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Using a monopile foundation due to a reliable and simple technology has a wide application in engineering structures. Tis paper
investigates numerically the performance of an ofshore wind turbine with a monopile foundation equipped with a restriction
plate at a middle inside height of the monopile under the wind, wave, and seismic loadings. Diferent parameters, including wind
velocity, wave period, wave height, soil characteristics, and combination of loadings, are considered in nonlinear fnite element
dynamic analyses. Results are given in terms of the distribution of displacement and bending moment over the turbine height and
frequencies.Te results reveal that by increasing the wind velocity, the responses of the tower increase, and the wind load acting on
the hub has the most important efect on the turbine behavior rather than the wind load acting on the tower body. Furthermore,
the values of maximum displacement and bending moment under wind and wave loading decrease with the increase of the shear
strength of the soil, whereas the responses of the tower under earthquake loading increase. Generally, it is necessary to consider the
efect of a combination of wind, wave, and earthquake loadings on the design of the turbine tower.

1. Introduction

In recent decades, wind-power turbines have become ef-
cient technologies that produce clean electrical energy from
the kinetic energy of wind [1, 2]. Wind turbines are typically
classifed into two types according to their locations: onshore
and ofshore. Onshore wind turbines are more common
than ofshore types, but three decades after the frst at-
tachment of the ofshore wind park in Denmark in 1991,
there has been a growing tendency to construct ofshore
wind farms in the past two decades [3]. Although the on-
shore type is more easily accessible than ofshore wind
power, the precise selection of installation location, which
ensures sufcient wind speed, the efect on surface air
patterns, and its sound pollution, which impacts human
health and activity, are challenging problems in onshore

wind farms. Due to faster and stronger wind over the water
and considering the mentioned challenges, ofshore wind
farms have been highly regarded in recent years [4–9].

Diferent kinds of foundations following their location in
the ocean are used as a substructure in ofshore wind tur-
bines. In depths up to 15m, monopiles are used due to their
simple structure and feasible construction. A combination of
the soil-monopile and water-monopile interactions afects
the total behavior of the tower under lateral loading.

Many physical models and experiments have been
carried out to investigate the interaction between piles and
soil without the infuence of the superstructure. However,
the interaction between structure and foundation must be
considered to assess the response of the ofshore wind
turbine as the soil-pile-tower interaction substantially alters
the system’s response. To control the constancy of the
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fexible ofshore wind turbine system, the interaction be-
tween the structure and the foundation must be addressed
together because the serviceability standards of themonopile
at the upper level of the seabed and the tower are diferent.
Te current design approach relies mainly on semistatic
loading on ofshore wind turbines. However, the interaction
of soil and structure signifcantly afects the dynamic be-
havior of ofshore wind turbines. Terefore, it is indeed
necessary to carry out a dynamic analysis of ofshore wind
turbines, taking into account the interactions of soil and
structure for the logical design of the structure.

Currently, two methods of modeling soil-structural in-
teractions for dynamic responses of wind turbines are still in
use. Using a three-dimensional (3D) solid model and
replacing the foundation with linear/nonlinear p-y curves
are two conventional methods to model ofshore wind
turbine foundations. Several researchers used the frst
method to model the ofshore wind turbine foundations. An
investigation was performed by Kourkoulis et al. [10] to
study the behavior of wind turbines resting on caisson
foundations and exposed to wave and seismic loadings
concerning nonlinear 3D FE methods. Te behavior of wind
turbines resting on soil under vertical excitation was studied
by Kjørlaug and Kaynia [11]. An ofshore wind turbine was
exposed to wind and wave loading and studied by Corciulo
et al. [12] using a dynamic 3D FE analysis. Te efect of
important parameters (namely, the relative stifness of
structure and soil and the ratio of the layer stifness to the
half-space stifness) on the behavior of ofshore wind tur-
bines was investigated by Taddei et al. [13]. Furthermore,
some experimental investigations were performed to study
the dynamic response of wind turbines regarding the soil-
structure interaction.

According to the Euler–Bernoulli beam-column, an
analytical model was developed by Adhikari and Bhatta-
charya [14]. Tey considered the foundation as the elastic
end support and validated their model by test models. A
model based on an analytical transfer matrix method was
suggested by Feyzollahzadeh et al. [15] to assess the be-
havior of ofshore wind turbines under wind load. In this
method, the foundations are disentangled as coupled
springs, distributed springs, and evident fxity length
models. A simplifed technique for determining the fun-
damental frequency of wind turbines that are rested on
a monopile foundation was proposed by Darvishi-
Alamouti et al. [16]. Te soil is considered as a cohesion-
less terrain, and the foundation is assumed as springs that
are distributed entirely. Te practicality of soft-soft and
soft-stif design methods is explored by Bisoi and Haldar
[17, 18] when considering monopile-founded wind tur-
bines established in clay, while they investigated the dy-
namic response of wind turbines rested on monopile
foundation in clay under a combination of wave and wind
loadings. To accommodate for soil nonlinearity, the pile
strength to pile displacement was represented utilizing
static p-y, t-z, and q-z curves in their model. In the fre-
quency domain, Ghaemmaghami et al. [19] studied the
seismic response of wind turbines that rested on a fnite soft
layer of soil. Te soil beneath the foundation was defned by

dynamic stifness equations that were obtained following
cone models.

Most conventional monopiles are used in the con-
struction of foundations for wind turbines made from steel
cylinder tubes. Some innovations were proposed to improve
the lifespan of a wind turbine, such as using a double-skin
steel tube with concrete poured between tubes in a transition
piece or adding some internal restriction plates in the tubes
to enhance the load-bearing capacity. Some researchers
proposed a hybrid foundation with a monopile and a steel/
concrete wheel located on the top segment of the monopile
to reduce the rotation of the foundation. Li et al. [20] ex-
amined the utilization of restriction plates within the in-
ternal section of the monopile. In their study, they examined
monopiles subjected to static loading and calculated their
bearing capacity under the infuence of gravity loading.

Tis paper investigates numerically the performance of
an ofshore wind turbine with a monopile foundation under
the wind, wave, and seismic loadings. Te monopile is
equipped with an internal restriction plate (with four holes)
at its middle height. Te overarching goal of this study is to
assess the dynamic responses of ofshore wind turbines
resting on such equipped monopiles in clayey soil under
a combination loading of wind, wave, and earthquake. A
fully solid model is used for modeling the monopile with an
internal plate in ABAQUS/Explicit [21] software. Tis study
contributes to the development of more efcient and re-
silient foundation design for ofshore wind turbines.

2. Prototype Model

To research the feasibility of the monopile, a numerical study
has been performed on the reference wind turbine with an
output power of 5MW (NREL (National Renewable Energy
Laboratory)) [22, 23]. Te main geometric characteristics of
the reference turbine and the feature of the soft soil are
summarized in Tables 1–3. To predict the monopile per-
formance, 90mm and 7500mm were considered for the
thickness and diameter of the wall, respectively.

3. Numerical Modeling

In this study, due to the complexity of the internal form of
the monopile, using analytical models and beam elements in
modeling cannot lead to a proper understanding of the
diferences in responses of wind turbines caused by changes
in the structure of the monopile. Terefore, applying a solid
3D FE model with full details of the monopile can lead to
a good insight into the behavior of the monopile-structure
with diferent internal forms of monopile (Figure 1). In the
FEM, the dimension of the soil part is 200m× 200m. At the
bottom surfaces of the soil, a fxed constraint was consid-
ered, while boundary conditions for peripheral surfaces with
infnite elements of the soil were selected as sliding supports.
For modeling the soil, two types of elements including the
C3D8R and the CIN3D8 are used. Te element of CIN3D8
was used for the outer layer of the soil as an infnite element.
Te C3D8R element models the tube of the tower and other
parts of the soil.
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3.1. Model Behavior of Materials

3.1.1. Soil. Tere have been many advances in modeling soil
stress-strain behavior over the past 50 years. To demonstrate
the behavior of soil in FE and fnite diference methods
regarding the soil-structure interaction issue, these de-
velopments and models are utilized. In several types of
research, it was shown that applying the Mohr–Coulomb
theory creates sensible results, but the analyses were con-
ducted under monotonic loading and a small-strain range; as
a result, this model cannot be used in seismic loading
conditions. Based on research which was performed by
Alisawi et al. [24], the diferences between the reference and
numerical models in which the Drucker–Prager model was
used for soil material were smaller than those for the soil
model with Mohr–Coulomb constitutive model. Tese
models had less accuracy and represented that they were
unsuitable for seismic loading conditions. Hence, the Cam-
Clay model gives a reasonable response concerning a non-
linear elastic-hardening plastic behavior. Also, a gap-strike
mechanism is implemented in the numerical model. Te
development of the gap occurs at an unlimited distance
along the entire depth of the monopile. Terefore, piles have
a wide area to deform laterally, and oscillation may happen.
Once a gap is created between the soil and the monopile, the
shear strength of the monopile peripheral surface is reduced
as well as the capacity of the monopile and more distance is
created between the two portions. Tis mainly applies to
monopiles with a heavy weight load on the top layer of the
system. In Table 4, the values of the parameters for the
hardening law are presented.

3.1.2. Steel. Tere are several inelastic stress-strain consti-
tutive model behaviors for steel materials. Te most com-
mon usage of steel behavior is based on the general
expression originally suggested by Ramberg and Osgood
[25]. In (1), there are several variables in which E is Young’s
modulus, σ0.2 is the yield stress, and n is the strain hardening
exponent. Te Ramberg–Osgood function is expressed as

ε �
σ
E

+ 0.002
σ
σ0.2

 

n

. (1)

Te J2 fow theory [26, 27] was implemented to select the
plastic behavior of the steel. Te modulus of elasticity,
Poisson’s ratio, and yield stress for steel material which is
used for tower, monopile, and internal plate are 210GPa,
0.38, and 355MPa, respectively.

3.2. Soil-Monopile Interaction, Solution Strategy, and
Boundary Conditions. Te interaction between soil and pile
or concrete and the pile is simulated by a formulation of
a surface-to-surface in ABAQUS/Explicit [21]. In this
method, the master surface is assigned to the surface of the
monopile, and the surfaces of the foundation and soil which
are in contact with the monopile are defned as the slave part
[28]. A contact method, namely, a hard contact in the
normal direction, is chosen for interaction among surfaces.
Based on the literature [28–30], a Coulomb friction model
can be used in the tangential direction to model the re-
lationship between shear stress and gap. Te friction co-
efcient between the monopile surface and soil is considered
as tan(0.67 × friction  angle of   soil). A reasonable value of
0.4 for the friction coefcient is selected [31].

Tere are four stages in the analysis. Te frst stage is the
geostatic phase in which the body force of the soil is con-
sidered. In the second phase, to make stability between the
monopile and the soil, the installation stage of the monopile
is chosen. Te static-friction loading step in the third phase
by applying the gravity loads is accomplished. In the fnal
phase, the dynamic analysis stage by applying wave and wind
loading on the body of the tower and seismic loading to the
lower part of the clay soil is performed. In dynamic analysis,
to prevent the back refection of the radiated waves, an
infnite element was used in far distance areas.

In the geostatic and static steps, the deformations in the
lateral direction were limited, while in the vertical direction,
the displacement was free to move. At the lower part of the
model, the support was selected as a fxed-roller constraint to
simulate the shaking excitations.

3.3. Mesh Size. Te meshing process is one of the most
important phases in numerical modeling. To a feasible
model, the real state of the 3D soil-monopile model with
brick types of elements, diferent types of the elements which
are mentioned earlier, is used to mesh the parts of the
system. A mesh with an element size of 0.55× 0.55× 0.35m
was obtained for the area near the monopile to face the
movement of the impedance deformation in a persistent way
to the adjacent outer zone. A coarser mesh with the size of

Table 2: Key characteristics of the NREL 5MW wind turbine with
3 blades.

Character Amount
Diameter of the rotor (m) 126
Wind speed (m/s) 11.4
Cut-in, rated rotor speed (rpm) 6.9, 12.1
Rotor-nacelle mass (kg) 350,000
Diameter of tower base (mm) 6000
Tickness of tower base (mm) 27
Diameter of tower top (mm) 3870
Tickness of tower top (mm) 19
Coordinate location of RNA (x, y, z) (mm) (410, 0.00, 1970)
Mass moment of inertia of RNA (x, y, z)
(kg·m2)

(4.37, 3.35,
2.54)× 107

Mass of blade (kg) 17,740

Table 1: Pile characteristics.

Parameters Sign Values
Total length of tower L 113600 (mm)
Embedded depth (monopile) L′ 36000 (mm)
Exterior diameter D 7500 (mm)
Tickness of pile wall tp 90 (mm)
Identical diameter De 4100 (mm)
Young’s modulus E 2.1× 108 (kPa)
Moment of inertia I 14.84 (m4)
Flexural rigidity EI 3.12×109 (kN·m2)

Shock and Vibration 3



113.6 m

CIN3D8

C3D8R

200 m

10
0 

m

X
Z

Y

(a)

18 m

7.5 m

C3D8R

(b)

Wave load Mean sea level

Sea bed level

Wind load on RNA

Vertical load

Wind load on tower

(c)

36 m

Δx=Δy=Δz=0

Δy=Δz=0

X
Z

Y

(d)

Figure 1: Schematic view of the wind turbine, assigning the elements and boundary conditions. (a) Meshed model with assigning the
elements. (b) Wired mesh model of monopile with internal four-hole plate. (c) Loading on ofshore wind turbine. (d) Boundary conditions
and embedment length of monopile.

Table 3: Soil characteristics [23].

Efective unit weight
(kN·m−3)

Modulus
of elasticity (MPa)

Angle
of friction (deg.) Cohesion (kPa) Friction coefcient

10 30 33 2 0.4
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2× 2×1m was utilized in the far region. Te strategy for
choosing the mesh size is adopted by equation (2) in di-
rections x and z. Equation (3) is considered for the corre-
sponding far areas in horizontal directions and y-axis along
the depth.

∆x �
1
5

−
1
8

 
Cm

fmax
, (2)

∆x �
1
7

 lw,

∆y �
1
8

 hw,

(3)

where Cm is the shear wave velocity, fmax is the maximum
frequency, lw is the average wavelength, and hw is the average
water depth of the site. Since using a very small mesh is
impractical for many engineering problems and using
a coarser mesh sometimes leads to an incorrect result, re-
searchers usually try to adopt an appropriate mesh size.
Terefore, the total number of nodes and the total number of
elements are 96,608 and 89,553, respectively.

3.4. Loading Pattern

3.4.1. Permanent Load. Te whole vertical load which is
applied on the foundation depends on the total mass of the
structural elements of the ofshore wind turbine, a combi-
nation of the mass of the rotor-nacelle assembly (RNA), the
mass of the tower’s shaft, and the mass of the monopile.

3.4.2. Wind Load. Based on research which was performed
by Arany et al. [32], the wind load applied on the turbine
rotors is calculated using the following equation:

Fvh � 0.5πρaR
2
TV

2
hubCT, (4)

where Fvh is the wind load applied on the rotor inN, ρa is the
air density with the value of 1.25 kg/m3, RT is the internal
radius of the rotor in m, Vhub is the wind speed at the top
level of the tower in m/s, and CT is the thrust factor, which is
considered 1.0 for Vhub � 11.4m/s in this study.

According to the ABS [33] regulations, to apply the wind
load on the turbine tower body (Fz

tower), the tower can be
divided into several segments, and the load can be exerted in
each part.

F
z
tower � 0.5ρaA

z
towerV

2
zCs, (5)

where Az
tower is the surface of the tower under pressure in

height z in m2, Cs is shape factor which is 0.5 for cylindrical
steel tubes, and z is the height from the seawater level to
a particular level. Te wind pattern (Vz) is a function of the
height z. Based on the clauses on ABS [33], the standard
wind profle is calculated as follows:

Vz � Vhub
z

zhub
 

β

, (6)

where zhub is the height of the hub and the power-law
exponent β depends on an irregular surface which is 0.12
in the open sea with waves [34].

3.4.3. Wave Load

Fhydro � FMorison � FD + FI � 0.5ρwCDA v − u′(  v − u′


 + ρwB CMv′ − CM − 1( u″( . (7)

To calculate the wave load and hydrodynamic forces
resulting from the interaction between water and the bottom
part of the tower, the Morison equation has been used. Te
calculation of applied load from the wave on cylindrical
components depends on the ratio of wavelength to the
diameter of themember [35].Wave load can be calculated by
summing the drag and inertia forces.

Fhydro is the hydrodynamic load, FD is the drag force
acting on the member axis, FI is an inertia force matrix, ρw is
the density of water,A is a refected surface on the cylindrical
axis, B is the transferred volume of the cylinder in the length
unit, CD is the drag coefcient, CM is an inertia coefcient, v

is a velocity vector component perpendicular to the member
axis, v′ is an acceleration vector component in m/s2, u′ is the
velocity of structure response in m/s, and u″ is the accel-
eration of structure response.

3.4.4. Seismic Load. Te earthquake records correspond to
the Northridge event of 1994 in the San Fernando Valley
region of the city of Los Angeles and are used to conduct free
feld analysis. Te magnitude of the record was 6.7, and the
maximum horizontal acceleration was 0.843 g. Te accel-
eration time history of the record of Northridge is depicted

Table 4: Values of the parameters for the hardening law.

Logarithmic plastic bulk
modulus

Stress ratio at
critical state

Initial yield surface
size (kPa)

Ratio of the
fow stress in

triaxial tension to
the fow stress

in triaxial compression
0.174 1 100 1
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in Figure 2. Furthermore, the 22 far-feld records which are
presented in the FEMA-P695 [36] are also selected to study
the dynamic behavior of the wind turbine under a combi-
nation of wind, wave, and seismic loading. Figure 3 depicts
the distribution of the internal responses along the soil depth
with a maximum acceleration of 0.5 g for the seismic record.

3.5. Damping. Several parameters of damping, including
aerodynamic, hydrodynamic, material, and radiation
damping, infuence the total value of damping of the
structure. Based on the guidelines [34], the steel damping
from internal friction is in the range of 0.2% and 0.3%.
Veletsos [37] and Gazetas [38] depicted that the soil had
a maximum portion of damping in the wind turbine system,
and in some cases, it can pass from 20% regarding the
medium base. According to research which was performed
by Lombardi et al. [39], the material damping rises corre-
sponding to the load cycles. Hence, the value of 8% for soil
and steel materials is selected. For an aerodynamic damping
value, a value of 3.5% with a low wind speed is considered.
Based on the GL regulations, the values of 0.15% and 0.22%
are selected for hydrodynamic and radiation damping. As
a result, a total damping of 12% damping is applied.

4. Validation of the Numerical Model

To investigate the behavior of a monopile foundation
equipped with a restriction plate inside the monopile, an
experimental study [20] was chosen. Te diameter, overall
length, and embedment depth of the steel monopile were
1.27m, 8.65m, and 4.00m, respectively. A static load type
was applied as a monotonic pattern. Figure 4 represents
a comparison between the results of the numerical model
and the test sample. Te maximum diference between the
experimental and numerical results in terms of initial
stifness for pipe pile and four-hole type was 3.7% and 4.8%,
respectively.

5. Results and Discussion

In Section 5.1, the behavior of turbine structures under wind
load is studied. Ten, in Section 5.2, the behavior of the
turbine tower under wave load is investigated. Te behavior
of turbines under earthquake load is investigated in Section
5.3. In these sections, the soil characteristics are constant as
illustrated in Table 3. Assuming that all parameters are
constant, the soil properties in Section 5.4 were changed to
investigate their efect on wind turbine behavior. In Section
5.5, with a combination of wind and wave loadings, the
responses of the turbine and soil are investigated. A full
combination of loading, including wind, wave, and earth-
quake, is applied to the model in Section 5.6 to investigate
the behavior of the ofshore wind turbine.

5.1. Response of Turbine under Wind Load Only. In this
section, four values of wind velocities (Vs) are considered,
including 3m/s, 6m/s, 12m/s, and 20m/s. Te distribution
of displacement, bending moment, and acceleration along

the tower and monopile height is represented in Figure 5. In
Figure 6, the distribution of displacement at 5 segments of
the tower body based on diferent wind velocities is shown.
According to Figure 6, the maximum displacement occurred
at the hub with 0.79m when the wind velocity was 20m/s.
Tis is around 10 times the displacement of the hub when
the wind velocity was 3m/s. Te maximum deformation of
the turbine tower was in the top third segment. Also, with
increasing wind velocity, the lower part of the monopile
tends to move, and it shifted from 2.5mm to 30.8mm at the
base (h= 0) when the wind velocity increased from 3m/s to
20m/s. Figure 7 shows the distribution of displacement,
bending moment, and acceleration along the turbine height
under the wind load with a velocity of 20m/s, which is
distributed on the tower (Ftower), and the wind load is ap-
plied on the hub (Fvh), and the combination of both these
loadings. Based on the result, the wind velocity had a sub-
stantial efect on the ofshore wind turbine behavior. As can
be seen from Figure 7, the wind load acting on the turbine
tower had a minor efect on the turbine response, while the
major portion of the structural response of the turbine was
related to the wind acting on the hub and rotor.

Equation (8) indicates the changes in CT concerning the
induction factor (α). Diferent analyses were conducted to
investigate the sensitivity of the results by changing the
induction factor.

CT � 4α(1 − α). (8)

Figure 8 shows the maximum displacement at diferent
levels of turbine height and diferent wind velocities. It can
be seen that by increasing the thrust coefcient, the response
of the turbine tower in terms of displacement had a reverse
trend. After passing the value of the induction factor from
0.5, the thrust coefcient decreased; as a result, a value of 0.5
was selected for the previous analyses. In Figure 9, the wind
load distribution along the tower height for four diferent
values of wind velocity is shown. According to this fgure, the
vertical wind velocity that led to the vortex shedding phe-
nomenon is in the range of 3m/s to 10m/s. Furthermore,
with increasing wind velocity, the region of the wind res-
onance will move from the top segment of the tower to the
lower part of the tower.

5.2. Response of Turbine under Wave Load Only. Tere are
two key parameters for considering the wave load, including
wave height (Hs) and wave period (Ts). Among these pa-
rameters, the efect of wave height on tower behavior is too
clear, and the displacement of the tower will increase by
increasing the wave height. Hence, the parameter of wave
period is selected only for parametric study in this section.
Tree values of 5 sec, 8 sec, and 11 sec of wave period with
a fxed value of wave height (5m) are considered. Te
maximum displacement, distribution of bending moment,
and acceleration profle are represented in Figure 10. Based
on the result, the period of a wave has a substantial efect on
the turbine tower behavior. Tis efect is due to the infuence
of wave period on the wave load of the cylindrical type of the
tower. By increasing the wave period, the response of the
tower will decrease.
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5.3. Response of Turbine under Earthquake Load Only.
Two parameters of the maximum acceleration of seismic
record and shear modulus of the soil play an important role
in the tower behavior. It is well known that with increasing
the peak ground acceleration, the response of the turbine
tower will grow. Hence, in this study, the parameter of the
soil shear modulus with three diferent values of 20MPa,

50MPa, and 70MPa and a constant value of 0.7 g for peak
ground motion is considered for parametric study. Te
profles of displacement, bending moment, and acceleration
over the tower are drawn in Figure 11. Based on the result, it
can be found that the shear modulus has a substantial role in
the tower response. Increasingly, the highest values of dis-
placement and bending moment decreased by increasing the
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Figure 2: Time history acceleration of Northridge record.
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Figure 3: Distribution of strain, stress, and acceleration over the soil depth. (a) Distribution of strain. (b) Distribution of stress.
(c) Distribution of acceleration.
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Figure 5: Distribution of (a) displacement, (b) bending moment, and (c) acceleration of the turbine under diferent values of wind velocity.
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Figure 6: Maximum displacement variation of diferent levels of the tower.
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Figure 7: A comparison between the distributed wind force along the tower height and concentrated wind force on the hub in terms of (a)
displacement, (b) bending moment, and (c) acceleration.
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Figure 8: Displacement of the tower and monopile shaft under diferent wind velocities and various induction factors. (a) Vs � 3m/s.
(b) Vs � 6m/s. (c) Vs � 12m/s. (d) Vs � 20m/s.
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Figure 9: Profle of wind velocity and critical wind velocity throughout the tower body.
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shear modulus, while the peak acceleration increased.Tis is
due to the decreasing displacement of the soil in accordance
with the increasing acceleration of the soil.

5.4. Efect of Soil Properties. In the region of the ocean with
a depth lower than 30m, the ofshore wind turbine’s
foundation is embedded in clay soil. Four diferent values of
undrained shear strength of clay soil (10 kPa, 30 kPa, 50 kPa,
and 70 kPa) are considered to study the efect of the pa-
rameter on the turbine tower response. Te maximum
displacement at the turbine’s hub and maximum bending
moment at the bottom part of the tower are shown in
Figure 12. With increasing undrained shear strength of clay,
the maximum displacement at the top level of the tower has
a declining trend in both wind and wave loading. Tis is
mainly because both loadings are applied to the tower body,
and by increasing the shear strength of clay, the base of the
tower closes to the fxed base. Seismic loading is a form of
input energy that is applied at the seabed, and it has the
ability to amplify acceleration and cause changes in soil

characteristics. Due to the efects of seismic loading, the
displacement profle of ofshore structures may exhibit
diferent trends than those under other types of loading.
Increasing the shear strength of clay can result in an increase
in the natural frequency of the system. Tis increase in
frequency is particularly noticeable at the third frequency, as
the stifness of the soil is highest at that frequency.

In all previous investigations, the strain in half of the
peak stress on the undrained compression test of soil (ε50)
was 0.005, and Matlock suggested that ε50 has a range of
0.005–0.02. Hence, fve values of 0.005, 0.008, 0.01, 0.015,
and 0.02 are selected for studying the efect of ε50 on the
behavior of the system. It can be seen from Figure 13 that ε50
has a key role in the behavior of the system. By increasing ε50,
the maximum displacement at the top level of the turbine
tower increases under wind and wave loadings while the
trend of displacement at the top part of the tower has
a reverse pattern, and it reaches from around 0.6m to 0.5m
at a value of 0.02 for ε50. Interestingly, the maximum
bending moment at the seabed decreased from 105MN·m to
around 90MN·m (decreased by 15%) under seismic loading,
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Figure 10: Distribution of (a) displacement, (b) bending moment, and (c) acceleration over the tower and monopile under various values of
wave periods.
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while the other two types of loadings had no substantial
efect on the system response. Furthermore, there is an
inverse trend between the frequency and ε50 values. It can be
seen that the value of frequency decreased from 3.70Hz to
3.06Hz in the third mode.

5.5. Response of Turbine under a Combination of Wind and
Wave Loadings. Figure 14 shows the efect of wave loading
on the system behavior under a combination of wind and
wave loadings. In the vertical axis, three dimensionless
parameters are defned as λd, λa, and λb. Tese parameters
are the ratio of the peak displacement, maximum acceler-
ation at the top part of the tower, and the peak bending
moment at the seabed level under wind loading to that under
a combination of loadings. From Figure 14, it can be seen
that the weak wind with a speed of 3m/s and wave height of
6m has a substantial efect on the system behavior, whereas
the strong wind with diferent induction factors has little
efect on the tower’s behavior. For instance, when the wave
height is 1m, λd is around 1.75 corresponding to a wind
velocity of 20m/s and it reaches approximately 6.5

corresponding to a wave height of 6m. Figure 15 depicts the
response of the system for diferent periods at a wind velocity
of 12m/s. Te fundamental period of the system is repre-
sented by Tf in the fgure, and Ts represents the signifcant
wave period. At a value of 1.50 for Ts/Tf, the maximum
value for each of the ratios can be achieved. Te main reason
for this is that the wave load elevates initially, and the drops
correspond to increasing wave period, and it obtains its
highest values when the period of the wave is around 5.5 sec.
Based on the results, the combined efect of wave and wind
loadings should be implemented for practical applications
and designing the turbine system.

5.6. Response of Turbine under aCombination ofWind,Wave,
and Seismic Loadings. Figure 16 depicts the infuence of
earthquake loading on the system under a combination of
three types of loadings. To study the intended issue, 22 far-
feld records with a magnitude range fromM6.5 to M7.6 that
happened between 1971 and 1999 are chosen from FEMA
P695 [36]. It can be concluded that the displacement and
bending moment at a small peak acceleration (0.1 g) are
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Figure 11: Distribution of (a) displacement, (b) bending moment, and (c) acceleration over the tower and monopile under various values of
the undrained shear modulus of soil.
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Figure 12: Distribution of (a) displacement, (b) bendingmoment, and (c) frequency versus undrained shear strength of the clayey soil under
various loadings.
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Figure 13: Distribution of (a) displacement, (b) bending moment, and (c) frequency versus strain at half of the maximum stress under the
wind, wave, and seismic loadings.
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Figure 14: Variation of (a) λd, (b) λa, and (c) λb versus wave height under diferent wind velocities and induction factors.
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Figure 15: Variation of (a) λd, (b) λa, and (c) λb versus the ratio of the signifcant period to the fundamental period under diferent wave
heights and induction factors.
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attributable to wave and wind loadings, whereas the re-
sponses under a combination of three loadings at a large
seismic acceleration (0.8 g) are more caused by seismic
loading. Consequently, it is necessary to consider the efect
of all loadings on the response of the system.

6. Conclusions

Anumericalmodel of an ofshorewind turbinewith amonopile
foundation equipped with an inside restriction plate under
a combination of loadings considering soil-monopile-tower-
water interaction is represented. Te efect of several param-
eters, including soil features, wind speed, the height of the wave,
the period of the wave, and the efect of loading type on the
behavior of the system, is considered in this study. A synopsis of
the main fndings can be presented as follows:

(a) By increasing wind velocity, the responses of the
turbine tower increase. Also, the wind load acting on
the hub had the most important efect on the re-
sponse of the system rather than the distributed wind
load acting on the tower. Using a value of 0.5 for the
induction factor had the highest efect on the turbine
responses, and the wind resonance shifted from the
top part to the lower part of the tower when the wind
velocity increased.

(b) When the turbine tower is exposed to the wave load
only, the response of the turbine had a decreasing
trend with the increase of the wave period. On the
other hand, the maximum displacement and
bending moment of the system under earthquake
loading only decreased with the increase of the soil
shear modulus while the peak acceleration increased.

(c) With a constant set of parameters, by increasing the
shear modulus of the clayey soil, the maximum
displacement at the hub part of the turbine decreased
under wind and wave loadings while it increased
under seismic loading. Tis is mainly due to the
diference between the location of applied loadings
and their inherent features. Furthermore, the overall
trend of frequency was decreased with the increase of
the strain corresponding to one-half the maximum
stress.

(d) In terms of a combination of wind and wave load-
ings, the results revealed that the weak wind and the
maximum height of the wave had a substantial efect
on the turbine behavior rather than that of the strong
wind with a minimum height of the wave. Also, the
maximum value of responses occurred at a value of
1.50 for Ts/Tf. With adding a seismic load to other
types of loadings, the movement and bending mo-
ment at a small peak acceleration (0.1 g) are at-
tributable to wave and wind loadings, whereas the
responses under a combination of three loadings at
a large seismic acceleration (0.8 g) are more caused
by seismic loading.
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