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ABSTRACT

This paper presents the main results of a study on the dynamic and seismic response of the
support structures of three reference Offshore Wind Turbines (OWT) of increasing rated power,
founded to the seabed throughmonopile foundations. Thus, the structural behaviour of theNREL
5MW, the IEA Wind 10MW and the IEA Wind 15MW reference OWTs under seismic input
is analyzed and compared. To do so, a model based on the aero–hydro–servo–elastic Open-
FAST open–software code, modified to include dynamic Soil–Structure Interaction (SSI) and
input ground motion, is employed. Dynamic SSI phenomena is incorporated through lumped
parameter models fitted to the impedance functions previously computed using an advanced
boundary elements – finite elements model of the soil–foundation system in which the monopile
is discretized as a steel pipe buried in the unbounded seabed. The time–domain fore–aft and
side–to–side responses of the systems are computed under power production, parked and emer-
gency shutdown operating conditions considering different earthquakes and arrival times. The
influence of dynamic SSI is studied by comparing the response of the systems with those ob-
tained under the assumption of a fixed–base at mudline. It is found that even low and moderate
intensity earthquakes can produce significant increases in the structural demands of large OWTs
in terms of accelerations at the tower top and of bending moments and shear forces at mudline.
Dynamic SSI has been found to play a significant role. It can be beneficial or detrimental to the
structural response, depending on the case, but it has been found that there exists a clear tendency
for SSI to be beneficial when the size of the OWT increases. The influence of other aspects such
as time of arrival of the earthquake, or the operating mode, is also shown.

1. Introduction
The installed capacity of electric power generation from offshore wind has been growing significantly in the last

decades. Most of the Offshore Wind Turbines (OWT) installed in Europe are located in places where the depth of the
sea allows founding them directly to the seabed. In fact, the average water depth in wind farms under construction in
Europe during 2019 was 33m, with an average distance to the coast of 59 km, and even though floating technology is
developing fast, 70% of wind turbines newly-installed were founded onmonopiles, and 29% on jacket substructures [1].

The size and rated power of the turbines have been constantly increasing, leading to larger machines, with longer
blades and higher towers. In fact, wind turbines have increased from initial diameters of 30m, hub heights of 30m and
rated powers of 300 kW; to diameters of 125m and rated powers of 5MW only a few years ago; to the present turbines
of around 10MW, as for instance, the 9.5MW V164-9.5 with a diameter of 164m and hub heights over 100m, and
with more powerful wind turbines already on their way. This increasing rated power implies that the impact of the
downtime due to failure or maintenance of one unit would be much higher, which leads to the need of reducing the
risk of failure, given that failure rates and downtimes due to maintenance could rapidly counterbalance the benefits of
these large turbines [2].

At the same time, the growing demand for offshore wind technology implies that the installation of new offshore
wind farms in locations with technically less favourable geological and geotechnical conditions, greater water depths
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and/or increasing seismic risk will be increasingly interesting. Current standards and design guidelines state that earth-
quake resistance should be demonstrated for locations where seismic loads might be critical [3, 4], but the experience
in this field is limited because the technology is relatively recent, and many of the studies on the seismic response of
wind turbines that can be found in the literature are made on turbines with sizes and rated powers smaller than those
dominant today.

A pioneering work on the seismic response of wind turbines is that of Bazeos et al. [5], in which a prototype with an
almost 38m high steel tower was analyzed using three different structural models: a refined three–dimensional model
in which the tower was discretized using shell finite elements; a simplified multi–degree of freedom beam model; and
a one degree–of–freedom oscillator in the form of a cantilever with a concentrated mass at its free end. The study, that
was performed in time domain and also using spectral analysis, revealed two interesting conclusions for this case of
study: that the three models yielded comparable results in terms of the studied seismic variables; and that the stress
generated by the seismic actions were, in this case, much smaller than those produced by extreme wind events. Almost
simultaneously, Lavassas et al. [6] presented a similar analysis on a slighly larger wind turbine, 44m high, obtaining
similar conclusions regarding the prevalence of wind loads over the seismic actions in these initial wind turbines.
However, some time later, when studying the seismic response of a taller wind turbine, already 70m high, through a
finite elements model, Wang and Zhang [7] concluded that seismic actions could be the dominant factor in the design
of the support structure.

Thereafter, the relevance of the seismic actions on the structural systems of the wind turbines has also been high-
lighted by a significant number of authors [8–28]. However, not all of these studies considered the influence of Soil–
Structure Interaction (SSI) phenomena, even though many researchers have already proven that such interaction mod-
ifies the dynamic response of the system [29–36]. Also, the foundation dynamic characteristics, in terms of stiffness
(and its influence on the natural frequencies) and in terms of the capacity to dissipate energy (through radiation damp-
ing), play a fundamental role in the overall dynamic and seismic response of the support structure and in the reduction
of the accumulated damage.

Relevant studies that have taken into account soil–structure interaction phenomena to analyze the seismic response
of wind turbines are, for instance, those of Bazeos et al. [5], Stamatopoulos [10], Mardfekri and Gardoni [18], Kjørlaug
and Kaynia [20], De Risi et al. [26], Ju and Huang [27], Damgaard et al. [37], Mardfekri and Gardoni [38], Bisoi and
Haldar [39], Alati et al. [40], Mo et al. [41], Yang et al. [42, 43] or Ali et al. [28]. Bazeos et al. [5] did so by introducing
a matrix of constant springs and dashpots at the base of the tower, together with the consideration of added masses to
simulate the soil. Thereafter, other authors such as Stamatopoulos [10] or Alati et al. [40], included linear or non-linear
springs and dashpots in the structural models. On the other hand, instead of using springs and dashpots at the base,
authors such as, for instance, Kjørlaug and Kaynia [20] built a 3–D finite element model that included a portion of
the near–field soil together with the foundation and the structure, while other studies considered the use of nonlinear
Winkler p-y, t-z and Q-z springs, such as in the case of the work by Ju and Huang [27]. Lumped Parameter Models
(LPM) have also been used to incorporate soil–structure interaction to models for the study of the dynamic analysis
of offshore wind turbine structures. Damgaard et al. [44] used this approach for the study of the behaviour of a 5MW
OWT, and Carswell et al. [45] used it to investigate the effect of foundation damping on the structural response of
OWTs. Later, Damgaard et al. [46] implemented it into the aero-hydro-elastic code HAWC2 to perform a probabilistic
study of fatigue in monopiles under environmental loads. None of these studies considered seismic actions, but later,
Taddei et al. [47] employed an uncoupled approach to look into the dynamic response of the reference 5MW onshore
wind turbine under seismic actions using a model in which the soil–foundation subsystem was taken into account
through an LPM.

The analysis of the existent literature shows that there exists a need to further understanding the seismic response of
present and future offshore wind turbines founded on the seabed, so that structural and control systems can be optimally
designed, and failures due to earthquake action can be avoided. For this reason, this paper aims at contributing to this
topic, paying especial attention to the behaviour of the very large wind turbines that are already being built today and
that are planned for the future, by studying the dynamic and seismic response of the available 10 and 15MW reference
offshore wind turbines, for which nearly no studies are yet available, in addition to the 5MW reference turbine. Thus,
the influences of soil–structure interaction, earthquake intensity, turbine rated power, operating conditions, and time of
arrival of the earthquake, on the dynamic and seismic response of 5, 10 and 15MW reference offshore wind turbines
on monopiles, are studied in this manuscript. To do so, a model based on the aero–hydro–servo–elastic OpenFAST
open–software code, modified to include dynamic soil–structure interaction and input ground motion, is employed.
The dynamic response of the monopile foundations are incorporated by LPMs at mudline, which allows taking into
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account the frequency–dependent nature of the impedance functions, as well as the energy dissipated through the
soil–foundation system. Previously, the impedance functions of the soil–foundation systems are computed using an
advanced boundary–element finite–element model in which the monopile is modelled as a steel pipe discretized using
shell finite elements, and the soil is considered as an unbounded viscoelastic region through a boundary elements
discretization.

It has been found that the influence of dynamic soil–structure interaction can be beneficial or detrimental, depending
on the specific case, but that it tends to be more beneficial when the size and rated power of the OWT increases. It is
also shown that even low or moderate intensity earthquakes can produce significant increases in the structural demands
of large offshore wind turbines in terms of accelerations at the top and of bending moments and shear forces at mudline,
with bending moments in the fore–aft direction experiencing the less pronounced increases. It is also concluded that
the best strategy to follow during an earthquake (triggering an emergency stop, or continuing in power production if
possible, for instance) is not clear a priori, with aspects such as aeroelastic damping playing a very significant role.

The manuscript is structured in five sections. After this introduction, section 2 describes the three offshore wind
turbines that are going to be considered, and defines the ground motions, the operating modes, and the whole set of
cases that are simulated in this study. Then, section 3 presents the methodology and the models used to perform the
analyses. A synthesis of the results is presented and explained in section 4. Finally, a summary of the main conclusions
drawn from the present study is presented in section 5.

2. Problem cases description
2.1. Reference wind turbines

In order to achieve the aims described above, the following three reference wind turbines are considered in this
study: a) The NREL 5MW reference turbine, as defined through the Offshore Code Comparison Collaboration (OC3)
and as described, for instance, in Jonkman and Musial [48] ;b) The IEA-10.0-198-RWT reference wind turbine, as
defined in Bartolotti et al. [49]; and c) and the IEA-15-240-RWT reference wind turbine as defined in Gaertner et al.
[50]. For the present study, the three offshore wind turbines are assumed as fixed–bottom to the sea floor through
monopile supports, as illustrated in Figure 1, where the main design parameters are represented to scale. The main
properties of thewind turbines, together with water depth, key geotechnical parameters andmonopile general properties
are summarized in table 1. Structural components of the towers and monopiles are assumed to behave elastically and

NREL 5MW IEA-10.0-198-RWT IEA-15-240-RWT

L

W

H

Figure 1: Representation of the three reference wind turbines under study. Main design parameters are represented
approximately to scale.
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the mechanical properties are reported in table 2. For more information, including the detailed description of the
support structures, please refer to the references given above.

Table 1
Key parameters of the reference wind turbines considered in this study.

NREL 5MW IEA-10.0-198-RWT IEA-15-240-RWT

Rating [MW] 5 10 15
Rotor diameter [m] 126 198 240
Hub height (H) [m] 90 119 150
RNA mass [ton] 350 686 1017
Tower mass [ton] 348 628 860
Tower top diameter [m] 3.87 5.5 6.5
Tower base diameter [m] 6.0 8.3 10.0
Tower top thickness [mm] 19 31.6 24.0
Tower base thickness [mm] 27 71.1 36.5
Water depth (W ) [m] 20 30 30
Pile diameter (d) [m] 6.0 9.0 10.0
Pile thickness (t) [mm] 60 101.5 55.3
Pile depth (L) [m] 36.0 42.6 45
L/d [-] 6.00 4.73 4.50

Table 2
Steel material properties

NREL 5MW IEA-10.0-198-RWT IEA-15-240-RWT

Young's modulus, E [GPa] 210 210 200
Shear modulus, G [GPa] 80.8 80.8 79.3
Density, � [kg/m3] 8500 8500 7850
Damping, � [-] 0.02 0.02 0.02

The seabed properties are provided in table 3. The ground properties corresponding to the NREL 5MW case are
extracted from Løken and Kaynia [51], and the properties for the IEA-15-240-RWT case are obtained from Gaertner
et al. [50]. In the case of the IEA-10.0-198-RWT the tower foundation is assumed to be embedded in a sandy deposit
with constant properties derived from Velarde [52]. In particular, the unloading/reloading stiffness, Eur, was taken as
the static stiffness modulus, Es, and then the shear modulus, Gs, was derived by means of the correlation provided by
Alpan [53].

2.2. Definition of the seismic input ground motions
The seismic input is defined according to ISO 19901-2 [54] considering a medium hazard on the basis of the maps

available in annex B of the code, which provides 5% damped spectral response accelerations at 0.2 and 1.0 s for most
of the offshore areas of the world. Accelerations have an average return period (TR) of 1000 years and are used to
define the design response spectrum according to the simplified seismic action procedure foreseen by the code for
low structure’s Seismic Risk Categories (SRC2 and SRC3). The SRC depends on the structure’s exposure Level (L),
ranging between 1 and 3, and the seismic zone, which varies from 0 to 4 and is defined on the basis of the spectral
response acceleration at 1.0 s. In detail, the site seismic zone 0 is characterised by a spectral acceleration lower than
0.03 g while the zone 4 is associated to accelerations higher than 0.45 g. In this work a SRC2 is selected in order to
avoid the need of a site-specific seismic hazard assessment; the latter is compatible with the exposure level L2 and
the site seismic zone 2 (characterised by a spectral acceleration at 1.0 s in the range 0.11–0.25 g). In detail, spectral
response accelerations Sa,map(0.2) = 0.5 g and Sa,map(1.0) = 0.2 g at 0.2 s and 1.0 s, respectively, are considered in
the applications. Values are representative of a moderate seismic hazard, consistently with the hypothesis of linear
structural behaviour.
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According to the simplified seismic action procedure, the site 1000 years horizontal acceleration spectrum is con-
structed through simple formulas accounting for the site class, which may be defined in terms of average soil shear
wave velocity Vs,30 in the top 30m of the effective seabed; in this work a site class D, presenting Vs,30 values ranging
between 180 and 350m/s, is adopted, consistently with the soil profiles hypothesized for the OWTs. The site 1000
years response spectrum is scaled by the factor 1.15 (defined by the code for the structure’s exposure level L2) to obtain
the response spectrum associated to the Abnormal Level Event (ALE), which is defined as an intense earthquake with a
very low probability of occurrence during the structure’s design service life. The ALE can cause structural damage, but
the overall integrity must be assured, avoiding collapses that may cause loss of life or environmental damage. Starting
from the ALE response spectrum, the Extreme Level Event (ELE) response spectrum can be defined trough an overall
scale factor that considers the seismic reserve capacity strength of the structure. Above factor, defined in ISO 19902
[55], is assumed to be 2.4 in this work and represents the ratio of the spectral acceleration causing catastrophic system
failure of the structure, to the ELE spectral acceleration, for which the structure should behave linearly (with little or
no damage). The ELE spectrum defines a seismic action characterised by a return period of 100 years.

By considering the seismic intensities in terms of spectral accelerations relevant to return periods of 100 and 1000
years, and the relevant mean annual probability of occurrence approximated by the inverse of the return period of the
event, the seismic hazard curve is constructed assuming a linear trend in the logarithmic plane between the seismic
intensity measure and the mean annual probability of occurrence [56]. The hazard curve has been adopted in this

Table 3
Dynamic properties of the di�erent soil deposits

NREL 5MW IEA-10.0-198-RWT IEA-15-240-RWT

Soil pro�le layered single layer single layer
Type of soil sand sand dense sand or gravel
Poisson's ratio, �s [-] 0.35 0.30 0.40
Density, �s [kg/m3] 2000 2000 2000
Shear modulus, Gs [MPa] 42.6 (0 < z < 5m) 92.3 (0 < z < ∞) 140.0 (0 < z <∞)

61.9 (5 < z < 14m)
87.4 (14 < z <∞)

Shear wave velocity, vs [m/s] 145.9 (0 < z < 5m) 214.8 (0 < z <∞) 264.5 (0 < z <∞)
175.9 (5 < z < 9m)
209.0 (9 < z <∞)

Damping, �s [-] 0.05 0.05 0.05
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Figure 2: (a) acceleration response spectra of the selected three seismic intensities; (b) arti�cial earthquakes adopted in
the applications
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work to define seismic inputs of different intensity with the aim of investigating the response of the OWTs subjected
to events of increasing importance. In detail, events characterised by return periods of 235, 475 and 1400 years have
been considered, characterised by Peak Ground Accelerations (PGA) of 0.12, 0.16 and 0.23 g, respectively. It is worth
noting that 475 years is the recurrence period of the ground acceleration indicated by IEC [3](art.11.6) for the seismic
analysis of offshore wind turbines. In addition, according to EC8 [56], it corresponds to a probability of occurrence of
10% in 50 years, which is the one established by the code for performing seismic verifications at the life safety limit
state. Finally, the return period of 1400 years corresponds to the ALE event for the selected seismic scenario. The
response spectra associated to the three selected seismic intensities are shown in Figure 2a.

Since the impact of earthquakes and the effects of soil–structure interaction on the dynamic response of the OWTs
is investigated through nonlinear time history analyses, the seismic actions are represented through three artificial ac-
celerograms matching each of the selected response spectra. Accelerograms have been obtained according to the Gas-
parini and Venmarcke [57] spectrum–compatible nonstationary ground motion model and are shown in Figure 2b.
Finally, in Figure 2a the 5% damped response spectra of the artificial earthquakes are compared with the reference
ones.

2.3. Operating modes
In addition to the loads of seismic origin, the wind turbines will be assumed to be subjected to specific environmen-

tal loads while operating in three possible modes: power production, parked (standing still) and emergency shutdown
triggered by the earthquake. In parked mode (PK), the generator is disconnected, rotor speed is set to zero and blade
pitch angle is set to 90◦. On the other hand, the structural response of the wind turbines will be studied considering
two possibilities: a) Power production (PP), in which the generator continues to run normally even when the earth-
quake arrives, and b) Emergency shutdown (ES), in which an emergency stop is triggered when the first significant
peak of the earthquake strikes the wind turbine. In that case, the generator is disconected and the blades start to pitch
at a rate of 8◦/s in the NREL 5MW turbine, and 2◦/s in the IEA-10.0-198-RWT and IEA-15-240-RWT turbines. In
all cases, turbines are subjected to category B [3] turbulent wind fields, generated using TurbSim [58], with a mean
wind speed of 11.4 m/s at hub height, in each case, and assuming a Normal Turbulent Model (NTM [3]) and a Kaimal
spectral model. The submerged section of the support structure is also subjected to irregular wave loads, generated
using the HydroDyn module through a JONSWAP/Pierson-Moskowitz spectrum incident wave kinematics model [59]
and adopting a significant wave height of the incident waves of 6m, a peak-spectral period of the incident waves of
10 s, and full difference-frequency 2nd-order wave kinematics.

2.4. Set of cases for analysis
In order to understand the influence of the dynamic soil–structure interaction phenomena on the seismic response

of the three offshore wind turbines described in section 2.1, the support structures will be modelled considering the
assumption of a simplified Fixed-Base (FB) at mudline, or a Compliant-Base (CB) model able to capture the dynamic
response of the soil–foundation system corresponding to each turbine. To this end, frequency–dependent dynamic
stiffness and damping functions of the monopile foundations in the different soil conditions are computed using the
advanced boundary element – finite element model presented in section 3.3 and then, this information is used to build
a suitable LPM (see section 3.4) able to represent efficiently the dynamic response of the soil–foundation system of
each turbine in the framework of the nonlinear aero–hydro–servo–elastic simulation tool (see section 3.2) used in this
study. In all cases, the response of the turbines is simulated as operating in the three modes (PP, ES and PK) described
in section 2.3 when running in the absence of any seismic event, or when struck by any of the three earthquake signals
discribed in section 2.2 along the Fore–Aft (FA) or the Side–to–Side (SS) directions. On top of that, and given the
irregular and variable nature of the environmental loads to which the system is subjected, the effect of the seismic
actions is not independent of the time of arrival or the earthquake. For this reason, three different arrival times for the
earthquakes (200, 300 and 400 s) are considered. This combination of parameters, summarized in table 4, results in a
total of 360 different simulations.

3. Methodology
3.1. Introduction

In this study, the dynamic response of the OWTs is simulated using the nonlinear aero–hydro–servo–elastic Open-
FAST [60] model in which the response of all the main elements (flexible blades, drivetrain, generator, control and
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Table 4
Description of the whole set of cases analyzed

Wind Base Operating
Earthquake

Direction Time of
turbine condition mode of shaking arrival (s)

NREL 5MW
IEA-10-198-RWT
IEA-15-240-RWT

FB
CB

PP
ES
PK

TR = 1400 years FA
SS

200
300
400

TR = 475 years
TR = 235 years
No earthquake

electrical system, nacelle yaw, flexible tower, and support substructure), the environmental loads, and interaction phe-
nomena such as aero–elastic and hydro–elastic interactions, are taken into account through specific models and mod-
ules. In order to be able to include also the dynamic properties of the soil–foundation subsystem and the ground input
motion, the SubDyn module of the code has been modified, as described in section 3.2. To characterize the soil–
foundation subsystem, the dynamic response of the monopile foundation subsystem is computed though an advanced
time–harmonic numerical model in which the monopile is discretized using shell finite elements and the surrounding
soil is discretized using boundary elements, as described in section 3.3. Based on the impedance functions computed
from such model, suitable LPMs are built and introduced at the base of the wind turbine support structure (see sec-
tion 3.4), which allows taking into account the dynamic soil–structure interaction phenomena that influence the overall
behaviour of the system, as shown later. Thus, the resulting coupled model for the turbine system takes into account,
simultaneously, the material and radiation damping from the soil–foundation subsystem and the aero–elastic damping,
both rigurously computed through the respective models, which allows a more accurate estimation of the dynamic
response of the structure.

3.2. Numerical model for the simulation of the seismic response of the offshore wind turbines
As said above, the numerical tool used in this study is based on OpenFAST, which is a numerical elasto–hydro–

servo–elasticmodular code for the simulation in time–domain of the response of land–based and offshorewind turbines.
The code, mostly written in Fortran, is managed by a team at the National Renewable Energy Lab and is now an open–
source project. The software is built using a framework in which themodels that simulate different aspects of the system
are programmed into modules that interact through a glue code that controls and coordinates the simulation, transfering
data among modules at each time step. This glue code gathers all the information and drives the time–domain solution
forward step–by–step using a predictor–corrector scheme. This structure allows a multiphysics multifidelity approach
to the problem, capacity to tackle different types of configurations and flexibility to introduce new subsystems and
models.

In all the simulations presented in this study, the aerodynamic loads on blades and tower are computed using
the AeroDyn module, which is able to take into account rotor wake and induction, blade airfoil aerodynamics, tower
influence on the fluid local to the blade nodes, and tower drag; the structural dynamic responses of rotor, drivetrain,
nacelle and tower are modelled using the ElastoDyn module, with a modal formulation for blades and tower, and
a multi-body approach for drivetrain and nacelle; the control and electrical–drive dynamics are modelled using the
ServoDynmodule, simulating the control and electrical subsystems of the wind turbine; wave loads, and fluid–structure
interaction phenomena are simulated using the HydroDyn module, in which a potential-flow theory solution, a strip-
theory solution, or a combination of both, can be used for calculating the hydrodynamic loads on the submerged
portion of the substructure; and the structural dynamic response of multimember fixed-bottom substructures, from the
transition piece towards the base, is computed using the SubDyn module starting from a linear frame finite–element
beam discretization of the structure. More details on the different modules can be found in [60].

The SubDyn [61] module was modified in order to be able to take into account dynamic soil–structure interaction
and ground input motion. To this end, the equation of motion of the substructure is written as

Müt(t) + C u̇t(t) +Kut(t) = F(t) + C� u̇b(t) +K� ub(t) (1)

where M, C and K are the mass, damping and stiffness matrices including the terms corresponding to the LPM, as
defined in section 3.4, when a CB model is adopted, F(t) represents the external forces acting on the structure, ut
represents absolute displacements at the different degrees of freedom in the substructure, ub(t) is the input ground
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displacement at time t, the overdot denotes derivative with respect to time, and � is the influence vector represent-
ing the displacement of the different degrees of freedom as a consequence of the static application of a unit ground
displacement (Chopra [62]). Then, the beams in the substructure are modelled as Euler-Bernoulli or Timoshenko
three-dimensional beams, and discretized using two-nodes 12-dofs finite elements defined by the stiffness and mass
matrices presented in Damiani et al. 2015 [61]. The dampingmatrix for the substructure is built considering a Reyleigh
Damping model (Chopra [62]). The resulting equations of motion must be cast in a form useful for implementation
into the general framework of OpenFAST and SubDyn, taking into account the input variables to SubDyn and the out-
put variables from SubDyn to other modules. To do so, the equations are written in state–space form, with one state
system of equations, and two sets of output equations: one output equation to Elastodyn, in which the output variables
are the interface forces at the transition piece between tower and substructure; and one ouptut equation to HydroDyn,
in which the output variables are absolute displacements, velocities and accelerations along the submerged elements
of the substructure. This implementation of the input ground motion was verified for both fixed and compliant base
conditions by comparison against results of an independent inverted pendulum finite–elements beam mode of the off-
shore wind turbine without incident wind or waves. The code of the modified module can be found as supplementary
material to this article together with the data files needed to set up all the cases as described in this paper.

3.3. Numerical model for the computation of impedance functions
A coupled model of boundary elements and finite elements (DBEM–FEMmodel) previously developed in Bordón

et al [63] is used to obtain the reference impedance functions of the monopile foundations described above. This
model exploits the advantages of modeling the soil via boundary elements (Sommerfeld radiation condition implied
and simple discretization) and the advantages of modeling the pile wall via shell finite elements (simple discretization
and reduced number of degrees of freedom). An illustrative mesh for a given case (NREL 5 MW) is shown in Figure
3.

Free-surface boundary elements

Soil layers interface 
boundary elements

Soil-pile interface 
boundary elements

Pile wall shell
finite elements

buried steel 
pipe pile 
(shell FEM)

seabed (BEM) 
surface

Figure 3: DBEM�FEM model of a monopile in a three layers soil and example of one of the meshes employed in the
analyses.

The model is formulated in the frequency domain, where a circular frequency! = 2�f is considered. The possibly
layered soil has the following properties (one set for each layer): shear modulus Gs, Poisson’s ratio �s, density �s and
hysteretic damping ratio �s; where the complex effective shear modulus to be used is G∗s = Gs(1 + i2�s). The use of
the Boundary Element Method (BEM) allows the discretization of only the boundaries of each homogeneous region.
The so-called Singular Boundary Integral Equation (SBIE) is used for collocating at the free-surface and the interfaces
between soil layers:

1
2
uik + ∫

Γ

t∗lkuk dΓ = ∫
Γ

u∗lktk dΓ (2)

where Γ is the boundary of the considered region, indices l, k = 1, 2, 3, and the Einstein summation convention is
implied. The vector uik is the displacement at the collocation point, uk and tk are the displacement and traction at
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the observation point, respectively, and u∗lk and t
∗
lk are the elastodynamic fundamental solutions in terms of displace-

ments and tractions respectively. The so-called Dual (Singular and Hypersingular) BIEs are used for collocating at the
interface between the soil and the shell mid-surface:

1
2
(

ui+l + ui−l
)

+ ∫
Γ

t∗lkuk dΓ = ∫
Γ

u∗lktk dΓ (3)

1
2
(

ti+l − ti−l
)

+ ∫
Γ

s∗lkuk dΓ = ∫
Γ

d∗lktk dΓ (4)

where ui+k , t
i+
k and ui−k , t

i−
k are displacements and tractions at the collocation point along the positive and negative shell

mid-surface faces, respectively, and d∗lk and s
∗
lk are obtained from the differentiation of u∗lk and t

∗
lk. Standard triangular

and quadrilateral quadratic boundary elements are considered for the discretization. On the other hand, shell finite
elements based on the degeneration from the three-dimensional solid and free from the shear and membrane locking
phenomena are considered. In particular, the element used is the MITC9 element which uses the Mixed Interpolation
of Tensorial Components (MITC) methodology to the standard quadratic shell finite element [64]. Finally, a con-
forming mesh between the soil-shell interface and the shell mid-surface is considered, and the coupling is performed
by imposing welded conditions through compatibility and equilibrium conditions. Herein, the soil is modelled as a
viscoelastic medium, although the numerical framework allows the consideration of Biot’s poroelastic models for the
soil. More details can be found in [63].

3.4. Lumped Parameter Model
Dynamic soil–structure interaction is introduced in the offshore wind turbine model through an LPM at mudline

level that represents the dynamic response of the foundation–soil subsystem. Among the different LPMs existent for
this type of problems, an efficient model in accordance with the nature and the reduced complexity of the impedance
functions computed for this problem has been selected. Thus, the LPM employed in this work, is the one originally
proposed by Carbonari et al. 2018 [65], depicted in Figure 4a. The coupled roto–translational behaviour is represented
through a two–degree–of–freedom system per horizontal plane (xz and yz planes), each with a tranlational mass mℎ
and a mass moment of inertia Ir at the interface between the underground section of the foundation and the substructure
above mudline, connected to the soil through the corresponding translational and rotational pairs of constant springs
and dashpots kℎ, cℎ, kr, and cr and, at the same time, connected to an additional eccentric translational mass mt
through a rigid massless link of length ℎ1 that is connected to the soil through additional spring and dashpots kt and ct
at distances ℎ3 and ℎ2, respectively. The LPM configuration, characterized by eccentric elements, allows to model and
fit simultaneously the translational, rotational and horizontal–rocking coupled impedance functions with important
advantages in this type of applications. On the other hand, the vertical and torsional impedances, more regular and
with less influence on the response of the turbines, are modelled using first–order LPMs, as depicted in Figure 4b. In
all cases, the values of the parameters of the LPMs are found through a non–linear least squares fitting procedure, as
described, for instance, in González et al. 2019 [66]. The resulting LPM is introduced in the finite elements model of
the substructure as an additional element at mudline level.

4. Results and discussions
4.1. Impedance functions

The impedance functions computed for the monopile foundations of the three different offshore wind turbines are
presented in Figure 5. Real and imaginary parts of the translational (Kx), rotational (Kry ), crossed-coupled horizontal–
rocking (Kx−ry ), vertical (Kz) and torsional (Krz ) impedance functions obtained from the BEM–FEMmodel described
in section 3.3 are plotted as a function of frequency. The time–harmonic stiffness and damping functions provided by
the fitted Lumped Parameter Models built for each case are also presented in dashed lines in the same figure. It is
worth noting that the monopile foundation corresponding to the IEA-15-240-RWT is the translationally, torsionally
and vertically stiffest of the three, while the foundation of the IEA-10-198-RWT is rotationally slightly stiffer due to
its significantly greater thickness. Overall, the calibrated LPMs are able to well reproduce the frequency dependent
behavior of the foundation impedances in the frequency range in which the resonance frequencies of the turbines fall.
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a. Roto�translational behaviour LPM b. Vertical and torsional behaviours LPMs

kℎ mℎ, Ir
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mv I
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Figure 4: Scheme of the LPM adopted for lateral vibrations (a) and of the mass-spring-damper models, adopted for vertical
and torsional vibrations (b).
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Figure 5: Real and imaginary parts of the translational, rotational, crossed-coupled horizontal�rocking, vertical and torsional
impedance functions obtained from the BEM�FEM model and provided by the �tted LPMs for the three soil�foundation
cases.

LA Padrón et al.: Preprint submitted to Elsevier Page 10 of 23



Seismic response of large o�shore wind turbines on monopiles including soil�structure interaction

4.2. Frequency response
Figure 6 presents the FA Power Spectral Densities of the three offshore wind turbines, respectively, obtained from

the FA accelerations at the tower top under parked conditions subjected to environmental loads, from which natural
frequencies are most clearly obtained. The 430 seconds of simulation are used in all cases. Each plot presents the
spectra considering fixed base and also compliant base hypotheses, from which the effect of SSI is clearly observed.
The second natural frequency is hardly affected by SSI in the case of the 5MW turbine, but significantly affected in the
cases of 10 and 15MWcases. Table 5 presents the fundamental frequencies for the three wind turbines, computed from
these spectra, also in the side–to–side direction. For each turbine, the period lengthening in the FA and SS directions
is similar, with mean values around 6%, 8% and 5% for the 5, 10 and 15MW turbines, respectively. It is worth noting
that the long fundamental periods of the structures under study, around 4 s in the case of the 5 and 10MW turbines and
around 6 s in the case of the 15MW, are the main reason why the design of large wind turbines is generally not expected
to be dominated by seismic actions, considering that for long fundamental periods of vibration, spectral amplitudes of
the earthquakes are moderate or low ([67, 68]).
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Figure 6: Power Spectral Densities in the fore-aft direction obtained from the response of the 5, 10 and 15 MW turbines
(left to right) in parked conditions, under �xed and compliant base hypotheses.

Table 5
Fundamental frequencies obtained for Fixed Base and Compliant base conditions

NREL 5MW IEA-10.0-198-RWT IEA-15-240-RWT

Fixed base, fore�aft: 0.272Hz (3.68 s) 0.281Hz (3.56 s) 0.172Hz (5.81 s)
Compliant base, fore�aft 0.256Hz (3.91 s) 0.261Hz (3.83 s) 0.164Hz (6.10 s)
Fixed base, side�to�side: 0.273Hz (3.66 s) 0.280Hz (3.57 s) 0.172Hz (5.81 s)
Compliant base, side�to�side 0.260Hz (3.85 s) 0.259Hz (3.86 s) 0.164Hz (6.10 s)

4.3. Seismic response
4.3.1. Time history structural response

In order to illustrate how the systems behave under the seismic actions described in section 2.2, Figure 7 presents the
example of the time histories of the FA accelerations at the tower top, pile shear forces at mudline in the FA direction,
and the pile bending moments at mudline around the SS direction of the IEA-15-240-RWT in power production mode
when subjected to the seismic input acting in the FA direction and defined for a return period of 1400 years (PGA =
0.23 g) at t = 230 s into the simulation. The first 100 s of simulations are always discarded, after which the solution
has always already converged to the stationary operational response of the system. These first 100 s of simulations
will neither be taken into account when analyzing the results in the following sections. The plots allow to observe
the magnitudes and characteristics of the structural response of the turbine when operating under nominal conditions
subject to loads from wind and sea, and how they are affected by the arrival of the seismic event. It also allows to
understand why the response under earthquake loads will depend on the specific time at which the seismic signal
strikes the system. The following sections are aimed at synthesizing the large amount of results obtained in order to
be able to draw general conclusions.

LA Padrón et al.: Preprint submitted to Elsevier Page 11 of 23



Seismic response of large o�shore wind turbines on monopiles including soil�structure interaction

Figure 7: Time history responses corresponding to accelerations at the tower top, pile shear forces at mudline and pile
bending moments at mudline for the 15 MW OWT subjected to seismic excitation at t = 230 s in the fore-aft direction in
power production mode.
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Figure 8: Peak responses in terms of accelerations at the tower top, pile shear forces at mudline and pile bending moments
at mudline for all situations and OWTs. Fore-aft response.
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4.3.2. Peak seismic response
Figure 8 shows the peak accelerations along the FA direction obtained at the top of the OWT towers when the

earthquake input acts in the FA direction, together with the peak shear forces (in the FA direction) and bending mo-
ments (around the SS direction) at the pile cross-sections at mudline. Similarly, Figure 9 shows the tower top peak
accelerations in the SS direction when the earthquake input acts in the SS direction, together with the pile peak shear
forces and bending moments at mudline in the SS direction and around the FA direction, respectively. Peaks are always
computed as absolute maxima (i.e. regardless of the sign). In each plot, results are presented in six columns of markers,
with the first three columns refering to FB models in PP, PK and ES modes, and the other three columns to CB models
in PP, PK and ES modes. Colors are used to distinguish between the three seismic intensities, and the magnitude of
the peak responses for each individual time of arrival is represented with a circle, with filled coloured circles used to
indicate the maximum value among these three arrival times. Triangles are used to report the magnitude of the peak
responses when the systems are not subject to any seismic event (NS); in this case, a single analysis is performed for
each case in PP and PK modes, while three analyses are run for each case in the ES mode, by supposing a stop of
the turbines in absence of seismic actions at different times, corresponding to the three arrival times assumed for the
earthquakes. This will make possible a direct comparison of the system responses under normal conditions (NS) and
under seismic excitation. Each column of plots in Figures 8 and 9 refers to a specific OWT, and each row of plots to a
response quantity.

The increase in peak responses induced by the seismic actions is very relevant in most cases and response quan-
tities, although mudline bending moments in the FA direction are less affected due to the already large effect of the
environmental loads in such a case. At the same time, soil–structure interaction often plays a beneficial role in the FA
direction, with exceptions in the case of the NREL 5MW turbine, while in the SS direction, SSI is generally bene-
ficial for the IEA-10-198-RWT and IEA-15-240-RWT, and detrimental for the NREL 5MW turbine. The difference
between seismic demands computed for the same seismic signal at different arrival times is, in some cases, quite rel-
evant, mainly in the FA direction (because the effects of the environmental loads, highly time–dependent, are more
relevant in this direction) but also in the SS direction. Of course, the magnitude of the seismic response depends
strongly on the intensity of the earthquake input, although larger seismic demands can be obtained for less intense
earthquake inputs for some cases, depending on arrival times and the rest of characteristics of the systems.

The peak values of the three response quantities analyzed (tower top accelerations, and pile shear and bending
moments at mudline) obtained for the IEA-10-198-RWT and IEA-15-240-RWT systems are larger than those computed
in the case of the NREL 5MW turbine, being this increase especially significant, as expected, in the case of mudline
bending moments and shear forces (with an increase by a factor of around 5-6), and less significant in the case of
tower top accelerations (with an increase by a factor of around 1.5-2, despite the differences in geometries, structural
characteristics, mass and inertia, and properties of foundation and soil).

Peak accelerations in the FA direction tend to be larger when the turbine is parked because, in this operating mode,
the amount of aerodynamic damping from aeroelastic interaction is much smaller [69, 70]. For the same reason, the
magnitudes of the peak accelerations in the SS direction for the IEA-10-198-RWT and IEA-15-240-RWT systems tend
to be larger than in the FA direction for the PP and ES modes, but lower in PK mode due to the angle of the blades in
such mode of operation. The magnitude of these effects differs from turbine to turbine, and is a very relevant aspect
that is not easily captured by simplified models in which aeroelastic interaction is not modelled in detail.

In order to quantify the impact of the seismic excitation on the response of the OWTs, the peak accelerations at
the tower top, and the peak shear forces and bending moments at the mudline computed under seismic action are
normalised with respect to the the peak accelerations at the tower top, and the peak shear forces and bending moments
at the mudline, respectively, obtained in the NS condition. These ratios are shown in Figures 10 and 11 for the FA and
the SS directions, respectively. In this case, each column of plots refers to a specific mode of operation, while each
row of plots corresponds to a response quantity. Each plot contains the results corresponding to the three turbines,
and the ratios relevant to FB and CB conditions for each turbine are plotted separately along two different verticals
with triangles for FB and, alongside, circles for CB. Again, colors are used to distinguish between the three seismic
intensities. Empty symbols are used to present results obtained for the three seismic intensities and arrival times of
the earthquakes while filled symbols indicate the maximum values of the ratios. A reference horizontal dashed line is
included in all plots to distinguish easily between ratios above or below unity.

From an overall point of view, the magnitude of the three response quantities under study experience a significant
increase as a consequence of the seismic actions. In the FA direction, accelerations present the highest ratios and
reveal to be the most sensitive response quantity to earthquakes: increments ranging from about 100 to 700% are
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Figure 9: Peak responses in terms of accelerations at the tower top, pile shear forces at mudline and pile bending moments
at mudline for all situations and OWTs. Side-to-side response.

found, depending on the seismic intensity, the OWT and the operating mode. Increments in shear forces and bending
moments are less pronounced. Shear forces experience increase by factors of up to 3 under the FB assumption, and up
to 2.4 times under the CB hypothesis, which predicts smaller efforts in almost all situations. Bending moments show
less relevant increases, with the only exception of the PK condition, not because the seismic response is higher, but
because the reference NS bending moment is significantly smaller (see Figure 8).

As previously observed, increments of the response quantities with respect to the NS condition are much more
pronounced in the SS direction (Figure 11). However, it should be remarked that this phenomenon is not due to a
greater seismic response of the OWTs in the SS direction but rather to a minor demand in the SS direction due to NS
loads. Indeed, the seismic demand is not so dissimilar between directions, as seen when comparing Figures 8 and 9.
It is worth observing that the seismic actions govern the response in the SS direction, producing accelerations from
5 to more than 20 times higher than those computed for the NS condition, with a peak ratio above 35 times the NS
response for the 15MW turbine on FB. Similarly, shear forces and bending moments at the mudline pile cross sections
are largely dominated by earthquakes. The less important increments are registered for the ES operating mode for
which the peak values of accelerations at the tower top are up to 10 times higher than those at NS condition, and for
which peak shear forces and bending moments are about 10 and 5 times higher, respectively, with the only exception
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Figure 10: Ratios between peak seismic responses and peak non�seismic response of accelerations at the tower top, pile
shear forces and bending moments at mudline. Fore-Aft response.

of bending moments relevant to the 10MW turbine. This is clearly due to the fact that the ES of the turbine, in absence
of earthquake, triggers an important response of the turbine in the SS direction.

4.3.3. Influence of dynamic soil–structure interaction
The role of SSI on the seismic and NS response of the investigated OWTs is analysed by normalising the peak

response quantities obtained from the CB systems with the relevant ones obtained from the FB models. Figures 12
and 13 show these ratios for the FA and SS directions, respectively. Each column of plots within the figures refers to
a specific mode of operation, while each row of plots corresponds to a response quantity. Again, colors are used to
distinguish between the three seismic intensities, and two sets of results are presented for each OWT in slighly separated
vertical lines: the left one corresponding to non–seismic response, and the right one corresponding to seismic response.
Empty symbols are used to present each individual ratio, while filled symbols indicate the maximum values of these
ratios when relevant. For the NS situation, a set of three ratios is presented for the ES operating mode, by supposing the
emergency stop of the turbine in absence of earthquake at three different times, corresponding to the arrival times of
the earthquakes. Black horizontal dashed lines are used to separate portions of the plots in which the SSI is detrimental
(ratios greater than 1), or beneficial (ratios lower than 1) to the structural response.
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Figure 11: Ratios between peak seismic responses and peak non�seismic response of accelerations at the tower top, pile
shear forces and bending moments at mudline. Side-to-side response.

In the FA direction, effects of SSI are moderate in absence of earthquake excitation, with the exception of the PK
operating mode and the accelerations for the ES operating mode, and showing, in most cases, a detrimental effect of
SSI. A significant increase in both peak accelerations and bending moments due to SSI is observed under NS loading
for the PK operating mode of the 5MW and the 15MW turbines in line with the increase in peak power spectral
density observed in Figure 6, obtained also in PK conditions. Under seismic excitation, on the contrary, SSI tends to
be beneficial to the structural response although ratios greater than one can be observed, especially for the PK operating
mode. Even if a general trend is difficult to outline, there is a significant number of situations in which the beneficial
effects are more relevant for increasing intensities of the seismic excitation: for example, the highest ratios of shear
forces relevant to events with return periods of 475 and 1400 years are all below one, with ratios relevant to events
with a return period of 1400 years very often below ratios of events with a return period of 475 years. Similarly, the
highest ratios of bending moments relevant to the event with 1400 year return period are near or below one, and often
lower than ratios relevant to earthquakes with lower intensities.

Regarding the effects of SSI in the SS direction (Figure 13), SSI can now produce beneficial or detrimental effects
depending on the case, and also under NS loading, but a clear trend with rated power is seen, with a clear increase in
the benefits of SSI when the size of the OWT increases. In order to highlight more clearly such a trend, a red dashed
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Figure 12: Ratios between peak seismic and non�seismic responses computed under the CB assumption and those obtained
under a FB hypothesis. Fore-Aft response.

tendency line (obtained by fitting through least-squares on the rations corresponding to the seismic response of all
turbines in each case) has been also included in the plots. In the SS direction, it is very clear that the larger the turbine,
the more significant are the beneficial effects from SSI. This trend can also be observed in the FA direction, although
its effects are generally much less clear.

With the aim of condensing further this information, figure 14 illustrates the influence of SSI by ploting peak
accelerations, peak mudline shear forces and peak mudline bending moments, computed for the different OWTs under
seismic excitation, together with the maximum ratios of such magnitudes with respect to the same variable under NS
loading. Note that each plot presents, for every case, the maximum values of these ratios and variables among the
three earthquakes and times of arrival. At the same time, each web presents a symmetry because the right and left
of the same horizontal present maximum peak values and maximum ratios of the same magnitude, respectively. At
the same time, the upper third of each plot corresponds to accelerations, while the center represents mudline shear
forces and the lower third corresponds to mudline bending moments. In all cases, the numerical values of the ticks
in the axes has been omitted for simplicity, but the first subdivision of every radii corresponds always to zero, while
the axes limits are the same in all web plots of the same figure, to allow for visual comparison. The maximum value
of each radius corresponds always to the maximum value for that axis in all the plots of the figure, so axes can be
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Figure 13: Ratios between peak seismic and non�seismic responses computed under the CB assumption and those obtained
under a FB hypothesis. Side-to-side response.

understood as normalized between 0 and 1. In this figure, the three rows present results for the three turbines while
the three columns present results for the three operational modes. It is quite clear that SSI is generally beneficial (blue
line, corresponding to the fixed base case, acts as an envelope of the rest of curves in virtually all situations). Again, a
clear trend with rated power is observed, with larger effect of SSI for larger OWTs.

4.3.4. Influence of mode of operation
Finally, in order to look into the influence of the mode of operation on the seismic behavior of the OWTs, figure 15

gathers those peak accelerations, peak mudline shear forces and peak mudline bending moments, computed for the
different OWTs under seismic excitation, together with the maximum ratios of such magnitudes with respect to the
same variable under NS loading, in a figure arranged similarly to the previous case, but corresponding the rows in this
case to the base models (Fixed base or Compliant Base) and the columns to the three turbines. Now, each web plot is
built with three lines, one per operating mode.

The conclusion depends on the turbine. In the case of the 5MW turbine, the emergency shutdown operation mode
is clearly beneficial (yellow line tends to be an internal envolope). For the other two cases, the ES operating mode
tends to produce the smaller increases in response with respect to the NS loading condition but, at the same time, can
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Figure 14: In�uence of SSI on the response of the OWTs. (a = Acceleration; M = Mudline Moment; V = Mudline shear
force; NS = Absense of seismic input). The �rst subdivision of every radii is always 0. The axes limits is the same in all
web plots in this �gure to allow comparison.

produce the largest seismic demand in the case of the 15MW turbine, being on the contrary, the PP operating mode
the one that produces the highest seismic demand in the case of the 10MWOWT. Of course, the parameters of the ES
can be quite different to those assumed in this study, which could lead to different observations in this regard.

5. Conclusions
This paper has summarized the main results of a study on the response of three large offshore wind turbines, with

rated powers of 5, 10 and 15MW, to low or moderate intensity earthquakes, and taking soil–structure interaction into

LA Padrón et al.: Preprint submitted to Elsevier Page 19 of 23



Seismic response of large o�shore wind turbines on monopiles including soil�structure interaction

Figure 15: In�uence of the mode of operation. (a = Acceleration; M = Mudline Moment; V = Mudline shear force; NS
= Absense of seismic input). The �rst subdivision of every radii is always 0. The axes limits is the same in all web plots
in this �gure to allow comparison

account. To do so, an aero–hydro–servo–elastic model of the different turbines have been taken into account, and the
dynamic response of the different monopile foundations have been modeled using an LPM fitted to the results of an
advanced boundary element – finite element model. Thus, the energy dissipated through the soil–foundation system
and through aeroelastic damping are simultaneously taken into account directly by the model. The study has taken into
account also the environmental loads and aspects such as the possibility of different times of arrival of the earthquake
input.

It has been found that even low or moderate intensity earthquakes as the ones simulated in this study can produce
significant increases in the structural demands of the offshore wind turbines in terms of accelerations at the top of
the towers and of bending moments and shear forces at mudline, with bending moments in the fore–aft direction
experiencing the less pronounced increses because, in this case, the efforts associated to the seismic response are
added on top of the already important bending moments associated to resisting the thrust from the rotor. It is for this
reason that the maximum bending moments appear always for Power Production or Emergency Shutdown operating
modes, but even so, differences among earthquakes are very significant (also in Power Production) which reveals the
relevance of the seismic actions. The increase of accelerations at the tower top, where the nacelle is located, should
be carefully considered in the design of the anchoring systems of the nacelle components to the structure itself (e.g.
gearbox, generator, brakes) because of the increase of inertia forces to which they are subjected. Similarly, seismic
actions may be crucial for the pile design, which is subjected to sensibly higher stress resultants during earthquakes
than those due to loads at service conditions.

The magnitude of the increase observed in all variables depends on each specific case, and varies for different
operating modes, turbine rated powers and modelling assumptions for the foundation. In this regard, dynamic soil–
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structure interaction has been found to play a significant role. It can be beneficial or detrimental to the structural
response, depending on the case, but it has been found that there exists a clear tendency for dynamic soil–structure
interaction to be beneficial when the size of the offshore wind turbine increases, being this tendency very strong in
the side–to–side direction. At the same time, in the fore–aft direction, the effects of soil–structure interaction are
moderate in the absence of earthquake excitation and are, in most cases, detrimental. Under seismic excitation, on the
contrary, dynamic soil–structure interaction tends to be beneficial to the structural response. It can be concluded that
the soil-foundation compliance should be considered in projects located in zones with seismic risk in order to be able
to compute a reliable prediction of the structural response. The influence of other aspects such as arrival times of the
earthquake is also worth being taken into account.

The best strategy to follow in order to reduce the impact of the earthquake on the structural demand of large
offshore wind turbines should be carefully evaluated in each case. Indeed, aspects such as the superposition of effects
must be taken into account, and aeroelastic damping could play a very beneficial role in many cases. It is not clear, a
priori, whether triggering an emergency stop under the arrival of an earthquake, or continuing on power production, if
possible, is better from an structural point of view. Of course, the parameters of the emergency shutdown can be quite
different to those assumed in this study, which could lead to different conclusions in this regard.
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