudline, the shear force exhibits
the trend of multiple directional reversals, indicating continuous adjustment of internal
forces over a short depth. This behaviour primarily results from the high stiffness of the
large-diameter pile, which limits its bending deformation capacity and prevents the trans-
fer of load-induced variations to deeper regions, thereby confining them to the shallow
layer. At the same time, the presence of the plate alters the load transfer path near the
mudline, causing load dispersion and redistribution within the shallow soil. The com-
bined effects of these mechanisms ultimately lead to the trend of multiple directional
changes in shear force within the near-mudline region.
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Figure 13. Normalised shear force curves: (a) Su =30 kPa, D =4 m; (b) Su=30 kPa, D =6 m; (c) Su =
30 kPa, D =8 m; (d) Su= 60 kPa, D =4 m; (e) Su = 60 kPa, D = 6 m; (f) Su= 60 kPa, D =8 m; (g) Su =
90 kPa, D =4 m; (h) Su =90 kPa, D = 6 m; (i) Su =90 kPa, D =8 m.

3.5. Design Implications for Offshore Wind Foundations

The findings of this study provide useful guidance for the preliminary design of
plate—-monopile hybrid foundations for offshore wind turbines installed in clay. Based on
the numerical results, the selection of the R should not only aim to maximise the lateral
bearing capacity but also consider the efficiency of material utilisation. Although increas-
ing R consistently improves the overall bearing capacity of the hybrid foundation, the
bearing capacity contribution per unit plate area gradually decreases with increasing R,
indicating diminishing marginal returns associated with further enlargement of the plate.
Therefore, excessively large plates may increase material consumption and construction
costs without providing proportional improvements in structural performance.

The effectiveness of increasing the plate size also depends on the soil strength. Under
relatively weak clay conditions, enlarging the plate mobilises a larger volume of shallow
soil and produces a more pronounced improvement in lateral bearing capacity and system
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stability. In contrast, for stronger clay deposits, the additional benefit provided by further
increasing R becomes less significant because the monopile itself is capable of mobilising
sufficient soil resistance. Consequently, the plate dimensions should be selected according
to site-specific soil conditions rather than simply adopting the largest possible plate.

The present results further indicate that increasing the monopile diameter enhances
both the structural stiffness and the contribution of deeper soil layers to load transfer.
Therefore, for offshore wind foundations subjected to relatively large lateral loads, im-
proving pile diameter and plate dimensions simultaneously may provide a more balanced
enhancement of structural performance than increasing either parameter alone.

Furthermore, the empirical bearing-capacity prediction equation proposed in this
study provides a practical tool for preliminary design. Instead of performing time-con-
suming three-dimensional finite element analyses during the conceptual design stage, en-
gineers may rapidly estimate the lateral bearing capacity of plate—-monopile hybrid foun-
dations using the proposed equation under different combinations of D, R, and Su. De-
tailed numerical analyses and site-specific investigations are still recommended for final
engineering design, particularly for layered marine deposits, cyclic loading, and other
complex geological conditions.

4. Conclusions

In this study, numerical models of plate-monopile hybrid foundations are developed
in clay using Plaxis 3D, considering different Su, D, and R. Through systematic compara-
tive analyses, the load-bearing advantages of the hybrid foundation are quantified. Fur-
thermore, the effects of key parameters on foundation performance, together with the
pile—soil interaction characteristics and the underlying load transfer mechanisms, are
comprehensively investigated. The main conclusions are summarised as follows:

(1) Su, D, and R all show positive correlations with the load-bearing capacity of the hy-
brid foundation. Furthermore, the load-bearing capacity of the hybrid system can be
expressed as the superposition of the monopile capacity and a quadratic function of
R, reflecting the nonlinear enhancement in foundation performance induced by the
addition of the plate.

(2) The location of the pivot point is jointly influenced by R, D and Su. As R increases,
the pivot point shifts upward, indicating a transition of the system from deep-soil-
dominated behaviour to shallow-soil-dominated behaviour. In contrast, increasing D
leads to a downward shift in the rotation centre, a trend that is more pronounced in
low-strength soils.

(3) For small-diameter plate-monopile hybrid foundations, the bending moment along
the pile decreases progressively with increasing R. For large-diameter hybrid foun-
dations, the bending moment response exhibits a stage-dependent behaviour, where
a local concentration of bending moment occurs near the mudline within a certain
range of R, followed by a gradual reduction as R further increases.

(4) The shear force distribution exhibits a pronounced double-peak characteristic, with
peaks near the mudline and in the deeper pile section. As R increases, the mudline
shear force is enhanced while the deep-seated peak decreases; meanwhile, increasing
D leads to a transition from a smooth to a localised distribution, with evident near-
mudline intensification and multiple directional reversals for large diameters.

Despite the systematic analysis conducted in this study, several limitations should be
acknowledged. First, the soil profile is simplified as a single layer, and different values of
Su are adopted to represent different clay types. However, in reality, soil properties typi-
cally vary with depth and multi-layers. Therefore, the present results should be regarded
as comparative rather than site-specific predictions. Future work will incorporate depth-
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dependent soil profiles to achieve more accurate and realistic assessments. In addition,
this study considers three key parameters, namely the Su, D, and R. Although the obtained
results reveal the influence of these key parameters, other potentially important factors,
such as the embedment depth, interface reduction factor, and loading height, have not
been considered. Furthermore, the present study focuses exclusively on the ultimate lat-
eral bearing capacity under static loading conditions. The mechanical behaviour of plate—
monopile hybrid foundations under cyclic loading conditions may differ significantly due
to the accumulation of deformation and stiffness degradation. These aspects will be sys-
tematically investigated in future work to further improve the understanding of the long-
term performance of hybrid foundations in marine clay.

Author Contributions: Conceptualisation, Y.M., S.B., H.L.,, KW. and L.C.; methodology, Y.M., H.L.,
K.W.and L.C,; software, Y.M.; validation, Y.M.; formal analysis, Y.M.; investigation, Y.M., H.L. and
C.X,; resources, L.C.; data curation, Y.M. and C.X.; writing—original draft preparation, Y.M.; writ-
ing—review and editing, S.B., KW. and L.C.; visualisation, Y.M.; supervision, S.B. and L.C.; project
administration, L.C.; funding acquisition, Y.M. and L.C. All authors have read and agreed to the

published version of the manuscript.

Funding: This research has been jointly funded by the China Scholarship Council and the University

of Surrey.

Data Availability Statement: The data presented in this study are available from the corresponding

author upon reasonable request.

Acknowledgments: Authors are thankful to the China Scholarship Council and the University of
Surrey for funding.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Ma,Y,; Cui, L; Zhou, H.; Bhattacharya, S. Hybrid offshore renewable energy harvest system: A review. Energy Convers. Manag.
2026, 348, 120654.

2. Arrambide, I.; Zubia, I.; Madariaga, A. Critical review of offshore wind turbine energy production and site potential assessment.
Electr. Power Syst. Res. 2019, 167, 39-47.

3. Gasch, R,; Twele, J. Wind Power Plants: Fundamentals, Design, Construction and Operation; Springer Science & Business Media:
Berlin/Heidelberg, Germany, 2011.

4. Slocum, A,; Kluger, J.; Mannai, S. Energy harvesting and storage system stabilized offshore wind turbines. In Proceedings of the
2019 Offshore Energy and Storage Summit (OSES); IEEE: New York, NY, USA, 2019; pp. 1-6.

5. Aleem, M. Technology Readiness Level (TRL) Study of New Offshore Wind Turbine Foundations. Ph.D. Thesis, University of
Surrey, Guildford, UK, 2022.

6. Buljan, A. Siemens Gamesa to Soon Install 21 MW Offshore Wind Turbine Prototype at Danish Test Site—Reports. 2024.
Available online: https://www.offshorewind.biz/2024/12/10/siemens-gamesa-to-soon-install-21-mw-offshore-wind-turbine-
prototype-at-danish-test-site-reports/ (accessed on 1 March 2026).

7. Bosch, |; Staffell, I.; Hawkes, A.D. Temporally explicit and spatially resolved global offshore wind energy potentials. Energy
2018, 163, 766-781.

8.  Gonzalez-Rodriguez, A.G. Review of offshore wind farm cost components. Energy Sustain. Dev. 2017, 37, 10-19.
https://doi.org/10.1016/j.esd.2016.12.001.

9. Hu, P; Jeng, D.-S. New challenges in offshore geotechnical engineering developments. . Mar. Sci. Eng. 2025, 13, 392.

10. Dali, S.; Han, B.; Huang, G.; Gu, X.; Jian, L.; Liu, S. Failure mode of monopile foundation for offshore wind turbine in soft clay
under complex loads. Mar. Georesources Geotechnol. 2022, 40, 14-25.

11. Nikitas, G.; Vimalan, N.J.; Bhattacharya, S. An innovative cyclic loading device to study long term performance of offshore

wind turbines. Soil Dyn. Earthq. Eng. 2016, 82, 154-160. https://doi.org/10.1016/j.s0ildyn.2015.12.008.

https://doi.org/10.3390/jmse14141339



J. Mar. Sci. Eng. 2026, 14, 1339 26 of 27

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Sunday, K.; Brennan, F. A review of offshore wind monopiles structural design achievements and challenges. Ocean Eng. 2021,
235, 109409.

Deviprasad, B.; Chatterjee, S. Reliability analysis of monopiles for offshore wind turbines under lateral loading. Ocean Eng. 2024,
294, 116829.

Byrne, B.W.; Burd, H.J.; Zdravkovi¢, L.; McAdam, R.A.; Taborda, D.M.; Houlsby, G.T.; Jardine, R.J.; Martin, C.M.; Potts, D.M.;
Gavin, K.G. PISA: New design methods for offshore wind turbine monopiles. Rev. Fr. Géotechnique 2019, 158, 3.
https://doi.org/10.1051/geotech/2019009.

Ma, Y.; Mondal, S.; Cui, G.; Aleem, M.; Bhattacharya, S.; Cui, L. Cyclic behaviour of plate-monopile and bucket-monopile hybrid
foundation in sand. Comput. Geotech. 2026, 197, 108267.

Burd, H.J.; Taborda, D.M.; Zdravkovi¢, L.; Abadie, C.N.; Byrne, B.W.; Houlsby, G.T.; Gavin, K.G.; Igoe, D.J.; Jardine, R.J.; Martin,
C.M. PISA design model for monopiles for offshore wind turbines: Application to a marine sand. Géotechnique 2020, 70, 1048-1066.
Ma, Y.; Cui, L.; Bhattacharya, S. A novel foundation design for the hybrid offshore renewable energy harvest system. Ocean Eng.
2025, 323, 120519.

Wang, X.; Zeng, X.; Li, J.; Yang, X. Lateral bearing capacity of hybrid monopile-friction wheel foundation for offshore wind
turbines by centrifuge modelling. Ocean Eng. 2018, 148, 182-192.

Rui, S.; Wang, L.; Zhou, Z.; Jostad, H.P.; Guo, Z. Bearing performance of a novel caisson—plate gravity anchor. Géotechnigue 2025,
75, 686—697.

Li, L.; Liu, H; Wu, W.; Wen, M.; El Naggar, M.H.; Yang, Y. Investigation on the behavior of hybrid pile foundation and its
surrounding soil during cyclic lateral loading. Ocean Eng. 2021, 240, 110006.

Kim, J.-H.; Jeong, Y.-H.; Kim, D.-S. Improved load capacity of a hybrid bucket foundation for offshore structures in sand.
Appl. Ocean Res. 2020, 101, 102197.

Zhang, P.; Guo, Y.; Liu, Y.; Ding, H. Experimental study on installation of hybrid bucket foundations for offshore wind turbines
in silty clay. Ocean Eng. 2016, 114, 87-100.

Li, B;; Wang, Y.; Qi, W.; Wang, S.; Gao, F. Lateral bearing capacity of a hybrid monopile: Combined effects of wing configuration
and local scour. |. Mar. Sci. Eng. 2022, 10, 1799.

Bienen, B.; Diihrkop, J.; Grabe, ].; Randolph, M.F.; White, D.J. Response of piles with wings to monotonic and cyclic lateral
loading in sand. J. Geotech. Geoenvironmental Eng. 2012, 138, 364-375.

Wei, L.; Yong-ming, Z.; Xing-jian, S.; Jin-ping, L.; Sheng-xiao, Z. Numerical simulation of a new type of large-diameter monopile
with wings for offshore wind turbine structure. Hydro-Sci. Eng. 2014, 3, 56-63.

Aleem, M; Jindal, S.; Rahmanli, U.; Bhattacharya, S.; Fard, M. Comparative study of hybrid monopile foundation for offshore
wind turbines. In Proceedings of the 10th NUMG E Conference, London, UK, 26-28 June 2023.

Lehane, B.; Pedram, B.; Doherty, J.; Powrie, W. Improved performance of monopiles when combined with footings for tower
foundations in sand. J. Geotech. Geoenviron. Eng. 2014, 140, 04014027.

Wang, X.; Zeng, X.; Yang, X,; Li, ]J. Feasibility study of offshore wind turbines with hybrid monopile foundation based on
centrifuge modeling. Appl. Energy 2018, 209, 127-139.

Rehman, Z.u.; Zhang, G. Shear coupling effect of monotonic and cyclic behavior of the interface between steel and gravel. Can.
Geotech. ]. 2019, 56, 876-884.

Rehman, Z.U.; Zhang, G. Cyclic behavior of gravel-steel interface under varying rotational shear paths. Can. Geotech. ]. 2021,
58, 305-316.

Rehman, Z.U.; Luo, F.; Wang, T.; Zhang, G. Large-scale test study on the three-dimensional behavior of the gravel-concrete
interface of a CFR dam. Int. ]. Geomech. 2020, 26, 04020046.

Ukritchon, B.; Boonyatee, T. Soil parameter optimization of the NGI-ADP constitutive model for Bangkok soft clay. Geotech.
Eng. ]. SEAGS AGSSEA 2015, 46, 28-36.

Brinkgreve, R. PLAXIS 2D — Reference Manual CONNECT Edition V20; Delft University of Technology & PLAXIS b.v.: Delft, The
Netherlands, 2019.

Lai, V.Q.; Shiau, J.; Keawsawasvong, S.; Tran, D.T. Bearing capacity of ring foundations on anisotropic and heterogenous clays:
FEA, NGI-ADP, and MARS. Geotech. Geol. Eng. 2022, 40, 3913-3928.

Grimstad, G.; Andresen, L.; Jostad, H.P. NGI-ADP: Anisotropic shear strength model for clay. Int. |. Numer. Anal. Methods
Geomech. 2012, 36, 483-497.

Khezri, A.; Park, H.; Lee, D. Numerical analysis of offshore monopile foundations in layered clay. Appl. Ocean Res. 2025, 161, 104685.

https://doi.org/10.3390/jmse14141339



J. Mar. Sci. Eng. 2026, 14, 1339 27 of 27

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.
48.

49.
50.

Shirzoi, A.G.; Ma, Z.; Zhang, B.n.; Dai, S.; Han, B. Investigation of soil damping for offshore wind turbine monopile-soil system
in stiff clay on elastoplastic-damage model. Mar. Georesources Geotechnol. 2025, 43, 949-964.

Alsharedah, Y.A.; Newson, T.; El Naggar, M.H.; Black, J.A. Lateral Ultimate Capacity of Monopile Foundations for Offshore
Wind Turbines: Effects of Monopile Geometry and Soil Stiffness Properties. Appl. Sci. 2023, 13, 12269.

Xie, M.; Lopez-Querol, S. Numerical simulations of the monotonic and cyclic behaviour of offshore wind turbine monopile
foundations in clayey soils. . Mar. Sci. Eng. 2021, 9, 1036.

Zhai, ]J.; Yin, Q. Finite element analysis of newly designed monopiles for offshore wind turbines on seabed with shallowly
buried batholith. Ships Offshore Struct. 2023, 18, 735-747.

Ma, Y.; Cui, L.; Bhattacharya, S. Mechanical response of hybrid foundation under unidirectional cyclic loading in sand. Ocean
Eng. 2026, 354, 124938.

Achmus, M.; Kuo, Y.-S.; Abdel-Rahman, K. Behavior of monopile foundations under cyclic lateral load. Comput. Geotech. 2009,
36, 725-735.

Page, A.M; Klinkvort, R.T.; Bayton, S.; Zhang, Y.; Jostad, H.P. A procedure for predicting the permanent rotation of monopiles
in sand supporting offshore wind turbines. Mar. Struct. 2021, 75, 102813.

Gao, L. Research on Enhancement Lateral Bearing Behaviour of Monopile for Offshore Wind Turbines in Cement-Soils. Ph.D.
Thesis, Southeast University, Nanjing, China, 2022.

Li, F.; Han, J.; Lin, C. Effect of scour on the behavior of laterally loaded single piles in marine clay. Mar. Georesources Geotechnol.
2013, 31, 271-289.

Khezri, A.; Park, H.; Lee, D. Numerical Analysis of Critical Embedment Depth of Offshore Monopile Foundations in Clay. J.
Mar. Sci. Eng. 2025, 13, 2118.

Bentley. PLAXIS 3D Manual 2024; Bentley: Singapore, 2024.

Zdravkovi¢, L.; Taborda, D.M.; Potts, D.M.; Abadias, D.; Burd, H.J.; Byrne, B.W.; Gavin, K.G.; Houlsby, G.T.; Jardine, R.J.; Martin,
C.M. Finite-element modelling of laterally loaded piles in a stiff glacial clay till at Cowden. Géotechnique 2020, 70, 999-1013.
DNVGL-ST-0126; Support Structures for Wind Turbines. DNV GL AS: Hovik, Norway, 2016.

Bhattacharya, S.; Lombardi, D.; Amani, S.; Aleem, M.; Prakhya, G.; Adhikari, S.; Aliyu, A.; Alexander, N.; Wang, Y.; Cui, L. Physical
modelling of offshore wind turbine foundations for TRL (technology readiness level) studies. ]. Mar. Sci. Eng. 2021, 9, 589.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-

thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/jmse14141339



