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Abstract

Large-diameter pile is the main foundation type of offshore wind power engineering, which needs to withstand the long-term wave 

loadings. The pile-soil interaction is of great significance to the safety and stability of the foundation. In this study, numerical analyses 

with a two-dimensional model were employed to simulate the wave loading pile in layered soils. The results revealed that the pile-soil 

interaction shows a positive correlation with the wave loading, present a reciprocal trend, the displacement ranging from −9.3 mm 

to 10.7 mm in front of the pile and from −9.7 mm to 10.4 mm behind it, the plastic strain initially arises in the soil proximate to the 

point of rotation, rather than at the mudline, primarily occurs in the clay layer, gradually progressing from the bottom upward and 

expanding outward. The soil maximum stress is 23.9 kPa in sand layer, while 15.2 kPa in the clay layer, the stress does not correlate 

with depth in the clay layer, but significantly influenced by the clay layer's distribution.
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1 Introduction
In recent years, the extensive development of global off-
shore wind power has offered an efficient solution to the 
pressing issues of energy scarcity and environmental pol-
lution. The monopile foundation, a commonly employed 
structure in the offshore wind turbine sector, comprises 
80.8% of the total foundations used, with typical diame-
ters ranging from 6 m to 10 m [1]. These piles, which dif-
fer significantly from those used inland, are subjected to 
considerable and complex oceanic dynamic loadings [2]. 
Wave action constitutes the primary loading mode for 
large-diameter piles, while the Morison equation serves 
as the principal method used to calculate wave loading on 
these piles [3], it has the advantage of simple form and 
higher accuracy [4–6], previous studies have typically 
simplified the issue by considering unidirectional, bidi-
rectional, or multidirectional horizontal cyclic concen-
trated loads acting on the pile [7, 8]. The effect of waves 
on the pile-soil interaction is primarily manifested in two 
aspects: firstly, waves impose horizontal loads on the pile; 

secondly, they directly impact the seabed, thereby induc-
ing additional compressive stresses and superhydrostatic 
pore pressure on its surface. Asumadu et al. [9–11] and 
Zhao et al. [12] established two-dimensional and three-di-
mensional model to study the seabed response under the 
wave action, respectively. Wang et al. [13] obtained the 
expressions of excess pore pressure and effective stresses 
of seabed soil under the wave loadings. Abhinav and 
Saha  [14] investigated the jacket response in loose sand 
under the wave effects, Guo et al. [15] introduced a coupled 
model to investigate both the seabed's dynamic resilience 
and the pile's mechanical behavior under wave action. 
Liu et al. [16] conducted an analysis of the temporal evolu-
tion of horizontal stress and displacement characteristics 
in soil surrounding piles subjected to wave loading.

The above research primarily delves into the impacts of 
wave action on the seabed and the pile displacement and 
deformation. Furthermore, most of these loads rely solely 
on a single soil layer, the pile-soil interaction in layered 
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soils is relatively limited. In addition, the diameter of the 
field test piles does not exceed 2.5 m currently, necessitat-
ing the investigation of the bearing characteristics of over-
sized monopiles with a diameter of 6 m under wave load-
ing. This paper integrates the calculation method of wave 
force, investigates the characteristics of pile-soil interac-
tion under wave loading, and derives the response of soil 
surrounding piles under such conditions. It provides valu-
able insights and reference specifically for the design and 
construction of coastal and offshore engineering structures.

2 Theory and methods of wave force calculation
2.1 The determination of wave force
The Morison equation is now widely used in engineering 
to calculate the wave force carried by structures with small 
scales, the schematic presented in Fig. 1, assuming that the 
pile's existence does not influence the wave characteris-
tics [17]. The monopile can be viewed as upright pilings 
submerged in water, the diameter is much smaller than the 
wavelength, linear wave theory is used in the analyses and 
calculations. The wavefront equation for a linear wave as 
shown in the Eq. (1), substituting this into the Morison 
equation, obtain the wave force, as shown in the Eq. (2):

� �� �� �H kx t
2
cos , 	 (1)

F C D u u C D uD w w m w� � �
1

2 4

2

� �
�

 , 	 (2)

where ρ, CD, D, uw, CM is fluid density, drag coefficient, 
pile diameter, velocity, inertia coefficient.

The horizontal velocity of water quality point move-
ment at any height of z is expressed as:
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where H is the wave height, k is wave number, T is the 
wave period.

The acceleration water quality point movement at any 
height of z is expressed as:
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Let kx – ωt = θ, then it is substituted in Eqs. (4) and (5), 
and was integrated along the pile length, then the analytic 
solution of wave force can be acquired as shown in Eq. (5):
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Then simplification dispersion equation, the total wave 
force acting on the pile is obtained in Eq. (6):
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where V is the pile volume submerged.
Based on Eq. (6), a wave force calculation program 

developed in Excel, which can calculate the wave force 
under different conditions, for wave heights of 1–5 m, 
wave periods of 5–9 s and water depths of 5–15 m, respec-
tively, as shown from Fig. 2 to Fig.4.

2.2 Enhancing the load method in numerical
The AQUA is a specialized add-on module for ABAQUS, 
tailored for marine engineering applications. This mod-
ule is capable of simulating the application of fluid iner-
tia forces on structures, specifically by simulating steady-
state currents and waves, which are defined by entering 

Fig. 1 The pile schematic Fig. 2 The wave force in different wave heights
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keywords within the ABAQUS software. Define the fluid 
parameters using the *AQUA keyword and wave parame-
ters using the * wave keyword, then in *Dload define Drag 
and Inertia loads, respectively, then the wave force can be 
calculated in the ABAQUS.

A numerical model was developed, drawing upon the 
model test reported in a previous study [18]. The specifica-
tions of the test pile include a diameter of 0.05 m, a thick-
ness of 5 mm, and a length of 1.1 m. The water depth was 
set at 0.6 m, the wave height was 0.12 m, and the period was 
1.2 s. The pile was assumed to behave as a cantilever beam 
with a fixed tip, as depicted in Fig. 5. It was modeled as 
a linear elastic material with increased stiffness, the results 
obtained from the numerical model were found to align 
closely with those measured in the model test, specifically, 
the maximum measured wave force was 2.248 N, while the 
numerical result was 2.236 N, resulting in an error of only 

0.68%, meanwhile, the wave force calculated using Eq. (6). 
The comparison demonstrates that the accuracy of wave 
force calculations in ABAQUS, as shown in Fig. 6.

3 The interactions between pile and soil under wave 
loading
3.1 Detailed description and rigorous validation of the 
model
The pile-soil model, depicted schematically in Fig. 7, illus-
trates a pile supported by the surrounding soil. The field 
test is introduced from the literature [19]. The finite ele-
ment model presented in Fig. 8, features a soil length of 
200 m and a height of 90 m, with parameters selected based 
on the sea area in Jiangsu Province, China, as  detailed 
in Table 1. The performance of layered soil is evalu-
ated using the Mohr-Coulomb model, with the pile mod-
eled as having a diameter of 2 m, a length of 72.4 m, and 
a  thickness of 28  mm. The interaction between the pile 
and soil is simulated using embedded region constraint. 

Fig. 3 The wave force in different water depths

Fig. 4 The wave force in different wave periods

Fig. 5 The tip fixed model

Fig. 6 Wave force in different methods
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The study employs a single-cycle horizontal maintenance 
load method applied in one direction, with load levels of 
250 kN, 500 kN, 600 kN, 700 kN, and 800 kN, respec-
tively. The load-displacement curve and pile deflection 
curve compared with the field test results as shown in 
Fig. 9 and Fig. 10, the trends observed similar, but there 
are differences in the values, the reason for this is that 
the complexity of the soil, it is difficult to express all the 
soil properties in a model, so the results obtained through 
numerical simulation are similar in regularity to the 
field test, instead of completely consistent results. As the 
meshes were increased, the results showed minimal devi-
ation, thereby validating the appropriateness of the mesh 
size selected for this study.

3.2 Analysis of soil plastic strain
After validating the finite element model, a pile with the 
diameter of 6 m, a length of 72.4 m, and a thickness of 
75  mm was established, with the load applied as previ-
ously mentioned. It's crucial to note that the derivation of 
the Morison equation relies on the scenario of a rigid cylin-
der. Therefore, it's essential to assign the pile material prop-
erty of high stiffness, ensuring that the deflection caused by 
deformation can be largely disregarded. The contour of soil 
plastic strain depicted in Fig. 11, it goes to show that the soil 
plastic strain mainly distributed in the clay layer, and the 
strain range increases with time, in the first of 0.06 s, the clay 
layer deeper at a depth of approximately 22.4 m below the 
mudline experiences the initial plastic strain, obviously, dis-
tributed on both sides of the pile, due to compression and 
tension respectively. The development becomes evident at 
0.16 s, with the plastic strain initially expanding in the back 
of pile and gradually spreading outward, mainly because 

Table 1 The layered soil parameters

Number Layer Depth 
(m)

γ  
(kN/m3)

C 
(KPa) φ (°) ν E  

(MPa)

1 Clay 3.3 7.3 15 8.1 0.3 38.8

2 Clay 7.9 7.6 15 8.4 0.3 39.5

3 Sand 3 9 18 26.4 0.3 105.9

4 Sand 8.2 9.6 7 33.4 0.3 128.8

5 Clay 9.8 8.1 22 12.1 0.3 134.4

6 Clay 16.3 8.8 26 16.5 0.3 150.9

7 Clay 1.7 9.9 37 17.8 0.3 176.9

8 Sand 23.4 9.8 7 33.6 0.3 192.3

Fig. 7 The pile-soil model

Fig. 8 The finite element model

Fig. 9 The load-displacement

Fig. 10 The pile deflection
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wave loads increase with time. By 0.26 s, the wave loading 
continues to increase, the plastic strain towards to the shal-
low clay layer, meanwhile, expanding around. By the end 
of 10 s, the plastic strain distributed throughout the deeper 
clay layer and to a certain extent around the pile in the shal-
low layer. The findings reveal that the plastic strain primar-
ily occurs in the clay layer, gradually increasing from the 
bottom up over time. The reason for that, when the hori-
zontal load is small, the pile exhibits rigid characteristics, 
manifesting as rotation around a point, results in a signif-
icant increase of soil stress levels, and then a large defor-
mation occurs, with the increasing loads, the pile exhibited 
different deformation behavior patterns, causes an increase 
in stress and deformation in the shallow layer. In  addi-
tion, during the loading and unloading process of the wave 
action, clays soft and deformable nature compared to sandy 
soils, tend to compress their pores more readily, resulting in 
a higher pore pressure ratio, the excess pore pressure accu-
mulated in the soil commences a gradual dissipation pro-
cess when unloading.

The equivalent plastic strain serves as a metric for 
assessing soil plastic deformation, effectively documenting 
the soil's deformation history. This quantity characterizes 
cumulative plastic strain, with values exceeding zero indi-
cating the occurrence of plastic strain. Fig. 12 illustrates 
that the plastic zone predominantly occurs within the clay 
layer, whereas the sand layer exhibits no cumulative plas-
tic strain generation. This is attributed to the clay's plas-
tic nature versus the sand's inelasticity, leading to plastic 
deformation primarily within the clay layer. The shallow 
soil remains resilient, generating no plastic strain. 
At a depth of 7.25 m, the plastic strain accumulates in front 
of and behind the pile, experiences plastic strain at 1.19 s 
and 5.2 s, as evident in Fig. 13, approximately peaking at 
0.025% and 0.035%, respectively, this is due to the embed-
ded pile-soil constraint, which exerts a tensile effect on the 
soil behind the pile during movement. Identifying the rela-
tionship between load and soil strain is straightforward.

3.3 Analysis of soil deformation
As depicted in Fig. 14, the soil deformation varies across 
different stages. It is crucial to comprehend the ground 
stress equilibrium for elucidating the initial stress that 
governs soil deformation. Prior to the application of wave 
forces, the pile-soil system is in a initial equilibrium state, 
characterized by tension in front of the pile and compres-
sion behind it at the mudline, with the opposite pattern 
observed at greater depths. Consequently, the deformation 
is minimal, exhibits a symmetrical displacement distri-
bution with nearly zero values, as evident in Fig. 14 (a), 
the  area extending 4 m to the left and right of the pile. 
Then, the soil displacement in front and back of pile as 
shown in Fig. 15, it is evident that the displacement curves 
are almost identical, ranging from −9.3 mm to 10.7 mm in 
front of the pile and from −9.7 mm to 10.4 mm behind it. 
These results suggest that, under wave loading, the dis-
placement varies within a specific range, with different 
values at different times but similar trends on both sides 
of the pile. At a time of 5 s, the soil deformation contour 
as shown in Fig. 14 (b), compression is clearly observable 

Fig. 11 The contour of soil plastic strain

Fig. 12 The contour of soil PEEQ

Fig. 13 The PEEQ in front and back of pile
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within a restricted zone encircling the pile at the mud-
line, gradually extending deeper in a tensile manner, the 
maximum displacement reaches −5.819 mm. At a time 
of 10 s, the observed result is diametrically opposed to 
5 s, as shown in Fig. 14 (c), express as that tensile defor-
mation near the pile at the mudline, while compression 
in the deeper, the maximum displacement increases to 
8.068 mm. The main reason for that, the pile swings from 
one side to the other, at a time of 5 s, the pile oscillating 
along the negative direction of the x-axis under the wave 
loading, the embedded constraints suggest that the pile and 
soil are bonded, resulting in the soil moving with the pile 

under bonding action, thus causing negative displacement. 
The displacement observed at 10 s is greater than that at 
5 s, which is attributed to the reduced bearing capacity of 
the soil resulting from accumulated deformation.

3.4 Analysis of soil stress
The pile swing under the wave loading causes constant 
loading and unloading of the surrounding soil, resulting 
in alterations in soil stress. These changes are primarily 
manifested as stress relief during unloading. Taking into 
account the initial stress of the soil, the stress variations 
can be determined by subtracting the final stress from the 

Fig. 14 The soil displacement in different steps; (a) initial state; (b) t = 5 s; (c) t = 10 s

		    (a)				                  (b)	                              (c)

Fig. 15 The soil displacement changes with time
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initial stress, as depicted in Fig. 16, soil stresses exhibit 
a distinct periodic temporal variability, with fluctuations 
ranging from −15.25 kPa to 15.22 kPa in front of the 
pile and from −12.16 kPa to 18.25 kPa behind it, approx-
imately symmetrically distributed. Notably, the  pat-
terns of soil stress variation in front and after the pile 
are inversely correlated, specifically, the peak stresses 
occur simultaneously at opposite locations, one in front 
and the other behind the pile. The reason for that the soil 
compression in front of the pile results in negative stress, 
whereas the tensile results in positive stress, concur-
rently, the observed transformation is precisely counter to 
the preceding trend. Since the pile is modeled as a beam 
embedded within the soil, it does not have direct contact 
with the soil, which inherently hinders the direct assess-
ment of force transfer characteristics. However, based on 
the fundamental principle of force equilibrium, the force 
imposed by wave loading, with the pile tip constrained, 
can be equated to the reactive force from the surround-
ing soil. Using the wave forces calculated as mentioned 
earlier, the relationship between soil stress and wave 
force obtained as presented in Fig. 17, layers 1, 2, and 3, 
respectively representing the clay layer, the sand layer, 
and another clay layer. The  results indicate a hysteresis 
curve trend in both. However, the sandy soil layer exhib-
its a smaller hysteresis circle compared to the clay layer. 
Furthermore, the hysteresis circle of the deep clay layer is 
notably larger than that of the shallow soil layer. The soil 
stress different with depths are depicted in Figs. 18 and 19, 
notably, the soil stress in the sand layer is the most sig-
nificant, ranging from −21  kPa to 28.7 kPa behind the 

Fig. 16 The stress in the mudline

Fig. 18 The stress in front of pile

Fig. 19 The stress in back of pile

Fig. 17 The wave force and soil stress
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pile and from −25.1 kPa to 23.9 kPa in front. However, 
in the clay layer, the stress does not increase with depth, 
the maximum stress in front of the pile is 15.2 kPa in 
shallow layer, whereas it is 9.8 kPa in deeper layer. This 
occurs because sand exhibits elastic behavior, meaning 
that soil elastic strain recovers after unloading, whereas 
plastic strain in clay does not recover and accumulates 
upon reloading. These findings suggest that the clay lay-
er's distribution along the depth significantly affects the 
soil stress. Therefore, it is crucial to consider layered soil 
configurations in the design process.

4 Conclusions
Based on the software of ABAQUS, a two-dimensional 
planar pile-soil model was established to investigate the 
pile-soil interaction under the wave loadings. The soil 
response was subsequently analyzed in detail. The main 
findings are as follows:

1.	 Under the wave loading, the large-diameter pile under-
goes cyclic reciprocating motion, the soil displace-
ment pattern surrounding the pile remains consistent 
before and after, a positive correlation between pile 

foundation displacement and wave force, the plastic 
strain primarily occurs in the clay layer, gradually 
increasing from the bottom up over time.

2.	The pile-soil interaction under wave loading exhib-
its a distinct cyclic trend, characterized by the dis-
placement and strain, the displacement ranging from 
−9.3 mm to 10.7 mm in front of the pile and from 
−9.7  mm to 10.4 mm. The plastic strain initially 
arises in the soil proximate to the point of rotation, 
rather than at the mudline. When the load is mini-
mal, it originates near the rotation point and gradu-
ally spreads towards the mudline and encompassing 
soil as the load intensifies.

3.	 The majority of plastic strain occurring within the clay 
layer under the wave loading. The presence of a larger 
friction angle in sandy soil gives rise to pronounced 
interactions among soil particles, leading to a more 
significant stress path in the sand layer compared to 
the clay layer. The maximum stress is 23.9 kPa in 
sand layer, while 15.2 kPa in clay layer. The stress 
does not correlate with depth in the clay layer, but sig-
nificantly influenced by the clay layer's distribution.
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