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a b s t r a c t

The accurate prediction of the dynamic behavior of the offshore wind turbine plays a significant role in
its safe and efficient operation, where special importance should be attached to the foundation modeling
of soil-pile-structure interaction. The present study aims to compare the three foundation modeling
approaches with special attention to their displacement, acceleration, and internal force response subject
to the combined stochastic wind and wave loading. In addition, parametric studies have been conducted
on the foundation modeling approaches with the focus on their sensitivity to the variation of the
foundation stiffness, pile diameter, thickness, and pile embedded depth. Using the high-fidelity FE model
of the soil-pile system as the benchmark, the apparent fixity model underestimates the foundation
stiffness remarkably, while the distributed spring model can give a relatively accurate prediction of the
foundation stiffness. Furthermore, the FE model of the soil-pile system is more sensitive to the soil
densification and the pile embedded depth, while the apparent fixity model exhibits higher sensitivity to
the pile diameter and thickness. Compared with the benchmark FE model, the study provides guidance
for the applicability of the simplified foundation modeling approaches, the apparent fixity model and
distributed spring model, to different foundation stiffness in engineering practice.

© 2021 Elsevier Ltd. All rights reserved.
1. Introduction

The rapid economic development accompanied by the massive
consumption of conventional fossil fuels brings about lots of
serious environmental concerns, thus creating an urgent demand
for clean and sustainable energy sources. Wind, as representative
renewable energy, has experienced a rapid upsurge in the past
decades, which demonstrates the potential to become a major
contributor to global energy production in the future [1]. The early
wind power industry mainly concentrated on the exploitation of
onshore wind resources, and then it gradually shifts to the offshore
counterpart with the further maturity of the construction tech-
nology [2]. Compared to the onshore wind power, the offshore one
has several distinct advantages, including steadier and stronger
wind speed, limited noise pollution, and large area available for the
installation, which all lead to an increase in energy production.
However, the special offshore environment also poses new chal-
lenges, like expensive installation, operation and maintenance
ang@hku.hk (J. Yang).
costs, rough wind and wave conditions in the marine environment.
To harness renewable energy in a more cost-effective manner, the
foundation design is of great significance to the successful
deployment of the wind turbine system in the offshore scenario.

As a common choice of foundation types, monopile gains its
popularity for the offshore wind turbine installed in the shallow
water owing to its simple structural form and convenient con-
struction. However, on the other hand, the slenderness and flexi-
bility of the structure make it more sensitive to the external
dynamic excitation, especially exposed to complex aerodynamic
and hydrodynamic loadings coming from wave and wind. During
the whole lifetime of the offshore wind turbine, it is estimated the
loading cycle of a wind turbine will reach 107 [3]. The adverse cyclic
loadings may lead to excessive deformation of the structure, which
not only compromises the power production but also affects the
serviceability of the wind turbine; and for the worst situation, it
may cause abrupt collapse. Therefore, it is of paramount impor-
tance to understand the dynamic behavior of the offshore wind
turbine, which is fundamental to its safe and effective operation.

Several studies on the dynamic performance of the offshore
wind turbine under combined wave and wind loadings have been
conducted. In these studies, different kinds of assumptions were
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Table 1
Parameter of a representative 5-MW offshore wind turbine in the East China Sea.

Parameter

Tower height (m) 73
Tower top diameter (m) 4.25
Tower bottom diameter (m) 6
Tower wall thickness (m) 0.04
Tower mass (kg) 170300
Young's modulus of tower material (GPa) 210
Top mass (kg) 334800
Monopile diameter (m) 6
Monopile wall thickness (m) 0.08
Young's modulus of monopile (GPa) 210
Embedded length of monopile (m) 35.5

Table 2
Parameter of the soil profile.

Parameter Finite element zone Infinite element zone

Effective unit weight gse (kN/m3) 10 10
Young's modulus E (MPa) 40 40
Poisson's ratio n 0.25 0.25
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made for the overall structure and loading conditions to simplify
the analysis. For example, a standalone pile foundation was
analyzed without considering the superstructure, where the
distributed wave and wind loads were substituted with a resultant
force and moment [4,5]. However, it is revealed that the soil-
monopile-tower interaction affects the dynamic characteristics of
the offshore wind turbine significantly and the serviceability
criteria need to be considered separately for the tower top and
seabed, which means that the accurate prediction of the structural
response calls for the comprehensive analysis of the overall soil-
pile-structure system [6,7]. On the other hand, some studies
incorporate the effect of soil-pile interaction in the modeling of the
OWT superstructures by the use of fixity end or linear and
nonlinear springs [8e14]. Among these methods, the p-y curve
method is commonly accepted for the soil-pile interaction simu-
lation in research or engineering practice. which establishes the
nonlinear relationship between the lateral displacement and
loading by backcalculating from the field test [15]. Nevertheless,
the applicability of the p-y curve method suffers from several
limitations, especially to the situation of site-specific soil and
numerous loading cycles [16]. Moreover, the substitute of the
uncoupled springs ignores the continuum effect of the soil bed
[17,18].

There are few studies on the dynamic behavior of the offshore
wind turbine accounting for soil-pile-structure interaction, espe-
cially in terms of the sensitivity of the foundation modeling, e.g.,
apparent fixity model, distributed spring model, and FE model of
the soil-pile system to the foundation stiffness [19,20]. Zuo et al.
[21] studied the effects of operation condition and soil-structure
interaction on the structural response of the offshore wind tur-
bine, where the distributed spring model was adopted to charac-
terize the soil-pile interaction. Ma et al. [22] investigated the
influence of soil densification resulting from the long-term cyclic
lateral loading on the turbine performance using the FE model of
the soil-pile system, where the soil behavior was described by the
Mhor-Coulomb constitutive model. Bush et al. [23] considered two
alternative models for monopile foundation, apparent fixity model
and distributed spring model, and compared the difference in the
short-term response and extrapolated long-term response using
FAST. Jung et al. [24] used the couple springmodel at themudline to
simulate the soil-pile interaction and compared the difference of
three foundation modelling approaches, i.e., boundary model, p-y
curve-based spring model, and FEM-based spring model, in terms
of time-domain characteristics of the structural response.

In this paper, three 3D finite element models based on the
apparent fixity model, distributed spring model, and FE model of
the soil-pile system are developed using ABAQUS to investigate the
influence of the foundation modeling approaches on the dynamic
performance of the offshore wind turbines when exposed to the
combined wind and wave loadings. The structural responses are
analyzed based on the time-domain and frequency-domain char-
acteristics, with special attention to the tower top displacement
and acceleration, and shear force at the mudline. Using the nu-
merical models, a parametric analysis is performed to further
discuss the sensitivity of the foundation characteristic parameters
to the foundation stiffness, specifically involving the soil condition,
pile diameter, pile thickness, and pile embedded length. Adopting
the high-fidelity FEmodel of the soil-pile system as the benchmark,
the study provides guidance on the applicability of two other
simplified foundation modeling approaches, i.e., the apparent fixity
model and the distributed spring model, to different foundation
stiffness indexes proposed in this paper in practical engineering.
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2. Numerical modeling

2.1. Integrated soil-pile-structure system

In this study, a three-bladed offshore 5-MW wind turbine sit-
uated in the East China Sea is selected as an example. The relevant
structural parameters, provided by the manufacturer, are summa-
rized in Table 1. Based on the reported data, the rotor-nacelle mass
and rotor diameter are 334.8 tons and 126m. The total length of the
tower is 73 m, with the linear variation of outer diameter from
4.25 m to 6 m. The diameter and wall thickness of the pile are 6 m
and 0.08 m, with the 35.5 m embedded depth below the seabed
level. Young's modulus and Poisson ratio of the tower andmonopile
are taken as 210 GPa and 0.3, respectively. The soil profile param-
eters typical for offshore soil conditions in the East China Sea are
considered for analysis, which are given in Table 2.

Three-dimensional finite element models based on three
different foundation modeling approaches are developed using
software ABAQUS, in which superstructures of all OWTs keep the
same. The blades, rotor, nacelle, and hub are simplified as a point
mass fixed at the top of the tower, which are modeled using shell
element with a uniform cross section. Different element types are
adopted for the three foundation models. For the apparent fixity
foundation model, the monopile is modeled by beam element, of
which the bottom is fixed at the depth of 3.5D below the mudline
[11]. For the distributed spring model, monopile modeled by beam
element is attached to distributed springs within the embedded
part to consider soil-pile interaction. The substructure in the FE
model of the soil-pile system is comprised of three parts, monopile,
fill soil inside the pile, and outer soil outside the pile. The fill soil is
assumed to fully plug the pile with the same length as the pene-
tration depth [25], and the outer soil has a dimension of 10D in
diameter and 1.6L in depth. The pile is modeled by shell element,
while the soil domain is constructed using brick element, except
surrounding with infinite element boundary to eliminate the arti-
ficial boundary effect on the dynamic response of the OWT [26].
Linear elastic behaviors are assumed for the monopile and tower,
while the elastic-perfectly plastic Mhor-Coulomb constitutive
model is used to characterize the complex material behavior of the
Internal friction angle 4 (deg) 35 /
Dilation angle j (deg) 5 /
Cohesion c (kPa) 0.1 /
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soil. The overall FE model of the soil-monopile-tower system is
shown in Fig. 1. The interaction between soil and pile is modeled by
ABAQUS built-in small-sliding, surface-to-surface master/slave
contact pair formulation, where the penalty method is used for
tangential direction and the Lagrangemultiplier method is used for
normal direction.

Vibration damping is a key parameter affecting the dynamic
behavior of the OWT, which generally comprises aerodynamic
damping, structural damping, hydrodynamic damping, and soil
damping. The soil damping comes from the soil-structure interac-
tion and mainly includes material damping and wave radiation
damping. Considering the large-amplitude wave and wind loading
concentrate on the low-frequency range, the energy dissipated by
the wave radiation can be neglected and only material damping of
the soil is taken into account in this study. Based on the damping
estimation from the past papers [7,27e29], 6.21% is adopted for the
damping ratio of the fore-aft direction in the present study, which
is used to calculate the mass and stiffness coefficients in Rayleigh
damping.

2.2. Foundation modeling

This study focuses on the influence of the foundation model on
the dynamic performance of OWTs, where three typical foundation
models are considered for analysis. The apparent fixity model and
distributed spring model are commonly applied in the engineering
practice, while the finite element model is more often considered
for some research on the complex soil behavior and soil-pile
interaction. The three models are illustrated in Fig. 2.

2.2.1. Apparent fixity model
In the apparent fixity model, the pile is fixed at an effective

depth below the mudline to incorporate the clamping effect of the
soil. In engineering practice, designers often use this model as
preliminary dynamic analysis of offshore structures owing to its
simplicity. The determination of the only model parameter
Fig. 1. 3D FE
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effective fixity depth relies on the soil condition and pile dimen-
sion. The general suggested value for the offshore structure ranges
between 3.5 and 8 times the pile diameter D [11], while the lower
value range 3.3D to 3.7D is better in agreement with the monopile
behavior with larger pile diameter based on Kuhn [12] and Zaaijer
[13] research. Therefore, 3.5D is selected for the effective fixity
depth in this study.

2.2.2. Distributed spring model
In the distributed spring model, the soil-structure interaction

between monopile and surrounding soil is simulated via a set of
lateral and vertical nonlinear springs distributing along the
monopile. The p-y relationship under cyclic load recommended in
API [15] and DNV [14] is adopted for lateral springs to simulate the
lateral resistance of the soil, while the t-z and Q-z relationship
[14,15] are used for vertical springs to consider shaft friction and
end bearing capacity. The springs have a nonlinear elastic stress-
strain relationship and mutual independence according to Win-
kler's assumption. Due to its simplicity and relative accuracy, this
model is commonly applied in the oil and gas industry.

The nonlinear soil lateral resistance-deflection (p-y) relation-
ships for sand may be approximated at depth z as:

P¼A� pu � tanh
�
k� z
A� pu

� y
�

(1)

where P is soil resistance in kN/m, y is soil deflection in m, A ¼ 0.9
for cyclic loading, k is the initial modulus of subgrade reaction in
kN/m3, determined as a function of internal frication angle, pu is
ultimate bearing capacity, is defined as:

pus ¼ ðC1 � zþ C2 � DÞ � ges � z

pud ¼ C3 � D� ges � z
(2)

where pus for shallow depth, pud for deep depth, gs
e is effective soil

weight, D is pile diameter, C1, C2, and C3 are coefficients determined
model.



Fig. 2. Foundation models: (a) apparent fixity model; (b) distributed spring model; (c) FE model of the soil-pile system.

Fig. 3. Forces on each blade element.
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as a function of internal friction angle.

2.2.3. Finite element model of the soil-pile system
In the finite element model of the soil-pile system, the overall

model consisted of the monopile-tower system and soil is estab-
lished, where some elastoplastic material model and contact al-
gorithm are used to simulate the characteristic response of
monopile foundation subject to more complex environmental
loading. In order to eliminate the artificial boundary effect resulting
from the introduction of the solid element soil model, the dimen-
sion of the soil domain is selected through the trial run to verify its
adequacy. Some empirical dimensional parameters can be used as
reference, for instance, Haiderali [19] constructed a large soil zone
with a height of 1.6L (L is the embedded length of monopile) and a
diameter of 20D (D is the diameter of monopile), and Ahmed [20]
modeled a soil domain of 15D in diameter and 1.67L in depth.
Compared to the semi-empirical p-y method developed for small-
diameter piles, this foundation model can be better applicable to
themonopile with a larger diameter and encompass the continuum
effect associated with the foundation. In the meanwhile, the
establishment of a solid soil domain provides more possibilities to
take complicated soil behaviors under monotonic and cyclic
loading into account. The soil domain in this study has 10D inwidth
and 1.6L in depth, surrounding with the infinite element zone to
avoid the boundary effect.

2.3. Types of loading on the structure

The cost-effective and durable design of OWT requires the ac-
curate prediction of its response to complex environmental con-
ditions, which relies on the appropriate modeling of the combined
action of incident wind and wave. In this study, the dynamic sim-
ulations in the time domain are used to obtain the response of the
offshore wind turbine under these external vibrations, and the
relevant simulation techniques characterizing the stochastic nature
of wind and wave loading are presented in this section.

2.3.1. Stochastic wind load
The wind loading acting on the offshore wind turbine can be

divided into two components, namely the loading on the tower and
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the loading on the blades. For the former, the wind loading at
different location z can be expressed as:

FtowerðzÞ¼1
2
CdtAðzÞrairuðzÞ2 (3)

where Cdt is the drag coefficient, 1.2, A(z) is the area associated with
the location z and u is the total wind velocity, rair is the air density,
1.225 kg/m3.

For the loading on the blade, this study only considers the
parked condition of the offshore wind turbine, and the thrust force
on the blade is computed using the blade element momentum
(BEM) method. In terms of the BEM approach, the blade is divided
up into N elements and the overall resultant force is obtained by
numerical integration along the blade span. For each blade element,
the resultant force F is decomposed into lift force FL and drag force
FD, as shown in Fig. 3, which can be computed as follow:

FL ¼ 0:5rairV
2
relcDrCL

FD ¼ 0:5rairV
2
relcDrCD

(4)

where CL is the lift coefficient, CD is the drag coefficient, c and Dr is
the chord length and the radial length of the blade element, Vrel is
the relative wind velocity, which can be computed as:



Fig. 4. Kaimal wind spectrum.
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Vrel ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V2
x þ ðUr � VqÞ2

q
(5)

where Vx and Vq are the axial velocity and tangential velocity on the
rotor, U is the angular speed of the blade, r is the radial distance
between the hub center and the element center. Therefore, the
thrust force acting on the blade element in the axial direction can
be computed as:

Fx ¼ FL cos 4þ FD sin 4 (6)

where 4 is the relative wind angle, which can be calculated as:

4¼ tan�1½Vx = ðUr�VqÞ�¼ qP þgþ a (7)

where qp is the blade pitch angle, g is the blade twist angle, and a is
the angle of the attack.

The wind velocity consists of two components, namely the
constant meanwind velocity and the fluctuating wind velocity. The
former u at position z in the neutral ABL (atmospheric boundary
layer) can be expressed as:

uðzÞ¼u*

k
ln
�
z
z0

�
(8)

where u* is the friction velocity, k is the Von Karman constant, z0 is
the roughness height. In the present study, the meanwind velocity
at the hub height is taken as 8 m/s, and the roughness height is
0.005.

The fluctuating wind velocity field along the long-span tower is
simulated using the spectral representation method [30,31]. With
the coherence between three dimensions ignored, the problem can
be simplified as a one-dimensional multivariate stochastic process
{f(t)} with n components f1(t), f2(t),…, fn(t), which can be simulated
by:

fjðtÞ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
2ðDu

q
Þ
Xj
m¼1

XN
l¼1

��Hjm
�
uml

	��cos�umlt�qjmðumlÞþFmlÞ

qjmðuÞ¼ tan�1

(
Im


Hjm

�
u
	�

Re


Hjm

�
u
	�
)

uml ¼
�
l�1


Duþm

n
Du

j¼1;2; :::n
(9)

where N is a large number, Du ¼ (uup/N), uup is the upper cutoff
frequency, F1l, …, Fjl are random sequences distributing uniformly
in [0, 2p], H(u) is defined as the Cholesky's decomposition of the
cross-spectral density matrix S0(u)

S0ðuÞ¼HðuÞHT*ðuÞ (10)

and

S011ðuÞ ¼ S022ðuÞ ¼ ::: ¼ S0nnðuÞ ¼ SðuÞ
S0jmðuÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
S0jjS

0
mm

q
Coh

�
Djm;u

	 ¼ SðuÞCoh�Djm;u
	

j;m ¼ 1;2; :::;n

(11)

where Djm is the distance between positions j and m, Coh(Djm, u) is
the coherence function between positions j and m, which can be
computed as:
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Coh
�
Djm;u

	¼ exp
�
� luDjm

2puðzÞ
�

(12)

where l is the co-coherence decay coefficient.
In this study, we only consider the upstream turbine and ignore

the rotational sampling turbulence resulting from the rotation of
the rotor blades. Kaimal spectrum is taken as the stochastic wind
spectrum S(u) [32], as shown in Fig. 4, which is defined as

Sðf ; zÞ ¼ u2*
f

200c

ð1þ 50cÞ5=3

c ¼ fz=uðzÞ
f ¼ 2pu

(13)
2.3.2. Stochastic wave load
The wave loading on the monopile is estimated using the Mor-

ison equation, the wave force per unit length at depth z [14,15],
which are expressed as follows:

f ¼1
2
CDrDðu� _qÞju� _qj þ

"
CM

pD2

4
ra�ðCM �1ÞpD

2

4
r€q

#
(14)

Where CD and CM are the drag and inertia coefficients, r is water
density, D is the diameter of monopile, _q and €q are the horizontal
velocity and acceleration of structure respectively, u and a are the
velocity and acceleration of water particle in the horizontal direc-
tion at depth z, which can be calculated based on the sea surface
elevation h. The most common model in the current practice to
characterize stochastic wave is limited to linear wave theory, where
the sea surface elevation h can be expressed as:

hðtÞ¼
XN
m¼1

Am cosðwmtþ4mÞ (15)

where wm is the frequency of the mth component, Am is the Ray-
leigh distributed amplitudes: E[Am

2 ] ¼ 2S(wm)Dw, 4m is the random
phase uniformly distributed over [0,2 p]. The corresponding ve-
locity u and acceleration a at depth z can be represented as:
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uðz; tÞ ¼
XN
m¼1

Amwm
coshðkmðhþ zÞÞ

sinhðkmdÞ cosðwmt þ 4mÞ

aðz; tÞ ¼ �
XN
m¼1

Amwm
2coshðkmðhþ zÞÞ

sinhðkmdÞ sinðwmt þ 4mÞ
(16)

where km is wave number, h is water depth, taking 18.2m according
to the site investigation in the present study.

In the current practice, the JONSWAP spectrum is often used to
calculate the sea surface elevation in severe conditions. It is a
typical single-peak spectrum and is mainly proposed in accordance
with the developing sea state [14], as shown in Fig. 5.
Fig. 5. JONSWAP wave spectrum.

Table 3
Structural data of OWT.

Offshore wind turbine Walney

Tower height (m) 67.3
Tower top diameter (m) 3
Tower bottom diameter (m) 5
Tower wall thickness (mm) 40
Young's modulus of tower material (GPa) 210
Top mass (t) 234.5
Monopile diameter (m) 6
Monopile wall thickness (mm) 80
Young's modulus of monopile material (GPa) 210
Monopile depth (m) 23.5
Shear modulus of the soil (MPa) 70
Poisson's ratio of the soil 0.4
Young's modulus of the soil (MPa) 196

Table 4
Site condition and fundamental frequency of OWT.

Offshore wind turbine

Soil condition at the site
Measured fundamental frequency (Hz)
Predicted fundamental frequency (FE model of the soil-pile system) (Hz)
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Sðf Þ¼CðgÞ,0:3125,Hs
2,fp

4,f�5 exp

 
�1:25

�
fp
f

�4!
,ga (17)

where fp ¼ 1/Tp. Tp and Hs denote the peak wave period and the
significant wave height, respectively. Tp ¼ 12.58 s and Hs ¼ 5.64 m
are obtained from the site measurement. f is wave frequency, g is
peak-shape parameter, s is the spectral width factor, and C(g) is
normalizing factor.
3. Model verification

The apparent fixity model and distributed spring model have
been widely validated and used in the previous researches, while
the employed modeling approach of finite element model of the
soil-pile system in this study needs to be further verified consid-
ering the complexity of modelling procedures and uncertainty of
related modelling details. The fundamental frequency of offshore
wind turbines serves as a primary indicator to capture the dynamic
characteristics of the structure, which can be used to initially verify
the numerical capability of the FEmodel. To verify the accuracy and
efficacy of the FE models mentioned above, three real-world
offshore wind turbines are selected from the literature with
detailed structural and soil data [16], which are outlined in Table 3.
To fully take the variation of the dynamic performance concerning
the size of the wind turbine into account, the monopile diameter of
three types of wind turbine ranges from 3.2 m to 6 m. In the
meanwhile, the differences in soil behaviors between sand and clay
are included to assess the applicability of the foundation modeling
approach.

The actual measurement of the first natural frequency coming
from site investigation is also obtained for reference. Based on these
data, numerical models are developed and solved for fundamental
natural frequency, which is summarized in Table 4. The results
show that predicted fundamental frequencies agree well with the
site measurements, lending to the good applicability of the nu-
merical model to analyze the dynamic behavior of offshore wind
turbines (see Table 5).
1 Lely A2 North Hoyle

37.9 67
1.9 2.3
3.2 4
13 35
210 210
32 100
3.2 4
35 50
210 210
13.5 33
140 230
0.4 0.4
392 644

Walney 1 Lely A2 North Hoyle

sand layers sand and clay layers sand and clay layers
0.35 0.64 0.35
0.31 0.70 0.34
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4. Results and discussions

4.1. Dynamic responses based on three numerical foundation
models

The offshore wind turbines are dynamically sensitive structures
due to the slenderness of the system, which means the fatigue
failure is critical during their service life. To minimize the devel-
opment of fatigue damage, it is essential to avoid dynamic ampli-
fication owing to the resonance of the structure. Therefore, the first
natural frequency of the structure should not coincide with the
excitation frequencies coming fromwind and wave, which requires
a reliable estimation of this parameter in the design phase. In this
section, the natural frequency for each foundation model is firstly
obtained based on the modal analysis and normalized with the
result of the FEmodel of the soil-pile system, as given in Table 6. It's
observed that the natural frequency of the offshore wind turbine
marginally changes for three foundation models, with the
maximum difference below 3%. The natural frequency of the
apparent fixitymodel is slightly smaller than that of the FEmodel of
the soil-pile system, while the result of distributed spring model is
almost the same. These preliminary results of the natural frequency
suggest that the empirical apparent fixity model underestimates
the foundation stiffness, while the distributed spring model can
give a relatively accurate prediction of the foundation stiffness in
this case.

To gain further insight into the difference in dynamic perfor-
mance among the three foundation models, the time-domain
analysis is carried out with the combined wind and wave loading
taken into account. The incident wave significant height and peak
period are 5.64 m and 12.58 s, respectively, and the incident wind
velocity at the hub height of the offshore wind turbine is 8 m/s. The
dynamic responses including the horizontal displacement and ac-
celeration at the tower top and the shear force at the mudline are
picked for the comparison. Fig. 6 shows the comparison of the
amplitude spectra of the dynamic performance between three
foundationmodels. As shown in Fig. 6(a), two obvious peaks appear
close to 0.08 Hz and 0.30 Hz, which corresponds to the peak fre-
quency of the wave spectrum and the natural frequency of the
offshorewind turbine, respectively. Compared with the FEmodel of
Table 6
Maximum dynamic response.

Foundation model umax (m) Normlized umax ama

Apparent fixity model 0.065 1.121 0.1
Distributed spring model 0.060 1.034 0.1
FE model of soil-pile system 0.058 1 0.0

Table 5
Predicted natural frequencies for three foundation models.

Foundation model Natural frequency (Hz)

Absolute value Normalized value

Apparent fixity model 0.29 0.97
Distributed spring model 0.30 1
FE model of soil-pile system 0.30 1
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the soil-pile system, the apparent fixity model simultaneously in-
creases the low-frequency and high-frequency component near
two peak frequencies significantly, and the displacement response
of the distributed spring model has a little higher energy in these
two frequency ranges. The power spectrum of the acceleration at
the tower top shows a significant crest around the natural fre-
quency of the structure (Fig. 6(b)), with the highest peak for the
apparent fixity model and slightly more energy contained in the
high-frequency domain for the distributed spring model. Fig. 6(c)
shows the PSDs of the internal force response at the mudline,
where the dominant frequency appears at about the peak fre-
quency of the wave spectrum. Moreover, the internal force
response of the FE model of the soil-pile system has higher
concentrated energy in the low-frequency zone near the peak
frequency of the wave spectrum in comparison with the other two
foundation models.

To compare the results quantitatively, the relevant statistics, the
root mean square (RMS) and maximum, are introduced, which is
defined as:

RMS¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
y21 þ y22 þ :::þ y2n

n

s
(18)

where yi is the response at the time step i and n is the number of the
time step. The RMS of the displacement, acceleration at the tower
top, and shear force at the mudline for three foundation models are
obtained and normalizedwith the result of the FEmodel of the soil-
pile system. Tables 6 and 7 illustrate the maximum and the RMS of
the responses, respectively. Compared with the response based on
the apparent fixity model, the results of the distributed spring
model are closer to the FE model of the soil-pile system. In general,
the apparent fixity model and distributed spring model increase
the displacement and acceleration response at the tower top,
whereas reducing the internal force response at the mudline.
Furthermore, the influence of the foundation model on the
displacement and acceleration response is slightly more remark-
able than the internal force response. The results reveal that the
displacement and acceleration response at the tower top is more
related to the natural frequency of the response, while the internal
force response at the mudline is dominated by the peak frequency
of the wave spectrum.
4.2. Parametric studies of foundation stiffness

Considering the engineering practice where the design param-
eters rangewithin a certain interval, a parametric analysis is further
carried out to investigate their influence on the dynamic perfor-
mance of the offshore wind turbine, especially with respect to
different foundation models. This section involves discussions on
soil densification, pile diameter, pile thickness, and pile penetration
depth.
x (m2/s) Normalized amax Fmax (kN) Normalized Fmax

18 1.283 826.000 0.943
18 1.283 823.000 0.940
92 1 875.575 1



Fig. 6. Power spectral densities (PSDs) of the structural response: (a) displacement at
the tower top; (b) acceleration at the tower top; (c) shear force at the mudline.
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4.2.1. Effect of soil densification
Owing to the long period of exposure to cyclic wind and wave

loading, a truncated cone-shaped densified zone will be observed
along the pile shaft of the offshore wind turbine [33], which may
impose a notable impact on the elastic modulus and the effective
unit weight of the sand. To examine the influence of the soil
densification, a series of calculations are conducted using the FE
model and distributed spring model, considering parameters for
the densified soil (Table 8) [22], while the dynamic performance of
the fixity model remains the same regardless of the soil condition.
The fundamental frequencies for two soil conditions are obtained
as shown in Table 9. It is observed that the natural frequency of the
distributed spring model is more or less the same for two soil
conditions, while the soil densification increases the natural fre-
quency of the FE model of the soil-pile system by about 3.3%.

Fig. 7 shows the PSDs of the displacement response for two soil
conditions, respectively. Considering the distributed spring model
in Fig. 7(a), the minor difference can be observed in the power
spectral density of the displacement response, whereas soil
densification somewhat suppresses two primary peaks at about the
peak frequency of the wave spectrum and the natural frequency of
the structure for FE model of the soil-pile system (Fig. 7(b)). On the
other hand, shear force PSDs for two soil conditions in Fig. 8 ex-
hibits insignificant differences for both distributed spring model
and the FE model of the soil-pile system. To more clearly obtain the
quantitative characteristics of the dynamic response for two soil
conditions, Tables 10 and 11 present the RMS of displacement and
shear force response, respectively (the difference indicates the
variation as compared with the original soil condition). There ap-
pears to be a trend that an increase in soil effective unit weight and
elastic modulus resulting from the soil densification leads to a
decrease in the displacement acceleration response for the FE
model of soil-pile system, their influence on the distributed spring
model is however insignificant. Furthermore, the internal force
response varies slightly with the soil conditions, no matter for
distributed spring model and FE model of the soil-pile system.
These results suggest that the apparent fixitymodel and distributed
spring model miss the influence of soil condition on the displace-
ment response which can be characterized in the FE model of the
soil-pile system.

4.2.2. Effect of pile diameter
The pile diameter is a key parameter in the design phase of the

offshorewind turbine, which is determined based on a compromise
between the dynamic performance of the structure and
manufacturing cost. To investigate its effect, three different pile
diameters D ¼ 5 m, 5.5 m, and 6 m are considered in the present
study with other parameters unchanged. Shown in Table 12 are the
natural frequency for three pile diameters considering three
foundation models (the percentage in the bracket indicates the
variation as compared with pile diameter D ¼ 6 m). Generally, a
similar tendency that an increase of the natural frequency with the
increasing pile diameter is observed for all three foundation
models, among which the greatest influence occurs on the
apparent fixity model, while the degree of variation for the other
two foundation models is modest.

Fig. 9 shows the PSDs of the displacement response for three
pile diameters, respectively. Note that a similar right shift of the
high-frequency peak with the increasing pile diameter appears
regardless of the foundation modeling approach. However, the
peak energy for the apparent fixity model sees a pronounced
reduction with the increasing pile diameter, while those for
distributed spring model and FE model of the soil-pile system
experience a relatively modest trend, especially for the larger
diameter. These phenomena can be explained by the reason that
401



Table 7
RMS of dynamic response.

Foundation model urms (m) Normalized urms arms (m2/s) Normalized arms Frms (kN) Normalized Frms

Apparent fixity model 0.024 1.200 0.040 1.333 214.863 0.946
Distributed spring model 0.020 1 0.034 1.133 213.718 0.941
FE model of soil-pile system 0.020 1 0.030 1 227.079 1

Table 8
Soil parameter of original and densified soil.

Parameter Original soil Densified soil

Effective unit weight ge
s (kN/m3) 10 11

Young's modulus E (MPa) 40 60
Poisson's ratio y 0.25 0.25
Internal friction angle 4 (deg) 35 35
Dilation angle j (deg) 5 5
Cohesion c (kPa) 0.1 0.1

Table 9
Predicted natural frequencies of two soil conditions.

Soil condition Apparent fixity model Distributed spring model FE model

Original soil 0.29 Hz 0.30 Hz 0.30 Hz
Densified soil 0.29 Hz 0.30 Hz 0.31 Hz
Difference 0 0 3.3%
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the distributed spring model and FE model of soil-pile system can
incorporate the variation of soil constraint resulting from the pile
diameter, which is ignored by the apparent fixity model. As for the
shear force PSDs, the first peak energy close to the peak frequency
of thewave spectrum observes a slight increase as the pile diameter
rises for the apparent fixity model and distributed spring model,
while that for FEmodel of the soil-pile system is almost not affected
by the pile diameter. A more comprehensive quantitative compar-
ison is conducted on the RMS of the displacement and shear force
response for three foundation models, as shown in Tables 13 and
14. The displacement response falls substantially with pile diam-
eter, especially for the small diameter, whereas a more modest
variation rate is observed for the shear force response. Moreover,
the RMS of the displacement response for distributed spring model
and FE model of soil-pile system is almost the same, which is
consistent with the PSDs distribution. Note that shear force
response for the FE model of soil-pile system presents an opposite
trend to the other two foundation models, which can result from
the difference of low-frequency peak energy at about the wave
peak frequency owing to the effect of soil-plugging [34,35] in the FE
model of the soil-pile system (see Fig. 10).
Fig. 7. Displacement PSDs for two soil conditions: (a) distributed spring model; (b) FE
model of soil-pile system.
4.2.3. Effect of pile thickness
Another key design parameter affecting the dynamic perfor-

mance of the structure is pile thickness. Considering the appro-
priate ratio of the pile thickness and diameter ranging from 1:50
and 1:80 [36,37] and the pile diameterD¼ 6m in the present study,
the pile thickness t ¼ 0.08 m, 0.09 m, and 0.1 m are selected for
comparison. Table 15 demonstrates the variation of the natural
frequency with the pile thickness for three foundation models. It is
obvious that the natural frequency of the structure generally rises
with the pile thickness, among which the rate of change for the
apparent fixity model appears more remarkable than the FE model
402
soil-pile system, while the distributed spring model is placed in the
middle.

The power spectrum of the displacement response with pile
thickness for three foundation models is illustrated in Fig. 11.
Generally, the low-frequency peak near the peak frequency of the
wave spectrum sees an obvious drop with the pile thickness for all



Fig. 8. Shear force PSDs for two soil conditions: (a) distributed spring model; (b) FE
model of soil-pile system.

Table 10
RMS of displacement response.

Soil condition Apparent fixity model Distributed spring model FE model

Original soil 0.024 m 0.020 m 0.020 m
Densified soil 0.024 m 0.020 m 0.018 m
Difference 0 0 �10.00%

Table 11
RMS of shear force response.

Soil condition Apparent fixity model Distributed spring model FE model

Original soil 214.863 kN 213.718 kN 227.079 kN
Densified soil 214.863 kN 213.743 kN 226.115 kN
Difference 0 0.01% �0.42%
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three foundation models, among which the apparent fixity model
exhibits the sharpest variation. As far as the high-frequency
component is concerned, a right shift of the secondary peak is
observed commensurate with the variation of the natural fre-
quency of the structure. Furthermore, the apparent fixity model is
least sensitive to the pile thickness and experiences a modest fall in
peak value with the increasing pile thickness, while this trend is
significant for the distributed spring model and the FE model of the
soil-pile system. Based on the PSDs of the shear response in Fig. 12,
note that pile thickness almost imposes no impact on the shear
response, except for the minor difference near the peak frequency
of the structure. Tables 16 and 17 further compare the statistics of
time-domain analysis for the displacement and shear force
response, respectively. It is observed that an increase in pile
thickness results in a reduction of the displacement response no
matter for different foundation models, among which the effect is
more pronounced for the apparent fixity model but weakened for
the other two foundation models, especially for the response of
distributed spring model. On the other hand, the difference con-
cerning the RMS of the shear force response between varying pile
thickness further illustrates that the internal force response almost
remains the same regardless of the variation of the pile thickness.

4.2.4. Effect of pile penetration depth
The pile penetration depth plays an important role in the per-

formance of offshore wind turbines, especially for the stability of
the structure. To investigate its influence and the sensitivity of
different foundation models to this parameter, dynamic responses
are obtained for three penetration depths L ¼ 24 m, 35.5 m, and
48 m. Owing to the simplification of the fixed end for the apparent
fixity model, only the distributed spring model and FE model of
soil-pile system are discussed in this section. According to the
natural frequency shown in Table 18, the elongation of pile
embedded depth brings about the increase of natural frequency
with a decreasing rate.

Considering the displacement response, as shown in Fig. 13, the
two primary peaks at around the peak frequency of the wave
spectrum and the natural frequency of the structure both fall
remarkably for two foundationmodels when the penetration depth
varies from 24 m to 35.5 m. Moreover, its influence on the low-
frequency peak is slightly greater for the FE model of soil-pile
system than the distributed spring model. When it comes to the
case where the pile penetration depth varies from 35.5 m to 48 m,
the two PSD distributions almost overlap no matter for the
distributed spring model and FE model of the soil-pile system. As
for the PSDs of the shear force response in Fig. 14, all three lines
almost overlap for three penetration depths regardless of the
foundation model. A quantitative comparison is illustrated in
Table 19 and 20. Constant displacement responses remainwhen the
penetration is larger than 35.5 m after a reduction with the pene-
tration depth ranging from 24 m to 35.5 m for the distributed
spring model. A similar trend occurs for the displacement response
of the FE model of the soil-pile system. The shear force response
only fluctuates slightly with the varying pile penetration depth,
which can be ignored (see Table 20).

4.2.5. Comprehensive dimensionless index of foundation stiffness
Previous studies have shown that there are distinct differences

in dynamic response for different foundation stiffness, specifically
the rigid or flexible fashion in which the foundation behaves
[38e40]. According to the parametric analysis mentioned above,



Table 12
Predicted natural frequencies for three pile diameters.

Pile diameter Apparent fixity model Distributed spring model FE model

5 m 0.24 Hz (�17.2%) 0.26 Hz (�13.3%) 0.26 Hz (�13.3%)
5.5 m 0.26 Hz (�10.3%) 0.28 Hz (�6.7%) 0.28 Hz (�6.7%)
6 m 0.29 Hz 0.30 Hz 0.30 Hz

Fig. 9. Displacement PSDs for three pile diameters: (a) apparent fixity model; (b) distributed spring model; (c) FE model of soil-pile system.
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the effect of the soil condition and pile penetration depth on the
foundation stiffness are both missed for the apparent fixity model.
Therefore, to investigate the sensitivity of all three foundation
models to the different foundation stiffness comprehensively, the
results of the parametric analysis in terms of pile diameter and
thickness are adopted. A dimensionless index S describing the pile
foundation behavior [41] is introduced in this section to incorpo-
rate the effects of the pile diameter and thickness for three foun-
dation models, which can be expressed as:

S¼ EsL4

EpIp
(19)

where Es and Ep are the elastic moduli of the soil and pile, respec-
tively, L is the pile penetration depth, and Ip is themoment of inertia
of the pile, which satisfies

Ip¼
p
�
D4 � ðD� 2tÞ4


64

(20)

Fig. 15 shows the variation of the dynamic performancewith the
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change of the foundation stiffness resulting from the varying pile
diameter D (square symbol) and thickness t (triangle symbol),
respectively. As shown in Fig. 18(a), in general, the natural fre-
quency is more sensitive to the change of the foundation stiffness
due to the pile diameter. On the other hand, the natural frequency
of the FEmodel of soil-pile system is less sensitive to the foundation
stiffness as compared to the apparent fixity model and distributed
spring model. As far as the displacement response in Fig. 15(b), the
degree of influence of the foundation stiffness coming from the pile
diameter and thickness sees no obvious difference with a straight
line. It can also be seen that the effect of foundation stiffness on the
displacement response is more pronounced for the apparent fixity
model, and the difference between distributed springmodel and FE
model of the soil-pile system is however insignificant. Fig. 15(c)
shows that no obvious variation of the shear force response with
the varying foundation stiffness due to the change of the pile
thickness. On the contrary, an opposite trend with the foundation
stiffness caused by the pile diameter can be observed for different
foundation models, i.e., nearly constant for the FE model of soil-pile
system and downward for the other two foundation models. To



Table 13
RMS of displacement response.

Pile diameter Apparent fixity model Distributed spring model FE model

5 m 0.045 m (87.5%) 0.031 m (55.0%) 0.030 m (50.0%)
5.5 m 0.031 m (29.2%) 0.024 m (20.0%) 0.024 m (20.0%)
6 m 0.024 m 0.020 m 0.020 m

Table 14
RMS of shear force response.

Pile diameter Apparent fixity model Distributed spring model FE model

5 m 185.096 kN (�13.9%) 181.579 kN (�15.0%) 230.914 kN (1.7%)
5.5 m 190.264 kN (�11.4%) 196.967 kN (�7.8%) 228.124 kN (0.5%)
6 m 214.862 kN 213.718 kN 227.079 kN

Table 15
Predicted natural frequencies for three pile thicknesses.

Pile thickness Apparent fixity model Distributed spring model FE model

0.08 m 0.29 Hz 0.30 Hz 0.30 Hz
0.09 m 0.30 Hz (3.4%) 0.32 Hz (6.7%) 0.30 Hz
0.1 m 0.31 Hz (6.9%) 0.32 Hz (6.7%) 0.31 Hz (3.3%)

Fig. 10. Shear force PSDs for three pile diameters: (a) apparent fixity model; (b) distributed spring model; (c) FE model of soil-pile system.
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summarize, when it comes to the natural frequency, the apparent
fixity model and FE model of the soil-pile model are recommended
for the small foundation stiffness index, whereas the distributed
spring model takes the place of the apparent fixity model gradually
with the increase of the foundation stiffness index. Nevertheless, as
405
far as the tower top displacement is concerned, the distributed
spring model is always superior to the apparent fixity model
regardless of the foundation stiffness, with trivial discrepancies as
compared with the FE model of the soil-pile system.



Fig. 11. Displacement PSDs for three pile thicknesses: (a) apparent fixity model; (b)
distributed spring model; (c) FE model of soil-pile system.

Fig. 12. Shear force PSDs for three pile thicknesses: (a) apparent fixity model; (b)
distributed spring model; (c) FE model of soil-pile system.
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Table 16
RMS of displacement response.

Pile thickness Apparent fixity model Distributed spring model FE model

0.08 m 0.024 m 0.020 m 0.020 m
0.09 m 0.021 m (�12.5%) 0.018 m (�10.0%) 0.019 m (�5.0%)
0.1 m 0.019 m (�20.8%) 0.017 m (�15.0%) 0.017 m (�15.0%)

Table 17
RMS of shear force response.

Pile thickness Apparent fixity model Distributed spring model FE model

0.08 m 214.862 kN 213.718 kN 227.079 kN
0.09 m 214.520 kN (�0.2%) 213.348 kN (�0.2%) 226.673 kN (�0.2%)
0.1 m 214.048 kN (�0.4%) 213.000 kN(-0.3%) 226.213 kN (�0.4%)

Table 18
Predicted natural frequencies for three pile penetration depths.

Penetration Apparent fixity model Distributed spring model FE model

24 m 0.290 Hz 0.297 Hz (�2.3%) 0.291 Hz (�1.7%)
35.5 m 0.290 Hz 0.304 Hz 0.296 Hz
48 m 0.290 Hz 0.305 Hz (0.3%) 0.298 Hz (0.7%)

Fig. 13. Displacement PSDs for three pile penetration depths: (a) distributed spring
model; (b) FE model of soil-pile system.

Fig. 14. Shear force PSDs for three pile penetration depths: (a) distributed spring
model; (b) FE model of soil-pile system.
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Table 19
RMS of displacement response.

Penetration Apparent fixity model Distributed spring model FE model

24 m 0.024 m 0.022 m (10.0%) 0.022 m (10.0%)
35.5 m 0.024 m 0.020 m 0.020 m
48 m 0.024 m 0.020 m (0%) 0.020 m (0%)

Table 20
RMS of shear force response.

Penetration Apparent fixity model Distributed spring model FE model

24 m 214.862 kN 214.270 kN (0.3%) 227.083 kN (0%)
35.5 m 214.862 kN 213.718 kN 227.079 kN
48 m 214.862 kN 213.725 kN (0%) 226.984 kN (0%)

Fig. 15. Structural response for different foundation stiffnesses: (a) natural frequency; (b) displacement; (c) shear force.
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5. Conclusions

The accurate estimation of the dynamic behavior of the offshore
wind turbine is fundamental to its stability, operation, and per-
formance, where the appropriate foundation modeling plays an
important role. This paper carries out numerical studies on the
dynamic responses of the offshore wind turbine exposed to the
combined wind and wave loadings considering three foundation
modeling approaches, apparent fixity model, distributed spring
model, and FEmodel of the soil-pile system. A case study of a 5 MW
offshore wind turbine supported by the monopile is conducted to
systematically examine the influence of foundation modeling and
then its sensitivity to different design parameters is also discussed
in depth. Based on sensitivity to the proposed dimensionless
foundation stiffness index in comparisonwith the benchmark high-
fidelity FE model of the soil-pile system, recommendations on the
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applicability of two other simplified foundation modeling ap-
proaches, the apparent fixity model and distributed spring model,
are subsequently offered. The main results are concluded as
follows:

(a) Compared with the FE model of soil-pile system, the
empirical apparent fixity model underestimates the foun-
dation stiffness remarkably, while the distributed spring
model can give a relatively accurate prediction of the foun-
dation stiffness. Moreover, the influence of the foundation
modeling on the displacement and acceleration response is a
little more significant than the internal force response. On
the other hand, the apparent fixity model and distributed
spring model miss the influence of soil condition on the
displacement response which can be characterized in the FE
model of the soil-pile system.
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(b) An increase of the foundation stiffness with the increased
pile diameter is observed for all three foundation modeling
approaches, among which the apparent fixity model is more
sensitive, while the other two almost show the same degree.
Nevertheless, an increase in pile thickness results in a
reduction of the displacement, among which the effect is
more pronounced for the apparent fixity model but weak-
ened for the other two foundation models

(c) Constant displacement response remains when the pene-
tration is larger than 35.5 m after a reduction with the
penetration depth ranging from 24 m to 35.5 m for the
distributed spring model and the FE model of the soil-pile
system. Furthermore, the FE model of soil-pile system is
affected a little more notably than the distributed spring
model.

(d) Considering the natural frequency, the apparent fixity model
and FEmodel of the soil-pile model are recommended for the
large foundation stiffness, whereas the distributed spring
model takes the place of the apparent fixity model gradually
with the decrease of the foundation stiffness. Nevertheless,
as far as the tower top displacement is concerned, the
distributed spring model is always superior to the apparent
fixity model regardless of the foundation stiffness, with
trivial discrepancies as compared with the benchmark FE
model of the soil-pile system.

In the future, more engineering examples will be studied to
validate the generality of the aforementioned conclusions and
some other key issues, such as the soil plugging effect, need to be
explored in depth. Furthermore, a complex soil model for cyclic
loading needs to be incorporated into the soil-pile system to
consider severe degradation in the upper soil layers subject to cy-
clic loading, which provides a more accurate prediction of the fa-
tigue of wind turbines during the service life. In the meanwhile,
analysis of the soil-pile system subject to the long-term cyclic wind
and wave loading, which requires an excessive number of numer-
ical iterations, will also be performed in the future study. On the
other hand, the rotational sampling turbulence resulting from the
rotation of the rotor blades plays an indispensable role in the fa-
tigue damage of wind turbines, so the multiple peaks associated
with the additional turbulence due to the rotation of the rotor
blades and the wake effects of the upstream turbine will also be
incorporated to the present model spectrum in our future study
concerning the fatigue analysis of the downstream turbines in a
wind farm. The present study serves as a preliminary exploration of
the short-term dynamic performance of the wind turbine based on
the FE model of the soil-pile system. The further extension to
modeling complex loading conditions, especially long-term cyclic
wind and wave loading, which contributes to the service life pre-
diction of wind turbines and its structural optimization design, will
be attached importance to the future line of research.
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