
echT PressScience

Doi:10.32604/ee.2025.074804

ARTICLE

Dynamic Behavior of Offshore Wind Turbines Considering Monopile Flexibility
under Combined Wind, Wave and Soil

Shengya Liu1, Wei Bian1,2, Linan Li1,*, Yang Xue1,2 and Jingxun Yin3

1The School of Mechanical Engineering, Tianjin University, Tianjin, China
2China Electric Power Research Institute, Beijing, China
3Dongfang Electric Wind Power Co., Ltd., Deyang, China
*Corresponding Author: Linan Li. Email: lali@tju.edu.cn
Received: 18 October 2025; Accepted: 15 December 2025; Published: 06 August 2026

ABSTRACT: Offshore wind energy plays a critical role in achieving global decarbonization goals, while the dynamic
response mechanisms of megawatt-scale turbines under complex environmental conditions remain insufficiently char-
acterized. Current research often oversimplifies the effects of monopile flexibility and its interaction with soil dynamics,
leading to gaps in dynamic predictions. To address this limitation, this study develops a comprehensive 15-degree-
of-freedom dynamic model for a 22 MW monopile offshore wind turbine (OWT) that incorporates nonlinear pile
flexibility and soil-structure interaction through p-y and Q-z curves. The integrated analytical framework, established
using Euler-Lagrange equations, enables coupled analysis of aero-hydro-soil-structure interactions through systematic
energy formulations. The simulation incorporates wind loads calculated via Blade Element Momentum theory and
wave loads computed using Morison’s equation based on linear Airy wave theory. The dynamic responses of the OWT
system, including displacements and natural frequencies, are then systematically evaluated under combined wind, wave
and soil loadings. Comparative analysis of dynamic responses under rigid, semi-rigid and flexible pile configurations
reveals distinct behavioral mechanisms, highlighting the crucial role of pile flexibility in soil-structure interaction. The
proposed methodology establishes a scalable framework for integrating soil models and control strategies in future
research. These findings offer valuable insights for optimizing foundation designs through site-specific stiffness and
damping considerations in megawatt-scale OWT engineering applications.
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1 Introduction
Global energy demand is increasing at an unprecedented rate due to rapid industrialization, techno-

logical advancements and population growth [1–3]. The rising demand, coupled with the environmental
impacts of fossil fuels, drives a decisive transition toward renewable energy [4,5]. As a clean and sustainable
energy source, wind power plays a pivotal role in decarbonizing global electricity systems [6]. In recent
decades, substantial technological advancements have established onshore wind power as one of the most
widely deployed sources globally [7,8]. However, the greatest potential for wind energy resides principally
in offshore environments, where enhanced and steadier wind resources enable significantly higher energy
yields [9]. This advantage at sea leads to increased capacity factors and the possibility of reduced levelized
energy costs, strongly supporting offshore wind as the future of scalable renewable energy.
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The rapid development of offshore wind energy has led to a growing interest in the design and analysis
of megawatt-scale wind turbines [10]. As the industry progresses, turbines are becoming increasingly larger
to capture higher energy yields, thereby improving overall efficiency. However, the megawatt-scale offshore
wind turbines (OWTs) present significant challenges, particularly in understanding their dynamic charac-
teristics. The ongoing upscaling of wind turbine dimensions significantly increases structural compliance,
leading to amplified flexibility and larger deflections across blades, towers, and substructures. This increased
sensitivity to environmental forces has a critical impact on the system’s overall performance [11]. Therefore,
understanding these amplified flexible responses is essential for operational safety and efficiency. Moreover,
the coupled dynamics of wind, waves and soil play a crucial role in turbine behavior, particularly in
demanding offshore environments where multiple factors influence structural dynamics [12].

As offshore wind turbines increase in size and are deployed in increasingly complex environmental
conditions, understanding their dynamic behavior has emerged as a crucial area of research. Numerous
studies have investigated the aero-hydro-elastic-structural coupled behavior of OWTs under wind, wave,
current, and seismic actions [13–15]. The development of sophisticated numerical frameworks, comple-
mented by experimental validation, has significantly enhanced the understanding of system dynamics,
particularly in the accurate prediction of vibrational characteristics [16–20]. However, existing numerical
and experimental approaches exhibit notable limitations in fully capturing the dynamics of full-scale
turbines. From a numerical perspective, current modeling techniques for OWT dynamics encompass a broad
range but often involve a compromise between computational efficiency and physical fidelity. Low-order
models enable rapid simulations but oversimplify soil-structure interaction and pile flexibility, resulting
in inaccuracies in predicting system frequencies and damping ratios [21,22]. Conversely, high-fidelity
finite element models (FEM) provide detailed representations of structural and soil behavior but demand
substantial computational resources, thereby constraining their applicability in parametric design studies
and load scenario analyses. Moreover, many FEM approaches inadequately model aerodynamic loading
during rotor rotation, thus overlooking critical aeroelastic coupling effects under operational conditions.
Experimentally, the high costs and technical constraints restrict tests to scaled model testing. Theoretical
progress in analyzing the dynamic response of OWTs has been predominantly driven by the refinement of
analytical formulations [23–25].

Although theoretical methods for analyzing OWT dynamics offer well-established benefits, including
computational efficiency and simplified load modeling, they often fail to adequately account for the critical
influence of soil-structure interaction (SSI) [26]. Even in cases where SSI is nominally incorporated, existing
models typically represent monopiles as rigid components, an assumption that is increasingly challenged by
the enhanced flexibility of large-diameter piles used to support contemporary megawatt-scale turbines [23].
This simplification neglects SSI effects, which significantly impact the system’s natural frequencies, damp-
ing characteristics, damping ratios and coupled dynamic responses under environmental loads, thereby
undermining the accuracy of performance predictions for megawatt-scale OWT performance [27–29].

Current research on SSI in OWTs primarily relies on simplified soil models to approximate the seabed’s
influence on monopile foundations. Therefore, the integration of both SSI effects and pile flexibility within
dynamic analyses is crucial for the precise evaluation and design of OWTs. This study aims to explore
the dynamic characteristics of megawatt-scale OWTs, emphasizing the importance of understanding the
coupling effects between wind, wave and soil, and the resulting impact on the structural flexibility of
the turbines. Considering the growing demand for renewable energy, this research is vital for advancing the
design, optimization, and sustainability of offshore wind power.
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2 Theories of OWT Considering Pile Foundation Flexibility

2.1 Theoretical Model of OWT
Fig. 1 illustrates a theoretical framework designed to simulate the multi-physical behavior of a monopile-

supported OWT subjected to wind and wave loading, incorporating soil-boundary conditions. This study
employs a 15-degree-of-freedom (DOF) multi-body dynamics framework to investigate the dynamic
response of OWTs. Each blade is represented as a deformable body with two DOFs, capturing flapwise and
edgewise bending deformations (q1–q6). The tower is modeled with two DOFs corresponding to fore-aft and
side-side flexural modes (q7, q8). To capture pile deformation and the effects of SSI, the model incorporates
a semi-rigid pile configuration that combines shallow-layer flexural deformation with deep-layer rigid-body
rotation. This formulation results in two DOFs associated with pile deformation (q9, q10) and five DOFs
related to global pile displacement (q11–q15). The framework enables fully coupled simulation of aerodynamic
excitations, structural flexibility and geotechnical nonlinearities, thereby providing a physically consistent
methodology for evaluating the complex interactions in megawatt-scale OWT systems.

Figure 1: Schematic diagram of OWT model considering 15 DOFs

The absolute displacements of the nacelle and hub u f a
nac , uss

nac and uz
nac in fore-aft, side-side and vertical

directions are described as

u f a
nac = q7 + q9 + q11 + hn tan q13 ≈ q7 + q9 + q11 + hnq13

uss
nac = q8 + q10 + q12 − hn tan q14 ≈ q8 + q10 + q12 − hnq14



4 Energy Eng. 2026;123(9):2

uz
nac = q15 (1)

where hn is the vertical distance from the nacelle center of mass to the monopile tip. In this equation, the
monopile is considered as a flexible body. When q9 = q10 = 0, the formulation reduces to the rigid pile case,
reflecting the absence of pile deformation effects.

The three velocity components of the nacelle and hub in three directions can be written as

u̇x
nac ≈ q̇7 + q̇9 + q̇11 + hnq̇13

u̇ y
nac ≈ q̇8 + q̇10 + q̇12 − hnq̇14

u̇z
nac = q̇15 (2)

According to these velocity components, the resultant absolute velocity of the nacelle u̇nax can be further
determined by

u̇nac =
√

(u̇x
nac)

2 + (u̇ y
nac)

2 + (u̇z
nac)

2 (3)

Using the same method, the tower’s absolute velocity u̇ f a
tow , u̇ss

tow and u̇z
tow at the distance z from the

monopile tip in fore-aft, side-side and vertical directions can be determined, which can be expressed as

u̇ f a
tow ≈ φ1 f a q̇7 + q̇9 + q̇11 + zq̇13

u̇ss
tow ≈ φ1ss q̇8 + q̇10 + q̇12 − zq̇14

u̇z
tow = q̇15 (4)

where φ1 f a and φ1ss are the edgewise and flapwise fundamental mode shapes of the tower, respectively [23].
The monopile velocity components u̇ f a

pi l e , u̇ss
pi l e and u̇z

pi l e at the distance z from the monopile tip can be
determined as

u̇ f a
pi l e ≈ φ3 f a q̇9 + q̇11 + zq̇13

u̇ss
pi l e ≈ φ3ss q̇10 + q̇12 − zq̇14

u̇z
pi l e = q̇15 (5)

where φ3 f a and φ3ss are the fundamental mode shapes in fore-aft and side-side directions of the pile,
respectively. Owing to the axisymmetric structure of the pile, these two parameters are typically assumed
to be equal. According to numerical calculation and curve fitting, these parameters can be determined as
φ3 f a = φ3ss = −0.6154h

6
1 + 0.7167h

5
1 − 0.2908h

4
1 + 0.2206h

2
1 + 0.9689h

2
1 , where h1 is the normalized height of

the monopile.
During OWT operation, the displacement and velocity of the blades exhibit continuous variation as a

result of their rotational motion. This inherent dynamism requires the accurate formulation of rotational
equations for each individual blade to effectively characterize and predict their kinematic behavior through-
out the operational cycle. It is assumed that the rotating speed of the blade is w and the azimuthal angle ϕ j
of the j-th blade can be determined as

ϕ j = wt + 2π
3

( j − 1) j = 1, 2, 3 (6)
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The absolute velocity components u̇ f a
b , j, u̇ss

b , j and u̇z
b , j of infinitesimal unit dr at the j-th blade in fore-aft,

side-side and vertical directions can be determined. The three velocity components of infinitesimal unit dr
at the j-th blade are obtained as

u̇ f a
b , j(r) ≈ q̇7 + q̇9 + q̇11 + hnq̇13 + φ2 f a q̇ j+3 + φ̇3 f a (h2 − h1) q̇9

u̇ss
b , j(r) ≈ q̇8 + q̇10 + q̇12 − hnq̇14 + wr cos ϕ j + φ2ss q̇ j cos ϕ j

− wφ2ss q j sin ϕ j + φ̇3 f a (h2 − h1) q̇10

u̇z
b , j(r) = q̇15 − wr sin ϕ j − φ2ss q̇ j sin ϕ j − wφ2ss q j cos ϕ j (7)

where φ2 f a and φ2ss are the edgewise and flapwise fundamental mode shapes of the tower, respectively [21].
The resultant absolute velocity of the blade, monopile and tower can also be calculated by a synthesis method
similar to Eq. (3).

When the platform experiences motion relative to the static equilibrium position, the kinetic energy of
the system can be listed as follows

Ek =
1
2

3
∑
j=1

∫
R

0
mb , ju̇2

b , j(r)dr + 1
2

Mnacu̇2
nax +

1
2 ∫

h2

h1
mtowu̇2

towdz + 1
2 ∫

h1

0
mpi l e u̇2

pi l edz (8)

The first term in Eq. (8) denotes the kinetic energy of three blades, which is explained in detail in
reference [24,30]. Parameter Mnac is the mass of the nacelle, mb j, mtow and mpi l e are the mass density per
length of the blade, tower and pile.

The dynamic equations need to be determined based on the energy method, which requires separately
calculating the kinetic energy and potential energy of the structure of OWT. By analyzing these energy
components, the system’s equations of motion can be derived, ensuring an accurate representation of its
dynamic behavior. The potential energy of this OWT system is determined as

Ep = Ep ,b +
1
2

k f a
tow q2

7 +
1
2

kss
tow q2

8 +
1
2

k f a
pi l e q2

9 +
1
2

kss
pi l e q2

10 (9)

where Ep ,b denotes the potential energy of three blades, which is explained in detail in reference [30]. k f a
tow

and kss
tow are respectively stiffness parameters in the fore-aft and side-side direction of tower. Strain energy

caused by shear deformation of blades has little effect and can be neglected. To calculate the potential energy
of blades, the contributions of bending, centrifugal stiffening and gravity are considered.

The potential energy of the three blades includes elastic energy and the components induced by
centrifugal and gravity forces. Ep ,b is further described as

Ep ,b = 1
2

3
∑
j=1

∫
R

0
{EIss

b (r) (φ′′2ss)
2 q2

j + EI f a
b (r) (φ′′2 f a)

2 q2
j+3

+ [Fb ,c(r) + Fb , g(r)] (φ′2ss)
2 q2

j +[Fb ,c(r) + Fb , g(r)] (φ′2 f a)
2 q2

j+3 }dr (10)

In this equation, the centrifugal force Fb ,c of the j-th blade at a distance r from the hub is obtained by

Fb ,c(r) = w2 ∫
R

r
mb , j (ξ) ξdξ (11)
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where ξ is the axial distance of blades. Fb , g is the gravity force acting along the j-th blade at a distance r from
the hub, which can also be obtained as

Fb , g(r) = −g cos ϕ j ∫
R

r
mb , j (ξ)dξ (12)

By substituting Eqs. (11) and (12) into Eq. (10), the potential energy of blades can be expressed as

Ep ,b = 1
2

3
∑
j=1

[q2
j (kss

b1 + kss
b2 − cos ϕ j kss

b3) + q2
j+3 (k f a

b1 + k f a
b2 − cos ϕ jk f a

b3 )] (13)

where

kss
b1 = ∫

R

0
EI y

b(r) (φ′′2ss)
2 dr, kss

b2 = w2 ∫
R

0
∫

R

r
mb , j (ξ) ξdξ (φ′2y)

2 dr

kss
b3 = g ∫

R

0
∫

R

r
mb , j (ξ)dξ (φ′2ss)

2 dr, k f a
b1 = ∫

R

0
EIx

b(r) (φ′′2 f a)
2 dr

k f a
b2 = w2 ∫

R

0
∫

R

r
mb , j (ξ) ξdξ (φ′2ss)

2 dr, k f a
b3 = g ∫

R

0
∫

R

r
mb , j (ξ)dξ (φ′2 f a)

2 dr (14)

The Lagrange equation is employed to derive the dynamic equation of the proposed model and is
described as

d
dt

(∂L
∂q̇

) − ∂L
∂q

= Q (15)

where L = Ek − Ep and Q is the nonconservative generalized force. Thus, Eq. (12) can be further calculated as

d
dt

( ∂Ek

∂q̇i (t)) +
∂Ep

∂qi (t) −
∂Ek

∂qi (t) = Qi (t) (16)

where Qi (t) denotes the generalized force corresponding to the i-th component of q (t).
By substituting Eqs. (8) and (9) into Eq. (16), the system’s dynamic equation can be established in a

matrix form as

Mq̈ + Cq̇ + Kq = Qw ind + Qw av e + Qsoi l (17)

where M, C and K are mass, damping and stiffness matrices of the OWT system with a dimension of 15 × 15.
The expanded form of matrices is given in the Appendix A. Qw ind , Qw av e and Qsoi l represent the wind, wave
and soil loads, respectively.

2.2 Loading
In this study, wind and wave directions are modeled as acting perpendicular to the rotor plane,

a simplification grounded in the dynamic behaviors of OWT structures. The system’s primary dynamic
response to wind loading occurs in both the fore-aft and side-to-side directions, whereas the response to
wave loading is predominantly confined to the fore-aft direction. This is because under normal operating
conditions, the active yaw control system continuously aligns the rotor plane with the prevailing wind and
wave directions, ensuring that the dominant environmental forces act within this critical plane.

Some important assumptions are integral to this modeling framework. The analysis considers only
unidirectional environmental loads, meaning that wind and waves are assumed to propagate from the same
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direction. Secondary directional components of these loads are neglected due to their negligible influence
on the overall structural response, which simplifies the analysis without compromising its engineering
accuracy. Additionally, wave forces are modeled using linear wave theory, which inherently assumes small
wave amplitudes and idealized fluid behavior. Although this approach excludes nonlinear wave phenomena,
it enhances computational efficiency while maintaining the model’s ability to capture the essential coupled
dynamics of the wind-wave-structure-soil interaction system.

The wind speed is determined by the mean and turbulent components. In this study, the TurbSim
program is used to obtain wind speed with time when the mean velocity at the hub height is 25 m/s. Fig. 2a
shows the wind speed field of 22 MW OWT under different horizontal and vertical positions.

Figure 2: (a) Wind speed distribution over time at nacelle height and (b) Q-z curves

According to the principle of virtual work, the generalized force induced by wind can be obtained. The
virtual work of aerodynamic load is described as

δWw ind =
3
∑
j=1

{∫
R

0
PT j (r, t) (φ2ss δq j + δu f a

nac cos ϕ j + δuz
nac sin ϕ j) dr}

+ ∫
R

0
PN j (r, t) (φ2 f a δq j + δu f a

nac) dr (18)

The generalized force induced by wind can be further determined as

Q j =
∂ (δWw ind)

∂ (δq j)
(19)

Substituting Eq. (18) into Eq. (19), the expressions of the j-th generalized force are obtained. Using the
Blade Element Momentum (BEM) method, the generalized forces can be determined by Matlab software
(Matlab R2022b, Mathworks, Natick, MA, USA).

Hydrodynamic loads play an equally critical role in analyzing the dynamic behavior of OWTs. Morison’s
equation can be used to estimate the wave loading on the monopiles supporting. The horizontal force dFw av e
on the monopile of length dz is also obtained as

dFw av e =
πD2

4
CM ρüdz + ρ

2
CD Du̇ ∣u̇∣dz (20)
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where CM = 1.0 and CD = 0.6 denote the mass and drag coefficients, respectively. ρ is the water density and
the value of 1025 kg/m3. D denotes the diameter of the tower or the monopile. ü and u̇ are the horizontal
acceleration and velocity induced by the wave.

A linear airy wave is adopted, and the wave surface elevation η (t) can be expressed by

η (t) = 1
2

Hs cos (kx − ψt) (21)

where Hs , k and ψ denote wave height (m) and wave number (m−1) and wave frequency (rad/s).
The velocity and acceleration of fluid particles can be expressed as

u̇ = Hs π cosh [k (z + dw)]
Tw sinh (kdw)

sin (kx − ψt)

ü = 2Hs π2 cosh [k (z + dw)]
T2

w sinh (kdw)
sin (kx − ψt) (22)

where Tw is the wave period (s) and z is the vertical ordinate of mean water level. For the depth of z. The
virtual work of soil load can be described as

δWw av e = ∫
hw(t)

hm
dFw av e ux

pi l e Ddz (23)

The generalized force induced by the wave is determined by

Q j ,w av e =
∂ (δWw av e)

∂ (δq j)
(24)

Substituting Eq. (23) into Eq. (24), the expressions of the j-th generalized force are obtained.
In this model, the SSI effect is considered by the load forms, which can be described as the p-y and Q-z

curves, shown in Fig. 1. These relationships of p-y curve can be determined by the Code for Pile Foundation
of Harbor Engineering of China. The p-y curve shows the relationship between the lateral resistance force
p (y) and lateral displacement y as

p =
⎧⎪⎪⎨⎪⎪⎩

pu

2
( y

yc
)

1/3

when y ≤ 8yc or pu when y > 8yc

⎫⎪⎪⎬⎪⎪⎭
(25)

where pu(kN/m) is the ultimate soil resistance and yc(m) is the lateral displacement around the monopile
when the contribution of soft clay reaches half of the ultimate soil resistance. Here y refers to u f a

pi l e and uss
pi l e .

Thus,

u f a
pi l e ≈ φ3 f a q9 + q11 + zq13 , uss

pi l e ≈ φ3ss q10 + q12 − zq14 , uz
pi l e = q15 (26)

Moreover, pu is further described as

pu =
⎧⎪⎪⎨⎪⎪⎩

3Cu + γZ + ζCu Z
D , Z < Zr

9Cu , Z ≥ Zr
(27)

where Cu (70 kPa is used in this study) is the characteristic value of the undrained shear strength of
undisturbed clay, and γ is the effective unit weight of soil. ζ is the empirical coefficient between 0.25 and
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0.50. Z represents the depth along the embedded pile, while Zr specifically denotes the critical depth
corresponding to the inflection point of ultimate lateral soil resistance.

The Q-z curve mainly describes the relationship between the pile tip force Q (z) and vertical tip
displacement z. In this study, the curve in Fig. 2b is used for both sand and clay. Qp is determined by the
product of unit end bearing capacity pz and gross end area of pile AP , which is Qp = pz AP . pz can be
computed by the equation pz = Nq po , where po is the effective overburden pressure at the depth and Nq is
the end bearing factor of soil. These parameters are determined by Planning, Designing and Constructing
Fixed Offshore Platforms-Working Stress Design of API [31].

In the dynamic analysis of wind turbine systems, soil damping plays a positive role in reducing
dynamic loads on the structure. Consequently, it is imperative that the monopile dynamic model accurately
incorporates soil damping to enhance the representation of complex dynamic interactions. It is important
to note that current mainstream design standards (e.g., DNVGL and ISO) explicitly require consideration
of soil damping in dynamic analysis. However, these standards do not provide explicit guidance regarding
the determination of appropriate damping ratio values. Currently, most scholars empirically assume the
damping ratio as a fixed value without consensus. Based on a comprehensive review of relevant studies,
the damping ratio typically ranges between 0.17% and 8% [32–35]. Thus, 0, 0.008 and 0.08 are selected to
further understand the influence of SSI. The inclusion of the zero-damping case (ζ = 0) serves as a theoretical
baseline to isolate the specific contribution of soil damping to the overall system response. The value ζ = 0.008
corresponds to the recommended damping ratio for soft clays under operational loading conditions, while
8% damping represents an upper-bound value for high-energy dissipation scenarios in saturated cohesive
soils. The virtual work associated with soil loading can be expressed as follows

δWsoi l = ∫
hm

0
[pss (z, t) δuy

pi l e + p f a (z, t) δu f a
pi l e]Ddz + AP pz (z, t) δuz

pi l e (28)

The generalized force induced by the SSI effect can be determined by

Q j ,soi l =
∂ (δWsoi l)

∂ (δq j)
(29)

Substituting Eq. (28) into Eq. (29), the expressions of the j-th generalized force are obtained.

3 Results

3.1 Dynamic Response of OWTs under Different Wind Speeds
The IEA 22 MW OWT with a three-blade design is employed. Table 1 presents the important technical

parameters of this OWT model, with additional details available in Reference [36]. The analysis of the
monopile OWT incorporates operational load conditions characterized by a wind speed of 25 m/s, IEC
Class A turbulence and linear wave conditions with a significant wave height of 4 m and a period of
12 s [37]. These parameters conform to industry standards for extreme operating scenarios, ensuring
simulation representativeness for megawatt-scale OWT systems. To consider the dynamic SSI effect, the
semi-rigid pile configuration with flexibility and displacement is explicitly modeled. The dynamic equa-
tion includes stiffness, mass and damping components with the 15 × 15 matrix. This high-dimensional
formulation captures multi-directional interactions among the monopile, soil layers (via p-y and Q-z
curves) and turbine superstructure, enabling comprehensive characterization of nonlinear responses under
environmental loading.
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Table 1: Properties of IEA 22 MW OWT

Parameter (Unit) Value
Power rating (MW) 22
Rotor diameter (m) 283.22

Cut-in, rated and cut-out wind speeds (m/s) 3, 10.94, 25
Hub height (m) 170

Minimum and maximum rotor speeds (rpm) 1.975, 7.162
Blade mass (t) 82.33
Hub mass (t) 38.94

Generator mass (t) 508.04
Nacelle mass (t) 850.70

RNA mass (t) 1207.95
Tower mass (t) 1574.04

Monopile mass (t) 2097.21
Monopile base diameter (m) 10

Fig. 3a presents the amplitudes of nacelle displacement across wind speeds ranging from 5 to
25 m/s under a soil damping condition characterized by ζ = 0.008. The displacement profiles demonstrate
a clear positive correlation with increasing wind velocity, as indicated by the progressively greater vertical
separation observed at higher speeds. Specifically, the peak-to-peak displacement amplitudes exhibit a
pronounced increase with rising wind speed, highlighting the significant influence of aerodynamic loading
on the structural dynamic response. Fig. 3b displays the power spectral density (PSD) functions of nacelle
displacement derived from Fourier transform analysis under different wind velocities of 5, 15 and 25 m/s,
respectively. As wind velocity approaches the cut-out speed of 25 m/s, a significant shift in peak frequency
occurs. The PSD results demonstrate a systematic evolution pattern in the nacelle displacement spectral
density as wind speed increases from 5 to 25 m/s. The peak displacement amplitude shows a remarkable
31.7-fold increase, demonstrating the dominant role of aerodynamic loads in governing structural vibration
energy. Particularly noteworthy is the 2.32-fold amplification observed within the wind speed range between
15 and 25 m/s, revealing the nonlinear growth characteristics of vibrational energy beyond rated operational
conditions. The analysis further shows that the dominant frequency remains relatively stable within the
5–15 m/s range, whereas a 3.9% frequency shift is confined to the 15 to 25 m/s interval, indicating the
progressively significant influence of high wind speeds on the structural frequency response.
3.2 Dynamic Response of OWTs under Three Soil Damping Scenarios

Fig. 4a presents a comparative analysis of nacelle displacement responses in both the fore-aft and side-
side directions under a cut-out wind speed of 25 m/s with three soil damping scenarios: undamped (ζ =
0), moderately damped (ζ = 0.008), and highly damped (ζ = 0.08). Throughout the initial 600-s simulation
period, fore-aft displacements exhibited a reduction when soil damping is incorporated, with this attenuation
becoming increasingly significant during the subsequent 300-s interval. This trend highlights the soil’s
effectiveness in dissipating vibrational energy over time. Displacements in the y-direction exhibited minimal
sensitivity to damping variations, suggesting that lateral soil resistance dominates damping effects in this
direction. The results emphasize the critical role of soil damping in mitigating fore-aft direction vibrations for
megawatt-scale monopile OWTs. The negligible side-side direction variation implies that aerodynamic and
hydrodynamic loads predominantly govern transverse motions, whereas soil damping selectively attenuates
fore-aft displacements. These results advocate for soil-specific damping calibration in foundation design to
optimize structural reliability rather than over-engineering transverse stiffness.
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Figure 3: The nacelle displacement in the fore-aft direction under different wind speed conditions with the soil damping
scenarios of ζ = 0.008: (a) time-history and (b) spectrum

Figure 4: The nacelle displacement responses under three soil damping scenarios of undamped (ζ = 0), moderately
damped (ζ = 0.008) and highly damped (ζ = 0.08) in the (a) fore-aft and (b) side-side directions

Fig. 5 shows the PSD functions of nacelle displacements in the fore-aft and side-side directions. Under
undamped SSI conditions, the frequency response spectra reveal distinct contributions from the tower’s
natural frequency and wave load frequencies, accompanied by a notable shift in the tower’s dominant
response frequency. When the soil damping ratio increases from 0 to 0.008, the peak displacement amplitude
decreases by 32%, while the dominant frequency shifts upward by 16%. This phenomenon arises from the soil-
induced modification of the system’s equivalent stiffness, which transforms a single dominant frequency into
multiple closely spaced peaks with reduced amplitudes. Further increases in the soil damping ratio result in a
rightward shift of these frequencies within the spectrum, consistent with the damping-dependent decrease in
effective stiffness. Notably, when the damping ratio is elevated to 0.08, the displacement amplitude rebounds
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by 44%, whereas the frequency exhibits only a marginal additional increase of 1.7%, indicating a nonlinear
threshold effect in the energy dissipation mechanisms of the soil-structure system. At higher damping
levels, while amplitude attenuation continues, the frequency merging effect becomes prominent. Originally
distributed spectral peaks coalesce into a single broadened peak, effectively narrowing the resonance band-
width and reducing resonance susceptibility. Furthermore, higher damping ratios progressively suppress
the visibility of wave-induced frequency components in the spectral domain. These results underscore the
critical importance of explicitly incorporating both soil stiffness and damping effects in the dynamic response
modeling of OWTs.

Figure 5: The PSD functions of nacelle displacements derived from Fourier transform analysis into the (a) fore-aft and
(b) side-side directions

The results for the side-to-side direction in Fig. 5b indicate that the primary response frequency is
largely unaffected by changes in soil damping ratios. Although an increase in damping leads to a reduction in
amplitude, the extent of this attenuation is relatively minor. This lack of sensitivity to variations in damping
is attributed to the comparatively lower load levels in this direction relative to other axes, which results in
negligible differences in displacement amplitudes across all examined cases. The limited dynamic coupling
observed in the side-to-side direction implies that the responses are mainly driven by aerodynamic and
hydrodynamic forces rather than soil-structure interaction effects. Therefore, while soil damping plays a
modest role in reducing amplitude, its impact on the frequency content and resonance behavior in the
side-to-side direction is subordinate to the influence of external loading dynamics.

3.3 Dynamic Response of OWTs under Cutting in Wind Speed
Fig. 6 reveals near-identical displacement histories and PSD profiles in the fore-aft direction under

cut-in wind speed conditions across different soil damping ratios. Both the time-domain responses and
frequency spectra demonstrate consistency regardless of damping magnitude, indicating a negligible effect
of soil damping mechanisms at this operational state. This consistency phenomenon primarily stems from
the substantially reduced aerodynamic loads at cut-in wind speeds, where vibration energy levels remain
below the activation threshold for effective soil damping participation. The observed PSD curves further
confirms that damping-induced frequency shifts and amplitude attenuation, prominent under higher-load
conditions, become negligible when excitation forces are insufficient to mobilize soil-structure interaction
dynamics. These results show that optimizing foundation damping has limited effectiveness in reducing
vibrations at cut-in wind speeds, highlighting the importance of tailoring OWT control strategies to specific
load conditions.
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Figure 6: The nacelle displacement in the fore-aft direction under cut-in wind speed conditions: (a) time-history and
(b) spectrum

4 Discussion

4.1 Determination of Pile Categories for 22 MW OWT
Based on deformation patterns and failure mechanisms, laterally loaded monopiles are categorized into

flexible, semi-rigid and rigid piles [38], as illustrated in Fig. 7. Flexible piles, characterized by high slenderness
ratios and greater embedment depths, primarily undergo deformation within the upper soil layers when
subjected to horizontal loading. This response is attributed to the substantial lateral confinement exerted by
the deeper soil strata, which effectively limits bending below a certain critical depth. In contrast, rigid piles
with high bending stiffness exhibit negligible flexural deformation. Their behavior is characterized primarily
by rigid-body translation and rotation at the pile base below the mudline. Passive soil resistance develops in
the same direction as the applied lateral load, creating a counter-rotational moment. Semi-rigid piles display
a combination of these behaviors, with flexural deformation occurring at shallow depths transitioning to
rigid-body rotation at greater depths, thereby integrating displacement features of both flexible and rigid pile
types. This classification framework provides critical insights for optimizing pile geometry and stiffness to
match site-specific soil profiles and operational loading scenarios.

Figure 7: Deformation modes of horizontally loaded piles: (a) flexible pile, (b) semi-rigid pile and (c) rigid pile

The rigid-flexible classification of piles is defined by the dimensionless parameter Kr = EpIp/Es L4,
where EpIp denotes the bending stiffness of the pile section, Es represents the Young’s modulus of the soil, and
L is the embedded pile length. This ratio quantifies the mechanical interplay between pile deformation and
soil resistance. Higher Kr values indicate greater dominance of pile rigidity over soil compliance, while lower
values reflect soil-controlled flexibility. Poulos and Hull [39] proposed a diagnostic criterion to categorize
piles based on their structural rigidity and soil interaction.



14 Energy Eng. 2026;123(9):2

Kr < 0.0025, flexible pile
0.0025 < Kr < 0.208, semi − rigid pile
Kr > 0.208, rigid pile

(30)

Utilizing geotechnical parameters aligned with IEC standards and the analytical framework of this study,
the computed pile-soil relative stiffness ratio of Kr = 0.20 establishes the monopile foundation as semi-rigid.
This classification necessitates explicit acknowledgment of two critical behavioral aspects: the non-negligible
influence of pile flexibility along the embedded shaft and soil-pile interaction-induced displacements at the
foundation tip. In this study, modeling the piles as semi-rigid elements, accounting for both pile flexibility
and tip displacement, provides a more accurate representation of their actual deformation behavior and
failure mechanisms. This approach captures the transitional characteristics between rigid-body rotation and
flexible bending.

According to the dimensionless parameter Kr , the classification of pile rigid-flexibility characterizes the
mechanical interaction between pile deformation and soil resistance. A higher value indicates the dominance
of pile rigidity over soil compliance, whereas a lower value reflects soil-controlled flexibility. This parameter
enables designers to anticipate whether the pile foundation’s deformation mode is dominated by shaft
bending or soil resistance. In the design of foundations for megawatt-scale OWTs, intentionally optimizing
the pile within the semi-rigid range often represents an ideal balance between structural control and
economic efficiency. The dynamic model established in this study effectively captures these characteristics,
thereby enabling more accurate prediction of the overall turbine response under complex environmental
loading scenarios.

4.2 Stiffness-Dependent Dynamic Performance of OWT Monopiles
The proposed dynamic equations capture the fundamental differences in OWT behaviors between rigid

and flexible piles through parametric degradation. When certain parameters q11–q15 are set to zero, the
system degenerates to a flexible pile model characterized by a 10 × 10 mass, stiffness and damping matrix.
This reduction reflects the dominance of flexural compliance and distributed soil-structure interaction along
the pile shaft, which manifests in higher-order bending modes and localized curvature peaks. Conversely,
when q9 and q10 vanish, the equations simplify to a rigid pile model characterized by a condensed 13 × 13
matrix system, emphasizing rigid-body rotation at the pile tip and lumped mass-spring dynamics.

The displacement characteristics of the nacelle in both fore-aft and side-side directions under rigid,
semi-rigid and flexible pile configurations are summarized in Fig. 8, based on the IEA 22 MW OWT. In
the fore-aft direction, the flexible pile configuration yielded the largest displacement amplitudes, followed
by semi-rigid and rigid piles, due to soil plasticity effects that partially offset the stiffness advantage of
rigid piles. Notably, the semi-rigid pile exhibited a transitional behavior compared to the flexible and rigid
configurations. In existing studies, many analytical models simplify pile foundations as rigid piles (i.e.,
assuming no deformation occurs under loading). However, this simplification leads to an underestimation
of the predicted displacement response of the pile. In other words, the rigid pile assumption neglects the
flexural deformation of the pile shaft and detailed SSI effects, resulting in calculated displacement values
that are smaller than the actual values, thereby compromising the accuracy of the design. In contrast, the
displacements in side-side direction show the same variations between semi-rigid and rigid piles under
low transverse loading conditions, as the minimal loads failed to activate significant flexible effects. This
characteristic highlights the critical role of load magnitude in governing SSI behavior.
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Figure 8: The displacement characteristics of the nacelle in both (a) x- and (b) y-directions under rigid, semi-rigid,
and flexible pile configurations

4.3 Engineering Applications, Limitations and Future Research
This study provides several valuable insights for the design and monitoring of megawatt-scale OWTs.

Firstly, the identified frequency shifts and damping-sensitive responses associated with semi-rigid pile
foundations indicate that foundation optimization should prioritize site-specific stiffness-damping matching
rather than relying on generalized rigid-pile assumptions. The proposed 15-DOF model enables engineers
to preliminarily assess resonance risks for particular soil conditions, thereby mitigating the necessity for
overly conservative design approaches. Secondly, the clear directional dependence of SSI effects, with
significant fore-aft damping but limited side-side influence, implies that structural health monitoring
systems should focus on fore-aft accelerations to capture critical dynamic behaviors efficiently. Finally, the
transitional behavior of semi-rigid piles highlights the importance of classifying pile flexibility using the
dimensionless parameter Kr early in the design phase, enabling tailored dynamic analyses that avoid under-
or over-estimation of displacements.

Some studies simplify the analysis by modeling the tower or pile base as a fixed support or by
directly prescribing a stiffness matrix. This study compares the structural responses between two modeling
approaches: one with a fixed pile base (neglecting wind, wave and soil coupling effects) and another
that incorporates SSI interactions. The results demonstrate that ignoring soil effects leads to a significant
overestimation of the amplitude response, as depicted in Fig. 9. In the dynamic equations, the soil damping
ratio should be selected based on geotechnical site investigation. To provide a rational basis for this selection,
a sensitivity analysis of the soil damping ratios is conducted in this study. Using a controlled variable
approach, we systematically evaluated the impact of±25% variations in the damping ratio (specifically, values
of 0.006, 0.008, and 0.010) on the structural dynamic response, as illustrated in Fig. 9. The results indicate that
changes in the damping ratio cause fluctuations in both the peak response and the system frequency. A 25%
variation in the damping ratio causes approximately a 5% fluctuation in the peak response. Furthermore, the
peak response frequency increases with higher damping ratios. Consequently, the selection of soil damping
ratios in OWT foundation design should be grounded in comprehensive geotechnical investigations and
account for their evolution under long-term cyclic loading conditions.
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Figure 9: A sensitivity analysis of the soil damping ratios

However, the p-y curve adopted for SSI analysis does not fully capture three-dimensional continuum
effects or soil degradation under cyclic loading. Additionally, the simplification of the nacelle-hub assembly
as a rigid body neglects torsional coupling effects between the drivetrain and the tower system, a limitation of
particular significance for multi-megawatt OWTs. The assumption of unidirectional environmental loading
also represents a deviation from the complex, multi-directional marine conditions. Furthermore, although
soil damping ratios are selected based on established literature, the absence of field-measured data for
validation introduces uncertainty in responses sensitive to damping parameters.

In light of the findings and limitations identified in this study, several directions for future research
are proposed. First, it is essential to develop more refined soil-structure interaction models, particularly
three-dimensional models capable of capturing soil stiffness degradation under cyclic loading conditions.
Second, field prototype testing targeting multi-megawatt OWTs should be conducted to acquire dynamic
response data of the system in real environments, facilitating the validation and refinement of theoretical
models. Third, research should focus on the dynamic response and control strategies under multi-hazard load
couplings, such as combined wind-wave-current-earthquake excitations. Finally, the exploration of machine
learning-based methods for rapid prediction of wind turbine dynamic responses will provide more efficient
tools for engineering design and real-time monitoring. These research avenues will collectively enhance the
dynamics analysis and design theory for multi-megawatt OWTs, thereby providing crucial support for the
safe and reliable operation of renewable energy infrastructure.

5 Conclusion
This study systematically investigates the dynamic behavior of the megawatt-scale OWT under com-

bined wind, wave and soil loads. For a 22 MW OWT, we analyze how monopile flexibility and SSI effects alter
the system dynamics, leading to significant changes in natural frequencies and damping ratios. The dynamic
behaviors of OWT with rigid pile, semi-rigid pile and flexible pile assumptions are further comparatively
evaluated. The results highlight the necessity of site-specific SSI modeling to consider monopile stiffness
and soil damping. This study provides engineers with a validated methodology for incorporating soil-
structure interaction effects into OWT design processes. The proposed 15-DOF model serves as an efficient
tool for preliminary foundation design and load calculation, bridging the gap between oversimplified
models and computationally intensive simulations. The results directly support the optimization of monopile
dimensions, fatigue load assessments and control system parameters for next-generation megawatt-scale
OWTs, contributing to more economical and reliable offshore wind energy development.
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