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A B S T R A C T

This study develops a three-dimensional (3D) cross-scale finite element simulation approach for the entire 
superstructure-pile-liquefiable sand system, based on the Scaled Boundary Finite Element Method and Finite 
Element Method (SBFEM-FEM) coupling analysis method for saturated porous media and incorporating a state- 
dependent generalized plasticity model. A high-fidelity numerical reproduction of centrifuge tests is conducted to 
validate the approach. First, the sand soil model parameters are calibrated based on existing research. Then, a 
cross-scale finite element analysis model is established, incorporating Goodman interface elements to simulate 
pile-soil interaction. The proposed method is validated through comparisons with experimental results, while the 
spatiotemporal distribution of excess pore water pressure (EPWP) in the soil is further analyzed to assess the 
effects of sand liquefaction on the pile and superstructure. The key findings are as follows: (1) The proposed 
method accurately captures the EPWP evolution and dynamic response of structures in sands with different 
relative densities; (2) A wedge-shaped pile-soil interaction zone exists at the mudline, where the soil first ex
periences dilation followed by contraction, resulting in significant oscillatory pore pressure. The pile within this 
zone bears a considerable horizontal load; (3) Three deformation modes of the pile foundation were identified. 
Liquefaction intensifies pile inclination in loose sand layers while reducing the horizontal displacement of the 
superstructure. The pile shaft embedded in the dense sand layer reduces the inclination, but the entire shaft 
embedded in the dense sand layer intensifies the dynamic response of the superstructure.

1. Introduction

In recent years, offshore wind power has seen rapid global growth, 
with an increasing number of countries leveraging it to meet energy 
demands. However, several offshore regions in Europe and the Asia- 
Pacific are located in high-seismic zones [1]. Seismic liquefaction is 
prevalent in these areas due to the widespread occurrence of fine sand 
and loose sandy soils [2–4], making them vulnerable to large-scale 
liquefaction during high-magnitude earthquakes. For instance, signifi
cant soil liquefaction was observed near the "Wind Power Kamisu" 
offshore wind turbines (OWTs) during the 9.0 Mw Tohoku earthquake in 
Japan in 2011 [5–7]. Furthermore, liquefiable soils have been linked to 
pile damage at numerous sites following strong earthquakes [8–11]. 
Therefore, the development of offshore wind farms must carefully 

evaluate the impact of site liquefaction on structures caused by seismic 
loading [4].

The effective control of the dynamic response between the super
structure, pile foundation, and liquefied soil under seismic loading is a 
critical issue for researchers. The key challenge lies in understanding 
and predicting the influence of liquefied soil on pile foundation per
formance and its impact on the entire structural system. For horizontally 
loaded piles in sandy soils, the deformation criterion is more critical 
than the ultimate lateral bearing capacity, as excessive deformation may 
result in structural failure [12]. Therefore, evaluating the dynamic 
response of the superstructure, foundation, and liquefiable sands under 
seismic loads is crucial for ensuring the safety of the facility.

Researchers have used shaking table and centrifuge model tests to 
investigate the dynamic response characteristics of pile-liquefied sand 
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interactions. Wilson [13] systematically investigated the interaction 
mechanisms among superstructures, piles, and liquefied sand or clay 
through centrifuge shaking table tests. Bhattacharya et al. [14] revealed 
the detrimental effects of seismic-induced lateral spreading on pile 
bearing capacity and proposed a failure criterion based on the ratio of 
pile length to liquefaction depth. Yu et al. [15] compared the dynamic 
responses of gravity-based and monopile foundations for OWTs under 
liquefaction conditions, finding that gravity foundations exhibited sig
nificant settlement, while monopiles were more sensitive to lateral 
displacement. Wang et al. [16] through centrifuge tests on hybrid 
monopiles, found that the use of a friction wheel to apply additional 
confining pressure effectively suppressed soil liquefaction, resulting in 
significantly improved lateral stability compared to conventional 
monopiles. Dou et al. [17] using shaking table tests, demonstrated a 
stiffness enhancement effect of structures on liquefiable sites and 
quantified the positive impact of soil–structure interaction on seismic 
site stability. Xu et al. [18] conducted shaking table tests and numerical 
simulations under combined wind, wave, and earthquake loading. Pre
liminary results indicated that seismic loading dominated the structural 
dynamic response. While model tests offer direct observation opportu
nities, conducting full-scale experimental studies is often impractical 
due to challenges such as material preparation, high costs, and extended 
testing durations [19]. As a result, numerical simulation tools have 
gained increasing importance in analyzing liquefaction problems.

At present, two commonly used numerical simulation methods to 
describe seismic pile-soil interaction are p-y curve method based on 
nonlinear Winkler foundation beam method (WFBM) [20–26]and nu
merical analysis method based on Biot porous media dynamics theory.

Most studies utilize the p-y curve method based on WFBM for overall 
modeling of offshore wind turbine (OWT) systems. Brandenberg et al. 
[27] extended the p-y method to liquefiable soils by applying a 
"p-multiplier". Liyanapathriana and Poulos [28]; Cubrinovski et al. [29]; 
Brandenberg et al. [30] introduced degraded soil stiffness into the p-y 
equation. The soil resistance is reflected by a series of nonlinear springs 
on the pile using the ground motion and effective stress obtained from 
the free-field response analysis, but the near-field characteristics cannot 
be taken into account accurately. Mu et al. [31] integrated elastic 
foundation beam theory with the p-y curve method to develop an 
analytical approach for single piles in sandy soil under complex loading 
conditions. Subsequently, a modified p-y curve was derived based on the 
limit equilibrium theory [32]. Zhang et al. [33] integrated the theoret
ical model of shallow soil wedges with the theoretical model of flow 
failure around piles to modify the p-y curves representing pile–soil 
interaction in saturated sandy foundations under varying degrees of 
weakening. However, the p-y curves recommended by the American 
Petroleum Institute (API) exhibit excessive initial stiffness and under
estimate foundation deformation. The p-y curves of pile foundations are 
greatly influenced by pile diameter, ignores the continuity of the soil 
[34–36], And it ignores the continuity of soil, failing to reveal the flow 
mechanism of surrounding soil around pile foundation under seismic 
action.

Several researchers adopted three-dimensional (3D) finite element 
method or 3D finite difference method for simulation, which properly 
considered the influence of motion and inertia interaction, as well as the 
influence of pore water pressure. Cheng and Jeremić [37] used 3D finite 
element modeling (FEM) to simulate the dynamic response of piles 
embedded in liquefied soils, emphasizing the importance of considering 
soil liquefaction in evaluating soil–structure interaction. Zhao et al. [38] 
observed that increasing the monopile diameter reduces the extent of 
soil liquefaction around the pile, and identified pile shaking as a primary 
cause of residual liquefaction near the pile foundation. Hussein and El 
Naggar [39] performed 3D FEM analyses of soil–pile–structure inter
action in both liquefiable and non-liquefiable soils. Their results indi
cated that liquefaction leads to a reduction in lateral pile resistance as 
the thickness of the liquefied sand layer increases. In contrast, for 
non-liquefiable soils, the bearing capacity initially decreases and then 

increases with pile diameter. Mo et al. [40] systematically investigated 
the effects of earthquake duration and velocity pulse on pile response in 
liquefied soils. Chen et al. [41] demonstrated that hybrid suction bucket 
foundations can significantly reduce the seismic response of OWTs and 
enhance the liquefaction resistance of the surrounding seabed. Cheng 
et al. [42] applied a 3D finite difference method to analyze the influence 
of earthquake magnitude and relative density on tripod suction bucket 
foundations, revealing their failure mechanisms in sandy soils.

Several studies have employed advanced constitutive models to 
analyze the liquefaction response of foundations [43–47]. Based on a 
deviatoric hardening plasticity model, Lü et al. [48] proposed a 
state-dependent model capable of predicting the onset of static lique
faction in unsaturated sandy soils containing gas bubbles. They later 
extended their research to investigate the static liquefaction behavior of 
sand mixtures [49]. Liu et al. [50] evaluated the effects of pile diameter, 
relative density, and embedment depth on the lateral response of piles in 
two types of sandy soils using the hypoplastic constitutive model. Zhang 
et al. [51] employed the PIMY02 constitutive model to evaluate the 
reinforcement effectiveness of concrete and gravel piles in sloping liq
uefiable ground. The results indicated that, under the same embedment 
depth and pile diameter, concrete piles exhibited superior reinforcement 
performance compared to gravel piles.

Additionally, some studies have adopted a rigid beam-column 
connection between pile beam elements and surrounding soil elements 
to physically represent the pile cross-section [52–55]. However, 
Wotherspoon [56] and Sánchez and Roesset [57] report that since beam 
elements do not reflect the geometric cross section of the pile, this 
approach tends to underestimate the stiffness of the pile. Bao et al. [45] 
by comparing the numerical analyses of different pile foundation ele
ments types, concluded that the pile volume needs to be taken into ac
count regardless of whether it is a small or a strong ground vibration. 
Therefore, it is necessary to build a complete 3D model of the 
superstructure-pile-liquefiable sand system in the finite element mesh, 
so as to provide a more realistic physical characterization of the pile-soil 
system. However, the 3D nonlinear finite element analysis method 
(FEM) is time-consuming and the constitutive model involves a complex 
hardening law, which leads to a relatively low computational efficiency 
in saturated porous media.

In offshore wind power projects, a refined and rapid analysis method 
is urgently needed for the dynamic response of superstructure-pile 
foundation-liquefiable sand. In this paper, a 3D finite element analysis 
method for monopiles in liquefiable sands is developed based on the 
state-dependent generalized plasticity model [58] with the SBFEM-FEM 
(Scaled Boundary Finite Element Method and Finite Element Method) 
coupled analysis method for saturated porous media [59–61]. Firstly, a 
cross-scale refinement analysis model of superstructure-pile-liquefiable 
sand was established in GEODYNA [62], and the model parameters 
were strictly calibrated based on Nevada sand triaxial test. Secondly, the 
accuracy and efficiency of the present method is verified by comparing 
different finite element meshes with the existing centrifugal test results. 
In addition, the spatial and temporal distribution pattern of excess pore 
water pressure (EPWP) around the pile and the effect of liquefied sands 
on the dynamic response of the system are explained. The proposed 
method balances computational efficiency and accuracy, increasing 
computation speed by 40 %. It overcomes limitations of API-based p–y 
curves for modeling complex dynamic responses under liquefaction. 
Three pile deformation modes in liquefied soil layers were identified, 
supporting large-scale offshore wind turbines (OWTs) system analysis.

2. Three-dimensional finite element analysis

Using a state-dependent generalized plasticity constitutive model, 
we establish a time-domain numerical method. The model parameters 
were first calibrated, followed by a cross-scale refined analytical model 
of superstructure-pile-liquefiable sands. In comparison with the cen
trifugal test, the method’s applicability was verified.
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2.1. Centrifuge test description

Wilson [13] highlighted that the widespread pile foundation damage 
observed during the 1995 Kobe earthquake clearly demonstrated the 
potential severity of liquefaction-induced failures. Method validation 
was carried out using the CSP3 centrifugal test recorded by Wilson, in 
which a monopile was buried in two layers of saturated, uniformly 
graded Nevada sand and subjected to a 30g centrifugal test. As shown in 
Fig. 1, the centrifugal test arrangement on a prototype scale consists of 
an upper layer of liquefiable loose sand with a relative density (Dr) of 55 
% and a lower layer of non-liquefiable dense sand with a density (Dr) of 
80 %. The pile wall thickness is 0.019m, and the pile foundation outer 

diameter (D) is 0.67m. The superstructure has a mass of 480 KN and is 
3.8 m above the ground. Ground motion input was based on the time 
history data of the 1995 Kobe earthquake (see Fig. 2), and the peak 
acceleration was 0.22g. As shown in Fig. 3, the bedrock-type ground 
motion of the Kobe earthquake, characterized by high-frequency 
dominance, exhibits significant destructive effects on short-period pile 
foundations. Table 1 counts the pile-soil interaction (PSI) calculation 
methods and validation contents used by some researchers to numeri
cally simulate the CSP3 centrifugal test. As mentioned earlier, some 
researchers used Winkler models to simulate PSI [13,21–23,28] and 
others used the rigid beam-column elements method [52,54]. 
Comparing to the centrifugal test, the researchers gave the simulation 
results of some of the test data for single or multiple points.

2.2. Program overview and core features

Numerical simulations were carried out using the geotechnical finite 
element software GEODYNA, which has been widely used in seismic 
design applications for earth and rock dams, nuclear power plants, and 
breakwaters [63–69]. The core features of the program are summarized 
as follows: 

(1) Versatile modeling capabilities: Developed using Visual Studio 
C++ and the MFC environment, the software adopts object- 
oriented design principles such as abstraction, inheritance, 
overloading, and polymorphism. It encapsulates key components 
of finite element analysis—including constitutive models, pore 
water seepage models, seismic pore pressure models, element 
types, load types, and solvers—into a robust geotechnical anal
ysis framework. In this study, both FEM and SBFEM elements are 
used with seismic wave input applied as dynamic loading and 
solved iteratively.

(2) Unified analysis framework: The software integrates a wide range 
of models established through previous research on seismic fail
ure of large-scale geotechnical structures, including the general
ized plasticity model for rockfill, the plastic-damage model for 
concrete, the 3D elasto-plastic contact model, and seismic wave 
input methods. In this work, the generalized plasticity model is 
used to simulate pile failure in liquefiable sands.

(3) Refined analysis methods: A super element (S-element) data 
structure is developed using object-oriented C++ to integrate 
polygonal/polyhedral SBFEM, meshfree interface simulation 
techniques, and conventional FEM within a unified framework. 
The super element class allows direct access to GEODYNA’s 
extensive material, loading, and algorithm libraries, enabling 
seamless coupling of SBFEM-FEM-MFM for refined multiscale 
analysis. Moreover, the use of dynamic-link libraries facilitates 
coupling with discrete element and material point methods, of
fering an effective solution for large-deformation and failure 
analysis in geotechnical engineering.

Fig. 1. Centrifuge test CSP3.

Fig. 2. Acceleration time history for the Kobe (1995) wave.

Fig. 3. Acceleration response spectrum and Fourier spectrum.
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Details of the centrifuge model setup, boundary conditions, pile–soil 
interaction, and damping are described in Section 2.4.

2.3. Constitutive model and parameter calibration

The software design and development of the program are based on 
the Biot consolidation theory, which utilizes the Biot dynamic consoli
dation equations in u-p form to discretize the spatial domain. Addi
tionally, it introduces the matrix form of Rayleigh damping in the 
following equation: 

Mü+Cu̇ + Ku − Qp − fu = 0 (1) 

Mfü+QTu̇ + Sṗ + Hp − fP = 0 (2) 

Where M is the mass matrix of the soil; C is the damping matrix; Q is the 
coupling matrix; fu is the load vector of the soil; Mf is the mass matrix of 
the fluid; S is the compression matrix of the fluid; H is the permeability 
matrix of the fluid; fp is the load vector of the fluid; ü, u̇ and u are the 
nodal acceleration, velocity, and displacement vectors, respectively; p 
and ṗ are the nodal pore pressures and their first-order derivatives, 
respectively. The dynamic governing equations of saturated soils are 
discretized in the time domain using the generalized Newmark method.

The state-dependent generalized plastic constitutive model proposed 
by Liu et al. [58] is employed in this study to simulate the nonlinear 
behavior of sands. The model is based on the Wang et al. [70] and Li [71] 
frameworks. The model introduces the advantages of proportional 
memory model theory [72], critical state theory and boundary surface 
theory, etc. The improved model can better describe the 3D complex 
deformation characteristics of sand and characterize the stress-strain 
response of sand with different relative densities through a set of ma
terial parameters. For the specific modelling framework and model 

implementation see Liu et al. [58].
The above model was used to calibrate the model parameters of 

Neveda No 120 sands, which is the special sand of Earth Technology 
Corporation in VELACS project. The tests were conducted with average 
initial perimeter pressures ranging from 40 kPa to 160 kPa, while the 
relative densities of the prepared sandy soils varied between 40 percent 
and 60 percent, as elaborated by Arulmoli et al. [73].

In Figs. 4 and 5, the monotonic compression tests for sandy soil 
drainage with Dr = 40 % and 60 % are compared with numerical 
simulation results. Furthermore, Fig. 6 presents the response of excess 
pore water pressure (EPWP), shear response, and stress paths in the 
undrained cyclic triaxial test for sandy soils with Dr = 40 %. The findings 
demonstrate that the proposed constitutive model effectively captures 
the stress-strain behavior of sandy soils with varying relative densities, 
while also depicting the gradual development of EPWP. The calibrated 
parameters of Neveda sandy soil, obtained through numerical simula
tion of triaxial tests, are presented in Table 2.

2.4. Three-dimensional (3D) finite element model

As illustrated in Fig. 7, a cross-scale refined analysis model of 
superstructure-pile-liquefiable sands was developed based on the cen
trifugal experiments in Section 2.1 above. Table 5 presents the statistics 
of the elements for each component in the model.

Soil: The material properties of the Nevada sand utilized in the nu
merical model are presented in Table 3. The soil range is 46m × 16m ×
20.7m, and there are 20,536 elements. In order to improve the 
computational efficiency and ensure the computational accuracy, com
bined with the Scaled boundary finite element method and finite 
element method (SBFEM-FEM) coupling analysis method of saturated 
porous media, octree discretization technique was used for cross-scale 
modeling [67,68,74]. The scaled boundary finite element method 

Table 1 
CSP3 centrifuge test numerical simulation statistics.

Researcher PSI-research method Monitoring 
point

Pile- element 
type

Verify content

Soil 
Acc.

Soil 
Epwp.

Pile Structure 
Acc.

Structure 
Dis.

Dis.

Wilson (1998) [13] Winkler models Multiple points 6061Al ✓ ✓ ✓ ✓ ✓
Liyanapathirana and Poulos (2005) 

[28]
Winkler models single-point beam – ✓ ✓ ✓ –

Rahmani and Pak (2012) [52] rigid beam-column 
elements

Multiple points beam – ✓ – ✓ –

Janalizadeh and Zahmatkesh (2015) 
[21]

Winkler models single-point beam – – ✓ – ✓

Wang et al. (2019) [22] Winkler models Multiple points beam ✓ ✓ ✓ ✓ ✓
Patra and Haldar (2021) [23] Winkler models single-point beam – ✓ – ✓ ✓
Abbasi et al. (2023) [54] rigid beam-column 

elements
Multiple points beam ✓ ✓ – ✓ ✓

This study interface element Multiple points solid ✓ ✓ ✓ ✓ ✓

Fig. 4. Simulation of three drained constant-p tests on Nevada sand with Dr = 40 %.
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(SBFEM) is a semi-analytical, high-precision numerical approach that 
discretizes the circumferential direction while solving analytically in the 
radial direction [75,76]. By integrating the advantages of the finite 
element method (FEM) and the boundary element method (BEM), 
SBFEM overcomes their respective limitations, making it well-suited for 
solving problems involving finite domains, infinite domains, multiscale 
interactions, and fracture mechanics [77]. For instance, in OWTs foun
dation studies, the computational domain scales of pile foundations and 

the surrounding soil can differ by two orders of magnitude. SBFEM en
ables efficient multiscale analysis in such cases. In this study, 
high-precision SBFEM is employed for the transition elements [78,79], 
as shown in Fig. 7, where each transition element consists of nine faces 
and thirteen nodes. This approach effectively mitigates the computa
tional inefficiency associated with conventional fine-scale uniform 
meshing. As shown in Table 5, traditional elements constitute 99.14 % of 
the model, while transitional elements account for 0.86 % of the model. 

Fig. 5. Simulation of three drained constant-p tests on Nevada sand with Dr = 60 %.

Fig. 6. Simulation in undrained cyclic triaxial tests on Nevada sand with Dr ≈ 40 %.

Table 2 
Simulation parameters for Nevada sand.

Elasticity Critial state State dependent parameter Dilatancy drij-mechanics Dilatancy dp’-mechanics

G0 ν Em Mc λ eτ0 β ng nb α1 rl h2 mp h3 α2 α3 c0

150 0.1 0.5 1.14 0.022 0.809 0.4 2.5 4.5 0.6 1.0 10 0.5 10 1.5 1.0 0.5
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This type of polyhedral transition element serves as a critical bridge 
connecting coarse and fine meshes, and is an essential prerequisite for 
enabling efficient cross-scale analysis.

Pile: The pile used in the numerical modelling are considered to be 
impermeable linear elastic materials. The pile was constructed with a 
Young’s modulus of 210 GPa, a density of 7800 kg/m3 and Poisson’s 
ratio of 0.3. Eight node-hexahedral elements were used to disperse the 
pile and superstructure, with a total of 8256 elements. The results are 
not easy to converge due to the large difference between the stiffness of 
the pile and the soil, the small size of the pile wall will significantly 
reduce the efficiency of the calculation, so the pile foundation is 
modelled as an equivalent solid pile using an equivalent conversion of 
stiffness and density, as shown in Refs. [80–82]. In the equivalent solid 
pile, the length and outside diameter of the pile are kept unchanged, the 
equivalent Young’s modulus Esp and density ρsp are calculated to ensure 
the total mass and bending stiffness remains unchanged. Both can be 
determined by the following equation, 

Esp
πD4

64
=Ehp

π
(
D4 − d4

)

64
− Es

πd4

64
(3) 

ρspAsp = ρhpAhp + ρs
(
Asp − As

)
(4) 

A hollow pile has an elastic modulus, density, and cross-sectional 
area of Ehp, ρhp, and Ahp, respectively. A solid pile has an elastic 
modulus, density, and cross-sectional area of Esp, ρsp, and Asp. A 
diameter and an inner diameter of D, d respectively; Es is the average 
elastic modulus of the sand in the middle of the embedded depth of the 
pile. ρs is the sand density. Based on the above equivalent conversion, 
the density and Young’s elastic modulus of the solid pile section are 300 
kg/m3 and 14.6 GPa, respectively.

Pile-Soil interface:Goodman interface element is used for pile-soil 
interaction [63]. Zhang et al. [83] calibrated this interface element 
parameters based on Said et al. [84]’s research, and successfully applied 
it to a large diameter monopile foundation model in sands. The final 
parameters are listed in Table 4.

Boundary conditions: To simulate the undrained behavior of sands 
during an earthquake, impermeable boundaries are applied at the bot
tom and sides, with a permeable top boundary. The bottom boundary is 
fully constrained in all directions. For the side boundaries, an equivalent 

Fig. 7. Three-dimension finite element model.

Table 3 
Physical properties of Nevada sand.

Parameter Dr Porosity Void 
ratio

Saturated unit 
weight

Permeability

Unit ​ ​ ​ kN/m3 m/s
Value 55 % 0.409 0.730 19.87 6.05 × 10− 5

​ 80 % 0.377 0.606 20.41 3.70 × 10− 5

Table 4 
Interface element parameters.

k1 k2(kPa/m) n φ

800 1 × 107 0.5 27

Table 5 
Statistics of the element types in the core wall model with an octree mesh.

Element types Faces in 
one 
element

Part Number Percentage 
(%)

Sum 
(%)

Conventional 
element

6 Sandy Soil 20032 65.60 99.14
6 Pile 7040 23.06
6 Superstructure 1216 3.98
6 Interface 1984 6.50

Polyhedron 9 Sandy Soil 264 0.86 0.86

Table 6 
Numerical simulation working cases.

Working 
cases

Case description Grid 
density

Mesh 
type

Depth of 
liquefiable 
sands

Dr

1 In order to compare 
the applicability and 
superiority of the 
method

Mesh A FEM 9.3m 55 
% 
+

80 
%

2 Mesh B SBFEM 
+ FEM

9.3m 55 
% 
+

80 
%

3 Mesh C FEM 9.3m 55 
% 
+

80 
%

4 To investigate the 
effect of liquefaction 
on the dynamic 
response of the 
system

Mesh B SBFEM 
+ FEM

0.0m 55 
%

5 Mesh B SBFEM 
+ FEM

20.7m 80 
%
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displacement constraint is implemented to simulate seismic wave 
propagation in the X-direction. This ensures that nodes at the same 
elevation on both sides of the model undergo identical displacements, 
preventing the reflection of seismic waves.

Damping: According to Wilson [13], 5 % damping ratio was recom
mended for soil under seismic loads. The superstructure and pile foun
dation are damped at 1 %.

step: In the initial stage of analysis, gravity is applied to the lique
fiable soil to establish an initial stress balance. The second step is to 
install the pile foundation and superstructure in the center of the soil 
domain, remove the corresponding soil mass, and apply gravity to bal
ance the soil stress field twice. The third step applies the X-direction 
seismic acceleration at the bottom.

3. Method verification

3.1. Mesh verification

Firstly, the feasibility of the coupled SBFEM-FEM analysis method is 
explored by comparing it with finite element methods with different 
mesh sparsity levels. Secondly, the influence of the liquefaction soil 
layer on the dynamic response of the whole system was discussed. All 
cases are recorded in Table 6.

To further demonstrate the superiority of the present methodology, 
the above models in this study were compared with grids with different 
degrees of density, as shown in Fig. 8(a), (b) and (c), whose sizes were 
consistent with those described above. Fig. 8(a)–(c) are the FEM model, 
and Fig. 8(b) are the coupling analysis model of SBFEM-FEM.

Fig. 9 shows the calculation results of EPWP and superstructure 
displacement for three different mesh densities. The results show that 
when finite element analysis model is used, the sparse mesh (Case 1) will 

Fig. 8. Three-dimensional numerical model with different mesh density.

Fig. 9. Calculation results of different mesh densities: (a) EPWP time history; (b) Time history of horizontal displacement of superstructure.

Fig. 10. Comparison of calculation accuracy and efficiency of different mesh density.
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Fig. 11. Comparison of the pore water pressure time history at different depth:(a) Depth = 1m; (b) Depth = 5m; (c) Depth = 7m; (d) Depth = 21m.

Fig. 12. Comparison of acceleration time histories of soil accelerations and associated spectra (5 % damping) at different depth: (a) Depth = 6m; (b) Depth = 7m; (c) 
Depth = 14m.
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lead to larger oscillation of EPWP calculation, smaller peak horizontal 
displacement of superstructure, inaccurate calculation results. From 
Fig. 10, it is observed that in the high-density mesh scenario (Case 3), 
although the computed results closely match the experimental data, the 
computation time reaches 1400 min, making it impractical for large- 
scale simulations. In contrast, the coupled analysis model (Case 2) 
achieves pore pressure and displacement responses with deviations of 
less than 1 % compared to experimental results, while improving 
computational efficiency by 40 %. Therefore, employing this approach 
and encrypting the cells around the pile not only ensures precise cal
culations but also enhances computational efficiency, thereby facili
tating large-scale offshore wind power computations in subsequent 
analyses.

Fig. 13. Comparison of dynamic response results of superstructure and pile.

Fig. 14. Layout of monitoring points.

Table 7 
Location and intention of monitoring points.

Monitoring 
points

Locations Intention

A1-G1 Range = 0.63m 
(≈0.9Diameter)

Investigate the spatiotemporal 
distribution pattern of pore pressure

A2-G2 Range = 2.04m 
(≈3.0D)

A3-G3 Range = 4.81m 
(≈7.1D)

A4-G4 Range = 18.88m 
(≈28.2D)

P1-P10 In pile foundation Investigate the interaction mechanism 
between piles and soil
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Fig. 15. Ru profiles at different monitoring points and time points for the three cases.
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Fig. 16. Time history of EPWP development at different positions in Case 4: (a) Depth = 3m; (b) Depth = 6m; (c) Depth = 8m; (d) Depth = 11m; (e) Depth = 14m; (f) 
Depth = 17m.

Fig. 17. Ru development time cloud diagram for Case 2.
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3.2. Result verification

Fig. 11 compares the simulated and experimental pore water pres
sure time histories at different soil depths. Fig. 12 presents the accel
eration response time histories of soil layers at depths of 5.55 m, 6.96 m, 
and 13.3 m. The numerical results exhibit good agreement with exper
imental data, effectively capturing the pore pressure and acceleration 
responses of soil layers with different relative densities under pile-soil 
interaction. Fig. 13 compares the analysis results of the FEM and p-y 
curve methods for the CSP3 centrifuge test from existing studies. By 
comparing the dynamic response time history of the superstructure and 
the moment envelope of the pile, the peak responses obtained in this 
study deviate from the experimental results by less than 5 %, demon
strating good overall agreement. These findings validate the reliability 
of the proposed numerical simulation method in predicting pile-soil 
interaction, pore pressure evolution, and system dynamic response.

4. Results and discussion

This section provides a detailed analysis of the spatial and temporal 
variations in liquefaction distribution during dynamic response, high
lighting the liquefaction development patterns. The study investigates 
the horizontal displacement, acceleration, rotation, and horizontal 
interaction responses between the pile and surrounding soil, elucidating 
the influence domain of pile-soil interactions and the impact of sand 

liquefaction on the system.

4.1. EPWP response

The development of dynamic pore pressure is the key to using 
effective stress method to analyze the dynamic stability of soil in the 
liquefiable sandy seabed with pile-soil interaction. Additionally, it is a 
significant factor influencing soil deformation and strength under 
seismic loading. In this paper, the excess pore water pressure ratio (Ru) 
is defined as the ratio of excess pore water pressure to initial vertical 
effective stress [85], Ru = Δu/σ′v0, where Δu is the difference between 
the current EPWP and the hydrostatic pressure, σ′v0 is the initial vertical 
effective stress. The region with Ru ≥ 0.8 at the end of the earthquake is 
regarded as a liquefaction region [86].

Fig. 14 presents the layout diagram of the monitoring points for this 
study. To investigate the influence range of pile-soil interaction and the 
seismic response characteristics of the soil foundation and pile, a series 
of monitoring points are arranged within the 3D numerical model. These 
monitoring points are normalized by the pile diameter D (D = 0.67 m) to 
examine the variations in excess pore water pressure (EPWP) and ac
celeration along both horizontal and vertical directions at various lo
cations, as well as changes in the horizontal displacement of the pile 
body. For details about the locations of monitoring points, see Table 7.

Fig. 15 shows the spatial and temporal distribution curves of Ru for 
three cases (Time = 4s, 8s, 12s, 15s). From Fig. 15, it can be clearly seen 

Fig. 18. Ru development time cloud diagram for Case 4.

Fig. 19. Ru development time cloud diagram for Case 5.
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that within 8s for all cases at the same depth horizontally, the Far-pile 
column 4 (Range ≈ 28D) has the largest Ru value, and the trend for 
column 3 (Range ≈ 7D) is within 5 % of it; At -6m (Depth ≈ 9D) in the 
same range depth direction, the Ru varies significantly. This indicates 
that the pile-soil interaction affects the pore pressure within 7D hori
zontally (i.e. 14D at the center of the pile) and within 9D of the soil 
surface. The smaller Ru values in column 1 and column 2 indicate that 
the pile foundation improves the liquefaction resistance of the sur
rounding soil. Pore pressure development cloud see Figs. 17–19.

In Fig. 15, significant "negative pore pressure" occurs in the shallow 
soil within a radius of approximately 3D from the pile center, followed 
by a subsequent accumulation of positive pore pressure. This phenom
enon is due to pile-soil interactions, which cause the surrounding sand to 
undergo dilation followed by contraction within the influence domain of 
the pile, resulting in an instantaneous seepage force. Comparing Fig. .15 
(b) and (c), the trend of Ru with depth is similar in both loose and dense 
sand; however, at all depths, the loose sand exhibits higher Ru values 
and a broader liquefaction range. In Fig. .15(a), the upper and lower 
layers of soil also follow the same pattern as above.

Taking case 4 as an example, Fig. 16 shows the evolution of EPWP 
with time at each measurement point under seismic loading. 

Observations show that the changes in EPWP during the earthquake can 
be clearly divided into three phased characteristics (Post-earthquake 
consolidation and pore pressure dissipation were not accounted for in 
the analysis). In the initial phase 0s–2.5s, the accumulation of EPWP is 
slow due to the small ground shaking acceleration. The second stage 
2.5s–10s, the EPWP recorded at each monitoring point showed a rapid 
increase, which was related to the experience of the peak acceleration of 
ground shaking in that period. The final stage is 10.5s–15s, where the 
growth rate of the EPWP decreases significantly, levelling off and 
eventually approaching the peak.

Compare Fig. 16(a) and (b) and (c), the pore pressure oscillation of 
the soil around the pile is severe, which can easily cause shear dilation, 
especially in the range of 0.63m(≈1D) where pile-soil interaction is 
significant, pore pressure changes are prominent; After exceeding the 
range of 4.81m (≈7D), the oscillation pore pressure is weak. Significant 
accumulation of EPWP in Far-pile soils, with peak Ru = 0.89 and high 
degree of liquefaction (indicated by Ru ≥ 0.8).

Figs. 17–19 illustrate the complete process of the system at three 
cases. At 4 s–12 s, the affected domain around the pile is approximately a 
wedge-shaped region centered on the pile axis, with a length of 14D and 
a depth of 9D from the ground surface. At the mud level and mid-section 

Fig. 20. Stress-strain curves of the soil around the pile for three cases.
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of the pile body, the amplitude of EPWP oscillation is significant, with 
some parts of the soil experiencing transient Ru > 0.8; At 12s–15s, the 
wedge-shaped affected area decreases, with liquefaction (Ru > 0.8) first 
occurring in the middle of the sand layer, then progressing towards the 
top and away from the pile, ultimately resulting in liquefaction in most 
areas of the liquefiable loose sand (Dr = 55 %), while the liquefied area 
of the non-liquefiable dense sand (Dr = 80 %) is smaller, and the deep 
soil gradually transitions to a stable state.

The primary reasons for this phenomenon may be attributed to two 
points: Firstly, as the seismic acceleration diminishes, the interaction 
between the pile and the surrounding soil decreases, leading to a gradual 
reduction in the affected zone around the pile. Secondly, during an 
earthquake, the surface sand layer, due to its lower overburden stress, 
dissipates pore pressure more rapidly, whereas the middle and bottom 
sand layers drain upward more slowly, causing the sand to become 
increasingly compacted through vibration and leading to greater pore 
pressure accumulation, which results in progressive development to
wards the free field and the surface.

4.2. Stress-strain response

Fig. 20 shows the shear stress-strain curves at four typical locations 
around the pile under three working cases. The figure clearly shows the 
transition of response mode from traditional hysteresis response (black 
line) to yield response (red line), which is due to the intensification of 
vibration and pore pressure, the final transition to the liquefied state is a 
small cyclic response (blue line).

Compare Fig. 20(b) and (c), it can be observed that in Case 4, the soil 
shear strain response at the mud surface location (A2) is smaller. This is 
due to the lower overburden stress on loose sand, resulting in a more 
pronounced liquefaction response of the soil and a weakened energy 
transfer to the superstructure, leading to weaker interaction forces be
tween the mud surface and pile-soil system. The peak shear strain re
sponses of the soil at mid-section locations (C2, E2) and pile end location 
(F2) in Case 4 are respectively 50 %, 21 %, and 47 % higher than those in 
Case 5 at corresponding positions. This is because loose sand has larger 

Fig. 21. Horizontal displacement envelope of the pile profile for three cases.

Fig. 22. Horizontal peak displacement of mud surface and pile top at different 
liquefaction depths.

Fig. 23. Acceleration amplification factor envelope of the pile profile for 
three cases.

Fig. 24. Acceleration amplification coefficient of mud surface and superstruc
ture of pile foundation with different liquefaction depth.
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pores, which leads to rapid accumulation of excess pore water pressure 
during seismic shearing contraction, causing a decrease in soil stiffness 
and greater plastic deformation shear strain, resulting in a more sig
nificant liquefaction response. Fig. 20(a) further demonstrates that 
liquefaction reduces soil stiffness, leading to significant shear strain at 
the locations of loose sand around the pile (A2, C2).

4.3. Horizontal displacement response

Fig. 21 displays the envelope curves of horizontal displacements for 
the pile foundation under three working cases. The horizontal 
displacement of the pile increases with decreasing depth and the 
displacement of the superstructure is the largest, which is due to the fact 
that the superstructure is mainly subjected to inertial forces. Case 4 peak 
horizontal displacements below the mud surface are greater than Case 5, 
but peak horizontal superstructure displacements are less than Case 5. 
Whereas in Case 2, the envelope curve of horizontal displacements in 
liquefiable sand is significantly larger than in non-liquefiable soil layers, 
which further suggests that the liquefaction of soils exacerbates the 

inclination of the piles in the soils. In Case 5, due to the soil being non- 
liquefiable and having relatively higher stiffness, the pile foundation 
exhibits elastic properties, leading to a larger horizontal displacement of 
the superstructure. For further analysis of pile-soil deformation 
behavior, refer to Section 4.7.

From Fig. 22, it can be observed that Case 4 exhibits the highest peak 
horizontal displacement at the mudline, whereas Case 5 shows the 
greatest difference in horizontal displacement between the mudline and 
the superstructure. The results indicate that the liquefaction of the sands 
increases the horizontal displacement of the pile at the mudline and 
reduces the horizontal displacement of the superstructure.

4.4. Acceleration response

Fig. 23 shows the acceleration amplification factor envelope of the 
pile profile. The acceleration amplification factor is defined as the ratio 
of the peak acceleration at the measurement point to the peak input 
acceleration at the base of the soil. Below 3 m, the acceleration response 
of the pile in Case 5 increases with decreasing depth, indicating a pro
nounced acceleration amplification effect. In contrast, the overall 
weakening of the acceleration response in Case 4 suggests that the 
liquefaction significantly reduced the pile’s acceleration response. In 
Case 2, the acceleration response initially increases and then decreases. 
This variation is primarily attributed to the fact that in dense sand, the 
earthquake-induced vibrations enhance the soil’s stiffness, facilitating 
the transfer of acceleration to the structure, whereas in loose sand, 
liquefaction causes significant dissipation of seismic energy within the 
soil foundation, thereby reducing the pile’s acceleration response.

It is worth noting that at the junction of loose sand and dense sand 
(− 9.3m), the acceleration amplitude of the structure will suddenly 
decrease, indicating that the discontinuity of foundation materials af
fects the acceleration response of the pile body at the junction. Fig. 24
shows that the soil liquefaction response will reduce the acceleration 
response of pile foundation mud position and superstructure.

Fig. 25. Frequency response of superstructure with different liquefaction depth.

Fig. 26. Mud surface rotation response of pile foundation with different liquefaction depths.

Fig. 27. Typical distribution of the calculated contact normal force (CNF) and 
contact shear force (CSF).
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During the operation of an OWT, it is necessary to pay attention to 
the changes in its inherent frequencies, with the rotor’s rotational fre
quency being 1P (1P refers to the frequency band between the lowest 
and highest speeds per minute, 0.1–0.2Hz). For a three-blade wind 
turbine, there is a shadowing effect as the blades pass in front of the 
tower, which occurs at a frequency of 3P (0.31–0.66Hz).

Fig. 25 illustrates that Case 4 exhibits the lowest structural fre
quency, while Case 2 and Case 5 show nearly identical frequencies. A 
comparison between Case 4 and Case 5 indicates that the liquefaction 
response of loose sand significantly reduces the natural frequency of the 
superstructure. In offshore wind engineering, as the frequency ap
proaches the 3P frequency, the risk of structural resonance increases. 
Additionally, the structural frequency response decreases with 
increasing liquefiable depth. The reduction in structural frequency re
flects the period elongation caused by soil softening, which is a promi
nent feature of soil–structure interaction effects. Unlike the equivalent 
linear analysis, the present model dynamically captures this behavior 
through a state-dependent constitutive relationship that governs the 

stiffness degradation of liquefiable sands. However, the predominant 
seismic periods of Case 2 and Case 5 remain nearly the same (see Fig. 25
(b)), as both cases involve pile foundations embedded in non-liquefiable 
sand, where the pile tip is strongly constrained. This further confirms 
that liquefiable soil layers significantly influence the frequency response 
of the superstructure.

4.5. Rotation response

The rotation of OWTs is a crucial factor affecting their operation, and 
Det Norske Veritas (DNV) recommends a maximum allowable rotation 
at mudline of 0.5◦ [87]. As depicted in Fig. 26, all operational conditions 
surpass the serviceability limit state (SLS), indicating the occurrence of 
tilting failure in pile foundations. Contrary to expectations, Case 4 ex
hibits the minimum rotation at mudline due to loose sand liquefaction, 
while Case 5 with dense sand experiences the highest amplitude and 
absolute peak values (see Fig. 26(b)). This discrepancy arises from the 
weakened energy transmission to the superstructure after loose sand 

Fig. 28. Case 2 horizontal contact force time course curves at different elevations.

Fig. 29. Case 4 horizontal contact force time course curves at different elevations.
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liquefaction, resulting in reduced inertia forces and a relatively rigid pile 
foundation with smaller rotations. Conversely, dense sand demonstrates 
higher stiffness leading to greater inertia forces on the superstructure 
and consequently larger elastic amplitudes and rotations at mudline.

4.6. Pile-soil interaction

By extracting the contact force on the contact surface unit, the hor
izontal contact force P at a certain depth is calculated to study the dis
tribution pattern of pile-soil interaction. The typical distributions of 
circumferential normal force (CNF) and contact shear force (CSF) 
around the pile are shown in Fig. 27(a). Fig. 27(b) illustrates the x- 
component of CNF (CNF1) and CSF (CSF1) at a specific position on the 
cross-section of the pile.

The horizontal contact force P at a certain depth of the pile body can 
be determined by the sum of CNF1 and CSF1 around the pile, as shown 

in the following equation: 

P=
∑n

i=1
(CNF1 +CSF1) (5) 

where n is the number of interface elements outside the cross-section of 
the pile body at a certain depth. Figs. 28–30 present the development of 
horizontal contact forces at different elevations between the pile and soil 
under three working conditions. The results indicate that the horizontal 
contact force within the vertical influence zone (Depth = 9D) is signif
icantly greater than in other areas, bearing a larger horizontal load ca
pacity. As depth increases, the horizontal contact force gradually 
decreases, following a similar pattern observed in non-liquefiable soil 
layers.

Fig. 31 provides an envelope diagram of peak horizontal contact 
forces between piles and soil. In Case 2 and Case 4, due to pore pressure 
accumulation in the upper loose sand layer, the pile’s horizontal bearing 
capacity is noticeably weakened, much lower than that in Case 5. 
Comparing Case 4 with Case 5, regardless of whether it is loose or dense 
sand, the pile within the vertical influence zone bears most of the main 
horizontal load capacity. The relationship between peak horizontal 
contact forces and soil depth is not entirely linear. Additionally, there is 
also a prominent level of lateral contact force at the interface between 
loose sand and dense sand in Case 2, indicating that material disconti
nuity affects load characteristics on pile-soil interfaces.

4.7. Deformation mode

Fig. 32 presents three deformation patterns of pile foundations under 
three different working conditions. As mentioned earlier, after loose 
sand liquefaction (Case 4), the stiffness weakens and there is a larger 
horizontal displacement below the mud surface of the pile foundation. 
However, the inertia force of the superstructure is weaker, so the pile 
foundation above the mud surface exhibits relatively rigid behavior. The 
amplitude and accumulation of corner rotation at the mud surface are 
smaller.

Case 5, with relatively high relative stiffness of the dense sand, exerts 
strong constraints on the pile foundation below the mud surface, 
resulting in smaller horizontal displacement. However, the inertia forces 
of the superstructure are larger, causing elastic behavior in the pile 
foundation above the mud surface and leading to greater displacement 
and accumulation of angular amplitude (θ) at the mud surface.

Fig. 30. Case 5 horizontal contact force time course curves at different elevations.

Fig. 31. Horizontal contact force envelope curves at different liquefac
tion depths.
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In Case 2, the pile foundation combines the behavior of the previous 
two conditions. The embedding effect of the dense sand on the pile end 
in the lower layer results in minimal energy loss and still allows for 
transmission to the superstructure. Above the mud surface, both the pile 
foundation and structure exhibit rigid behavior, with displacements and 
rotations of the superstructure falling between those of the previous two 
cases. Due to their relatively rigid ends, pile foundations located in 
liquefiable sandy soil in the upper layer display more flexible behavior.

5. Research limitations in this work

The findings of this study offer new insights into the cross-scale dy
namic response of superstructure-pile-soil systems in liquefiable sands. 
Compared with the conventional p–y curve method and traditional FEM, 
the SBFEM-FEM coupling approach demonstrates significant advantages 
in both computational efficiency and accuracy, particularly in capturing 
the nonlinear interactions at the pile–soil interface. However, certain 
limitations remain: 

(1) Parameter dependency: The constitutive model parameters for 
sand used in this study were calibrated based on centrifuge test 
data from the literature. Future studies should incorporate in-situ 
test data to enhance the generalizability of the model parameters.

(2) Geological complexity: The current model does not account for 
particle crushing under cyclic loading and is limited to horizon
tally layered sites and single-pile systems. Future work should 
extend the approach to multilayered soils and pile groups to 
better reflect practical engineering conditions.

(3) Simplified assumptions in dynamic modeling: The numerical 
simulations based on the Wilson experiment did not incorporate 
equivalent linearization techniques, such as those accounting for 
period elongation and damping modification.

To address these limitations, future developments will focus on: (i) 
establishing machine learning-based parameter calibration methods to 
reduce reliance on traditional testing; (ii) extending the model frame
work to multilayered strata and pile group systems to explore lique
faction mechanisms under complex geological conditions; and (iii) 
incorporating a dedicated module for structural period estimation into 
the software. Specifically, Luco’s improved Dunkerley approach [88] 
will be implemented to predict the fundamental period of the structur
e–foundation system, thereby enhancing its applicability in preliminary 
design [89,90].

6. Conclusions

This study integrates SBFEM theory with a generalized plastic 
constitutive model to develop a 3D cross-scale finite element analysis 
method for the foundation–pile system. The seismic response of single- 
pile foundations in liquefiable soil layers is investigated, with a 
detailed analysis of the spatiotemporal evolution of EPWP and pile 
deformation patterns. The key findings are as follows: 

(1) The proposed cross-scale discretization approach effectively re
produces centrifuge test results, accurately capturing the dy
namic response of the structure and pore pressure evolution in 
the foundation soil. This method provides a reliable framework 
for large-scale prototype analysis of OWTs.

(2) For loose sand layers, the soil at the shallow layer does not liquefy 
directly at the initial stage of the earthquake. Liquefaction first 
occurs in the middle of the loose sand layer and then spreads to 
the top and the far field, eventually covering the entire liquefiable 
soil layer.

(3) A wedge-shaped influence zone forms around the pile at the 
mudline. Within this zone, pile-soil interaction and inertial forces 
induce an initial dilative response followed by contraction. 
Correspondingly, pore pressure first drops to negative values 
before accumulating positive excess pressure with significant 
oscillations. The pile foundation sustains substantial horizontal 
forces, whereas outside this zone, residual pore pressure remains 
high, and the horizontal forces on the pile are minimal.

(4) While liquefaction intensifies pile inclination in loose sand layers, 
energy dissipation reduces the horizontal displacement and fre
quency of the superstructure, resulting in a smaller mudline 
rotation. In contrast, dense sand layers mitigate pile inclination; 
however, due to their higher relative stiffness, they amplify the 
acceleration and horizontal displacement response of the super
structure, leading to an increased mudline rotation.

(5) The monopile exhibits three distinct deformation modes under 
varying liquefaction depths: In loose sand layers, the pile behaves 
as a rigid body as a whole; in dense sand layers, the region below 
the mudline remains rigid, while the portion above the mudline 
exhibits significant elastic characteristics; in stratified soils where 
the pile tip is embedded in dense sand, both ends of the pile 
remain rigid, whereas the middle section undergoes substantial 
flexible deformation.

Fig. 32. Deformation patterns of pile foundations with different liquefaction depths.
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