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A B S T R A C T

This paper presents a study on the role of kinematic interaction effects on the seismic response of large
monopile-supported offshore wind turbines. For this purpose, a finite element substructuring model is used
to analyse the behaviour of three reference wind turbines with rated powers of 5, 10 and 15 MW founded on
several soil profiles and subjected to different accelerograms. The foundation response is computed through a
continuum model which includes soil–structure interaction. The effects of inertial and kinematic soil–structure
interaction on the system seismic response is evaluated also through comparisons with results corresponding
to the infinitely rigid base condition. It is found that neglecting kinematic interaction factors could lead
to underestimate the seismic response of large monopile-supported offshore wind turbines. The rotational
kinematic interaction factor is shown to increase the OWTs seismic response.
1. Introduction

The wind power expansion around the world is leading to consider
locations with increasing seismic risk as potential sites for the instal-
lation of Offshore Wind Turbines (OWTs). Besides, the wind energy
industry is developing increasingly larger and powerful units which
implies a greater impact of their potential failure. Therefore, an appro-
priate design of these structures including seismic excitations is gaining
relevance.

Although only marginal attention was paid to seismic analysis in the
main standards and design guidelines for this type of structures (DNV,
2002, 2014; IEC, 2005, 2009), a new recommended practice (DNV,
2021) has been recently published which also confirms the current
needs of guidance for the seismic design of OWTs. However, further
investigation is required to understand the seismic response of these
structures and the seismic excitations acting on turbines with increasing
sizes and rated powers, as those that are currently installed.

The analysis of the existing literature reveals that many researchers
have already shown that soil–structure interaction (SSI) effects modify
the dynamic response of the system (Zaaijer, 2006; Damgaard et al.,
2014; Bisoi and Haldar, 2015; Galvín et al., 2017; Álamo et al., 2018;
Padrón et al., 2022). However, as pointed out by Kaynia (2021), very
little research effort has been put into foundation kinematic response
of these type of structures, even if this is a crucial information to
conduct seismic response analysis based on the substructuring ap-
proach. Most of the reported research on the earthquake response of
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these structures including soil–structure interaction is related to inertial
interaction. Kaynia (2021) used a rigorous numerical model to compute
rotational and horizontal kinematic responses at the head of a monopile
embedded in different soil profiles and supporting the NREL 5-MW
offshore wind turbine. This study highlighted the relevance of the
consideration of kinematic interaction in the SSI seismic analysis of
OWTs. Up to the authors’ knowledge, there are few studies (e.g., Yang
et al., 2020; Yan et al., 2021; Bhattacharya et al., 2021; Medina et al.,
2021; Padrón et al., 2022) in the scientific literature addressing the
seismic behaviour of larger OWTs. Medina et al. (2021) confirmed
the importance of considering the seismic excitation in the design of
large monopile-supported OWTs when they are installed in seismic
prone areas. This study showed that the seismic response computed
considering SSI effects could even duplicate that obtained for the rigid
base assumption, which corroborates the importance of including the
soil-foundation system in the analysis of the seismic response of the
OWT system.

This paper aims at contributing to elucidate the role of kinematic
interaction effects on the seismic response of large OWTs supported
on monopiles. For this purpose, the behaviour of three reference wind
turbines with rated powers of 5, 10 and 15 MW founded on five soil
profiles and subjected to ten accelerograms extracted from the PEER
Ground Motion Database (Pacific Earthquake Engineering Research
Center (PEER), 2021) is analysed. The foundation response is computed
through a continuum model (Álamo et al., 2016) which includes SSI.
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Table 1
Definition of the set of OWTs and monopiles used in the present study.

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

Rating (MW) 5 10 15

Rotor–Nacelle-Assembly mass (t) 350 686 1017

Tower height (m) 90 119 150

Rotor diameter (m) 126 198 240

Tower top diameter (m) 3.87 5.5 6.5

Tower bottom diameter (m) 6.0 8.3 10.0

Tower top thickness (m) 0.0190 0.0316 0.0240

Tower bottom thickness (m) 0.0270 0.0711 0.0365

Density of steel (kg/m3) 8500 8500 7850

Pile diameter (m) 6.0 9.0 10.0

Pile thickness (m) 0.0600 0.1015 0.0553

Pile embedded length (m) 36.0 42.6 45.0

Pile length over mudline (m) 20.0 30.0 30.0
Table 2
Dynamic properties of the soil deposits considered for soil profile B depending on the OWT.
Source: Extracted from (Alpan, 1970; Velarde and Bachynski, 2017; Løken and Kaynia, 2019; Gaertner et al., 2020;
Padrón et al., 2022).

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

Soil profile layered single layer single layer

Type of soil sand sand dense sand or gravel

Poisson’s ratio 0.35 0.30 0.40

Density (kg/m3) 2000 2000 2000

Shear wave velocity, 𝑣𝑠 (m/s) 145.9 (0 < 𝑧 < 5 m) 214.8 (0 < 𝑧 < ∞) 264.5 (0 < 𝑧 < ∞)

175.9 (5 < 𝑧 < 14 m)

209.0 (9 < 𝑧 < ∞)

Damping ratio (%) 5 5 5
Then, a finite element substructuring procedure (Medina et al., 2021)
in the frequency domain is used to compute the seismic response of
the superstructure. Results obtained under the infinitely rigid base
condition are also presented in order to evaluate the effects of inertial
and kinematic soil–structure interaction on the seismic response.

2. Problem definition

Three reference wind turbines are selected to conduct this study: the
NREL 5 MW (Jonkman and Musial, 2010), the IEA-10.0-198-RWT (Bar-
tolotti et al., 2019) and the IEA-15-240-RWT (Gaertner et al., 2020)
wind turbines. The tower is modelled as a variable section tubular
element; where the length is given by its height and the diameter and
thickness are considered to vary linearly from the bottom to the top.
Besides, the rotor–nacelle assembly is modelled as a punctual mass.
Table 1 shows the properties corresponding to each structural system.
In addition to these parameters, steel material properties are assumed
for the tower and monopile: Young’s modulus 210 GPa and Poisson’s
ratio 0.25. A material hysteretic damping ratio of 2% is considered.
The three OWTs are supported on monopiles which are assumed to be
embedded in five different soil profiles, labelled as B, H, L10, L20 and
L30. Table 2 shows the material properties of soil profiles B, which
correspond to the media used in the original papers that defined the
monopile supporting structure for each OWT (see Padrón et al., 2022).
On the other hand, Table 3 presents the dynamic properties of profiles
H, L10, L20 and L30, for which a Poisson’os ratio 0.49 is considered in
order to represent the saturated media.

In order to quantify the influence of considering the SSI effects when
analysing the structural response, results for the infinitely rigid base
assumption are also presented. Table 4 shows the natural frequencies
(𝑓1 and 𝑓2) and damping coefficients (𝜉1 and 𝜉2) for the first two modes
of vibration of the studied systems. The characteristic reductions in the
2

Table 3
Dynamic properties of soil deposits H and L𝑋.

Profile H Profile L𝑋

Soil profile single layer layered

Type of soil sand sand

Poisson’s ratio 0.49 0.49

Density (kg/m3) 2000 2000

Shear wave velocity, 𝑣𝑠 (m/s) 200 (0 < 𝑧 < ∞) 140 (0 < 𝑧 < 𝑋 m)

220 (𝑋 < 𝑧 < ∞)

Damping ratio (%) 5 5

natural frequencies and increments in damping due to the soil–structure
interaction effects are observed in the results.

The seismic response of the system is computed by assuming ten dif-
ferent accelerograms extracted from the PEER Ground Motion Database
(Pacific Earthquake Engineering Research Center (PEER), 2021). These
acceleration signals have been selected from different earthquakes mea-
sured in stations located over soils whose mean shear wave velocities
𝑉𝑠,30 are within the range from 190 to 220 m∕s. For reproducibility’s
sake, Table 5 shows the following information of the considered ac-
celerograms: Record Sequence Number (RSN) of the database, direction
with respect to the north of the horizontal component used, name
and year of the earthquake event, name of the measuring station and
its mean shear wave velocity, and the maximum ground acceleration
𝑎𝑔,max of the signal. A graphical representation of the normalised ac-
celerograms corresponding to the seismic signals used in this study
is provided in Fig. 1 together with their normalised pseudo-spectral
accelerations (PSA). A superimposed grey line is used to represent the
mean PSA of the ten seismic signals.

The measured acceleration signals are assumed to correspond to the
free field motion at surface level. In order to compare the results of the



Ocean Engineering 280 (2023) 114778C. Medina et al.
Table 4
Dynamic properties for the first and second modes of the studied systems.

OWT Property Rigid base Profile B Profile H Profile L10 Profile L20 Profile L30

5 MW 𝑓1 (Hz) 0.256 0.239 0.241 0.239 0.238 0.238

𝜉1 (%) 2.00 2.11 2.09 2.11 2.12 2.12

𝑓2 (Hz) 2.28 1.94 1.99 1.93 1.93 1.92

𝜉2 (%) 2.00 3.03 2.63 3.15 3.72 3.66

10 MW 𝑓1 (Hz) 0.279 0.258 0.257 0.254 0.253 0.253

𝜉1 (%) 2.00 2.13 2.13 2.15 2.17 2.17

𝑓2 (Hz) 1.77 1.50 1.49 1.44 1.43 1.43

𝜉2 (%) 2.00 2.91 3.02 3.45 4.59 4.80

15 MW 𝑓1 (Hz) 0.163 0.154 0.153 0.152 0.151 0.151

𝜉1 (%) 2.00 2.06 2.09 2.11 2.12 2.12

𝑓2 (Hz) 1.37 1.23 1.21 1.18 1.18 1.18

𝜉2 (%) 2.00 2.22 2.42 2.57 2.92 3.12
Table 5
Information about the accelerograms used in this study.
Source: (Pacific Earthquake Engineering Research Center (PEER), 2021).

RSN Dir. (o) Event name Year Station name 𝑉𝑠,30 (m/s) 𝑎𝑔,max (g)

26 271 Hollister-01 1961 Hollister City Hall 199 0.11

192 180 Imperial Valley-06 1979 Westmorland Fire Sta 194 0.11

462 271 Morgan Hill 1984 Hollister City Hall 199 0.07

721 0 Superstition Hills-02 1987 El Centro Imp. Co. Cent 192 0.36

777 180 Loma Prieta 1989 Hollister City Hall 199 0.22

1114 0 Kobe Japan 1995 Port Island (0 m) 198 0.35

1317 0 Chi-Chi Taiwan 1999 ILA013 199 0.15

2720 0 Chi-Chi Taiwan-04 1999 CHY056 193 0.07

5991 320 El Mayor-Cucapah Mexico 2010 El Centro Array 10 203 0.36

6890 10 Darfield New Zealand 2010 Christchurch Cashmere High School 204 0.23
f
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o
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f
c

p
p
p
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different earthquakes, the system response is presented divided by the
maximum ground acceleration of each signal.

3. Methodology

The seismic response of each OWT and supporting monopile is
computed through the frequency-domain finite element substructuring
simplified model described in detail in Medina et al. (2021) in which
turbine tower and the section of the monopile above mudline are
modelled using beam finite elements (see Fig. 2), while soil-foundation
interaction is represented through the well-known approach (Wolf,
1985) of impedance functions to model the soil-foundation system
reactions, and foundation input motions to model kinematic interaction
(see Fig. 2) produced by the presence of the monopile.

On the one hand, the hollow tower and monopile are represented
through two-noded Bernoulli’s beam finite elements. Distributed iner-
tial properties are considered for the tower and monopile elements,
while the additional mass introduced by the rotor–nacelle assembly is
considered as a punctual mass at the top node.

On the other hand, the soil-foundation system response is modelled
through impedance functions and kinematic interaction factors com-
puted with a previously developed continuum model (Álamo et al.,
2016, 2021) for the dynamic analysis of pile foundations that allows
to consider complex soil profiles. This model is based on the use of the
integral expression of the reciprocity theorem together with specific
Green’s functions for the layered half space for representing the soil
behaviour, including its radiation and material damping. Thus, linear-
elastic behaviour is assumed for the whole soil-foundation-structure
system.

The horizontal 𝐾𝐻𝐻 , rocking 𝐾𝑅𝑅, and horizontal-rocking cross-
coupled 𝐾𝐻𝑅 impedance functions represent the stiffness and damping
3

of the different vibration modes of the soil-foundation system. The e
lateral 𝐼𝑢 and rotational 𝐼𝜑 kinematic interaction factors quantify the
filtering effect due to the presence of the monopile in the soil in terms of
the ratio between the pile head displacement or rotation with respect to
the free field motion 𝑢𝑓𝑓 . To compute them, the problem of a single pile
(without superstructure) subjected to an incident S-wave is addressed.

The dynamic response of the whole system is characterised through
the corresponding Frequency Response Functions (FRFs) relating the
quantities of interest to the seismic waves and acting loads. Then, the
seismic response in time domain for each accelerogram is computed
using the frequency-domain method (Chopra, 2017) through the use of
the Fast Fourier Transform.

4. Results

4.1. Foundation behaviour

4.1.1. Impedance functions
The real parts of the soil-foundation translational 𝐾𝐻𝐻 , rotational

𝐾𝑅𝑅 and cross-coupled horizontal-rocking 𝐾𝐻𝑅 impedance functions
or the five soil profiles considered in this study are represented with
ifferent colours in Fig. 3. Imaginary parts are not shown for the sake
f brevity. Results corresponding to the monopile supporting each one
f the OWTs considered in this work (5 MW, 10 MW and 15 MW)
re depicted in columns. The horizontal axis represents the excitation
requency 𝑓 . Note that the same scale is used for all graphs that
orrespond to the same vibration mode regardless the monopile size.

As expected, and given the properties of foundations and soils
rovided in Tables 1–3, the stiffness of the soil-foundation system for
rofile B (for which it has been designed) increases with the rated
ower of the turbine it belongs to. On the other hand, for the common
omogeneous profile (H), the monopile of the 5 MW system is, as

xpected, the most flexible one, while the foundations corresponding
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Fig. 1. Normalised pseudo-spectral accelerations (PSA) and ground acceleration (𝑎𝑔) of the seismic signals used in this study.
Fig. 2. Frequency-domain finite element substructuring simplified model used in this work.
to the 10 and 15 MW turbines present similar horizontal stiffness.
However, for the rotational and cross-coupled terms, the monopile of
the 10 MW generator is the most rigid foundation. This is due to its
large thickness compared with the 15 MW pile (see Table 1), which
affects more to rotational modes. The relation between the homoge-
neous and base profile should be carefully taken into account when
analysing the structural response: profile H is stiffer (5 MW), similar
(10 MW) or softer (15 MW) than profile B depending on the system.
4

On the other hand, comparing the impedance functions obtained for
the three considered layer profiles (L10, L20 and L30), they are similar
or smaller than the ones obtained for the base or homogeneous profiles.
As expected, the foundation becomes more flexible if the height of the
upper (soft) layer increases, being larger the differences between the
L10 and L20 profiles than the ones between the L20 and L30 profiles.
The influence of the definition of the soil profile is larger for the
horizontal impedance term. On the contrary, the rocking impedance
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Fig. 3. Real part of the translational 𝐾𝐻𝐻 , rotational 𝐾𝑅𝑅 and crossed-coupled horizontal-rocking 𝐾𝐻𝑅 impedance functions obtained for the different soil profiles considered in
this study.
is less affected by the assumed soil profile, especially in the case of the
5 MW system.

4.1.2. Kinematic interaction factors
The filtering of the ground motion produced by each foundation is

represented in Fig. 4 in terms of the real and imaginary parts of the
kinematic interaction factors corresponding to the different monopiles
supporting the OWTs under study. Results for the five soil profiles
considered in this work are represented with different colours in a
superimposed manner.

The relation between profiles B and H depends on the system. A
more pronounced filtering effect is observed for profile H, except in
the case of the 5 MW OWT. The greatest filtering occurs for layered
profiles (L10, L20 and L30). In fact, for the kinematic interaction, the
differences between the results of the layered profiles are more evident
than for the impedance functions.

The lateral kinematic terms show that no filtering effect is produced
below 2 Hz, range in which the two first modes of the tower-monopile
system are located (see Section 4.2). Also, for these small frequencies,
only a slight amplification of the ground motion, characteristic to
the free-head pile kinematic response, is observed. This implies that
considering this term would have a minor impact on the system seismic
response. For higher frequencies (𝑓 > 2 Hz), the filtering effect of the
foundation increases, as well as the phase difference between the pile
head and soil free field motions. This happens at lower frequencies for
the softer profiles (L30, L20, L10).

On the other hand, the rotational kinematic interaction factor shows
induced pile head rotation for almost all the studied frequency range.
For the frequency range 0.5–2 Hz, the rotation presents a real non-zero
5

value and its imaginary part is zero, which denotes that the movement
is in phase with the soil. The negative sign is derived from the sign
criteria used in the model. For frequencies over approximately 2 Hz,
the imaginary component of the rotational kinematic interaction factors
shows the phase difference with respect to the soil free field motion that
was already commented for the lateral movement. Regarding the effect
of the soil profile, larger rotations at smaller frequencies arise for the
more flexible soils.

4.2. Frequency response functions

For the purpose of illustrating the influence of considering kine-
matic interaction on the structural response, Fig. 5 presents different
Frequency Response Functions for the tower top acceleration 𝑎𝑡𝑜𝑝∕𝑎𝑔,𝑚𝑎𝑥
(right column) and the bending moment at the mudline level
𝑀𝑏𝑎𝑠𝑒∕𝑎𝑔,𝑚𝑎𝑥 (left column) in the frequency range including the first
two modes for the three wind turbines under study founded on soil
profile B.

In order to identify the contribution of the different variables in-
volved in the SSI problem in each case, three scenarios are considered
in addition to that corresponding to the assumption of rigid base
condition (black solid line): (a) the response obtained when taking
only inertial interaction into account, i.e. without including the filtering
effect of the kinematic interaction (𝐼𝑢 = 1 and 𝐼𝜑 = 0), is represented
with a blue solid line; (b) the contribution of the translational kinematic
interaction term 𝐼𝑢 to the total response is depicted with a green dashed
line; and finally, (c) the results computed including both terms of
kinematic interaction, 𝐼𝑢 and 𝐼𝜑, are plotted with a red solid line. In
order to provide supplementary information regarding the energy of
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Fig. 4. Real and imaginary parts of the translational (𝐼𝑢) and rotational (𝐼𝜑) kinematic interaction factors obtained for the different soil profiles considered in this study.
the seismic signals selected for this study, the mean pseudo-spectral
acceleration (PSA) of these ten seismic signals is displayed as a grey
shaded area in each chart.

A remarkable increase of the response amplitude is observed as a
consequence of considering the rotational kinematic interaction factor,
specially on the second mode, which has a significant role on the
seismic response in view of the shape of the mean PSA of the signals
considered in this work. No relevant changes with respect to the SSI-
inertial response are observed when only the translational kinematic
interaction factor is included. It is worth mentioning that the frequency
at which the first mode of the 15 MW OWT occurs is lower than that
corresponding to the first mode of the 5 MW and 10 MW wind turbines,
which explains a reduction of its seismic response. Similar conclusions
can be drawn from the Frequency Response Functions corresponding
to the different soil profiles considered in this work.

4.3. Structural seismic response

The trends observed in the frequency response functions provided
in Section 4.2 can also be seen in Fig. 6 that shows, as an example, time
histories of the tower top acceleration (top) and the bending moment at
the mudline level (bottom) for the 15 MW OWT founded on soil profile
B and subjected to the seismic signal with RSN: 1317. Both variables
are presented divided by the maximum ground acceleration 𝑎𝑔,𝑚𝑎𝑥. The
elevant role of the rotational kinematic interaction factor is shown to
e consistent over all the significant duration of the earthquake ground
6

otion. It is worth mentioning that the contribution of both kinematic
interaction factors, previously represented in frequency, has an additive
effect since both are virtually in phase.

In order to show the contribution of kinematic soil–structure in-
teraction effects on the seismic response of the three reference OWTs
under study, the following sections present an analysis of tower top
accelerations and bending moments at seabed.

For the purpose of determining the maximum response value
reached in each case of study, the peak value of the time response
is computed for each one of the ten accelerograms considered in this
work. Furthermore, in order to check whether the conclusions drawn
from the analysis of the response peak value can be extrapolated to
all the time signal, the root mean square (RMS) value of the response
in the significant duration of each seismic signal is also calculated.
The common 𝐷𝑎5−95 significant duration (see, e.g. Dobry et al., 1978;
Kamiyama, 1984) is considered, which is defined as the time interval
between 5%–95% of the Arias intensity (Arias, 1970). The mean value
of the results in terms of peak value and RMS value for the ten
aforementioned accelerograms is represented in Figures from 7 to 10
and analysed in the following sections.

Different colour bars are used to represent results either for the
five soil profiles defined in Section 2 in Figs. 7 and 9, or for the
different scenarios in Figs. 8 and 10, as indicated in the corresponding
legend. The results corresponding to the assumption of rigid base
condition are displayed in black as reference results to compare the
different scenarios. For the purpose of analysing the contribution of the
translational and rotational kinematic interaction factors, in Figs. 7 and
9 each row shows results for the three scenarios already described in
Section 4.2.
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Fig. 5. Frequency Response Functions for the bending moment at the mudline level (𝑀𝑏𝑎𝑠𝑒∕𝑎𝑔,𝑚𝑎𝑥) and the acceleration at the tower top (𝑎𝑡𝑜𝑝∕𝑎𝑔,𝑚𝑎𝑥) over mean pseudo-spectral
cceleration (represented as a grey shaded area to be read on the right axis) of the 10 seismic signals used in this study. Soil profile B.
Fig. 6. Time histories of the tower top acceleration (𝑎𝑡𝑜𝑝∕𝑎𝑔,𝑚𝑎𝑥) and the bending moment at the mudline level (𝑀𝑏𝑎𝑠𝑒∕𝑎𝑔,𝑚𝑎𝑥) for the 15 MW OWT founded on soil profile B and
subjected to the seismic signal with RSN: 1317.
4.3.1. Tower top accelerations
Fig. 7 presents the mean peak value and the mean RMS value of

the tower top acceleration normalised with the peak acceleration of
the corresponding seismic excitation (𝑎𝑡𝑜𝑝∕𝑎𝑔,𝑚𝑎𝑥) computed for the ten
seismic signals considered in this work. The same trends are observed
for both variables.
7

The highest response at the tower top is achieved for the 10 MW
wind turbine, regardless of the soil profile considered and indepen-
dently of the assumptions adopted for kinematic soil–structure interac-
tion. As can be seen in Fig. 5, the first natural frequency in the case of
the 15 MW wind turbine is lower than that corresponding to the 10 MW

wind turbine which, in view of the shape of the mean PSA spectra
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Fig. 7. Mean peak and root mean square (RMS) tower top accelerations for the five different soil profiles used in this study.
Fig. 8. Mean peak and root mean square (RMS) tower top accelerations for the different assumptions related to kinematic interaction made in this study. Soil profile B.
for the ten seismic signals used in this study, contributes to reduce
its seismic response. No remarkable differences can be appreciated
between results obtained without considering kinematic interaction and
those computed including only the translational kinematic interaction
factor. However, clear differences can be appreciated between the
results obtained when both kinematic interaction factors are included
and those computed considering only inertial interaction. Therefore,
these differences are mainly attributed to the inclusion of the rotational
kinematic interaction factor which has a significant influence on the
variable under study. In fact, results increase from about 50% up to
106%, depending on the turbine and soil profile under study, when the
rotational kinematic factor is taken into account. This conclusion is co-
herent with the analysis of the kinematic interaction factors presented
in Section 4.1.2.
8

The variation of the soil profile has shown no relevant effects
neither when only inertial interaction is included nor when the trans-
lational kinematic interaction factor is considered. However, if the
rotational kinematic interaction term is taken into account, remark-
able differences are detected when comparing results corresponding to
different soil profiles. Higher mean peak values are reached when the
monopile is embedded in a softer soil profile, experiencing an increase
in the order of 20% to 30%, depending on the turbine considered, when
comparing results obtained for profile B with those corresponding to
profile L30.

For the purpose of elucidating how kinematic interaction affects the
seismic response of the superstructure, Fig. 8 depicts, in a superimposed
manner, results in terms of mean peak and root mean square tower
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Fig. 9. Mean peak and root mean square (RMS) bending moments at the mudline level (𝑀𝑏𝑎𝑠𝑒∕𝑎𝑔,𝑚𝑎𝑥) for the five different soil profiles used in this study.
Fig. 10. Mean peak and root mean square (RMS) bending moments at the mudline level for the different assumptions related to kinematic interaction made in this study. Soil
profile B.
top acceleration corresponding to three scenarios defined with different
assumptions regarding the inclusion of kinematic soil–structure inter-
action together with those computed under rigid base condition. The
three reference OWTs analysed in this work are here considered to be
supported on monopiles embedded in soil profile B. Including kinematic
interaction effects yields increments that go from 33% up to 90%,
depending on the turbine considered, with respect to those obtained
under the rigid base assumption. When comparing against those results
including only inertial interaction increases from about 45% up to 71%
are found. Therefore, neglecting the kinematic interaction effects would
lead to underestimate the superstructure seismic response in terms of
9

tower top acceleration.
4.3.2. Bending moments at seabed
The envelopes of maximum bending moments above mudline level

for all the OWTs considered in this work reach their maximum value
at the mudline level, confirming that this is a critical point in the
structural design of these units. Therefore, results in terms of mean and
root mean square values of the bending moments at the mudline level
normalised with the peak acceleration of the corresponding seismic
excitation (𝑀𝑏𝑎𝑠𝑒∕𝑎𝑔,𝑚𝑎𝑥) are plotted in Fig. 9. The first row depicts
results computed including both kinematic interaction terms which
exceed in all cases those obtained under rigid base assumption by from
30% to 54% depending on the turbine and soil profile considered. Note

that softer soil profiles yield higher values of the response. The second
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row illustrates the influence of considering only inertial soil–structure
interaction, which is remarkable for the two largest wind turbines. The
soil profile in which the monopile is embedded does not yield important
variations in the obtained results. Finally, the third row shows that the
effects of including only the translational kinematic interaction term 𝐼𝑢
re not significant.

In order to better illustrate the importance of taking kinematic
nteraction into account, Fig. 10 presents results corresponding to
he different assumptions adopted in this study plotted in a super-
mposed manner. The inclusion of both kinematic interaction terms
ields greater mean peak bending moments at the mudline level than
hose computed under the rigid base condition. An increase from about
.5% up to 33% can be observed depending on the turbine under
tudy. Therefore, it is clear that neglecting these effects could lead to
nderestimate the seismic response of the superstructure.

. Conclusions

This paper outlines the main conclusions drawn from a study on
he contribution of kinematic interaction to the response of three large
onopile-supported OWTs with rated powers of 5, 10 and 15 MW,

o ten real accelerograms. To do so, a finite element substructuring
implified model in the frequency domain is used. The impedance func-
ions and kinematic interaction factors characterising the foundation
ehaviour are computed through a previously developed continuum
odel for the layered half space that allows to consider complex soil
rofiles. Each monopile foundation is considered to be embedded in
ive different soil profiles.

Results are presented in terms of mean peak and root mean square
alues of the tower top acceleration and the bending moment at the
udline level normalised with the peak acceleration of the correspond-

ng seismic excitation.
When only inertial interaction is taken into account, the seismic

esponse values obtained are generally below those corresponding to
igid base condition.

The seismic response obtained when including only the transla-
ional kinematic interaction factor almost matches that computed when
onsidering only inertial interaction.

The rotational kinematic interaction factor is shown to have a
eterminant role in the OWTs seismic response which is consistent
ver all the significant duration of the earthquake ground motion. In
act, a remarkable increase of the response amplitude is observed as
consequence of including the rotational kinematic interaction factor,

pecially on the second mode.
The variation of the soil profile has shown no relevant effects unless

he rotational kinematic interaction term is taken into account. Higher
ean peak values are reached when the monopile is embedded in a

ofter soil profile, yielding differences up to 30% for the soil profiles
onsidered in this study.

Considering kinematic interaction effects yields response values
hat can almost duplicate those obtained under rigid base assumption.
herefore, neglecting them could lead to underestimate the seismic
esponse of large monopile-supported offshore wind turbines.
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