
Engineering Structures 300 (2024) 117191

A
0
n

I
r
C
I
d

A

K
O
J
S
G
O

1

f
a
o
a
i
r
t
s
f
a
e

a
a
T
S
t
g

h

Contents lists available at ScienceDirect

Engineering Structures

journal homepage: www.elsevier.com/locate/engstruct

nfluence of wind and seismic ground motion directionality on the dynamic
esponse of four-legged jacket-supported Offshore Wind Turbines
arlos Romero-Sánchez ∗, Luis A. Padrón

nstituto Universitario de Sistemas Inteligentes y Aplicaciones Numéricas en Ingeniería (SIANI), Universidad de Las Palmas de Gran Canaria (ULPGC), Las Palmas
e Gran Canaria, 35017, Spain

R T I C L E I N F O

eywords:
ffshore wind turbine
acket
oil–structure interaction
round motion directionality
penFAST

A B S T R A C T

This paper aims at investigating the influence of the direction of wind and seismic ground motion on the
structural response of four-legged jacket support substructures for bottom-fixed Offshore Wind Turbines located
in areas with non-negligible seismic risk. To do that, a parametric analysis that considers thirteen seismic
shaking directions, seven wind directions and four earthquake records is carried out. The results are presented
in terms of accelerations, axial forces, bending moments and shear forces in the jacket substructure. The
NREL 5 MW wind turbine supported on the jacket designed for the phase I of the OC4 project is considered.
The response of the system is simulated using an OpenFAST model that takes into account multi-support
seismic input, soil–structure interaction and kinematic interaction. The results show that load combinations
with aligned wind and ground motion directions are never the worst-case scenario. On the contrary, the
largest accelerations are found when the shaking direction acts along the side-to-side direction, and the most
significant internal forces are usually found when the ground motion is aligned with one of the diagonals of
the base of the jacket and not aligned with the wind direction. The paper also discusses the specific ranges of
the angle of misalignment between wind and seismic shaking directions within which the maximum internal
forces are expected to be found.
. Introduction

The distance from the coast and the depth at which offshore wind
arms are being installed has been increasing due to several reasons,
mong which one can cite the expansion of the technology and the
pening of new markets, the need to avoid environmentally protected
reas, or the visual pollution from Offshore Wind Turbines (OWT)
nstalled near the coastline. Although floating wind energy is being
apidly developed, fixed-base wind turbines are still the dominant
echnology and a feasible possibility in many cases. In the case of
ignificant depths, jacket support structures tend to be an option. In
act, although the monopile is clearly the preferred technology, jackets
re the second preferred choice of developers (11.6% in 2021) and are
xpected to account for 13.4% of the near future [1].

Thus, fixed-base offshore wind turbines are moving to larger depths
nd, due to the expansion of the technology over the world, they are
lso increasingly being installed or planned in higher seismic risk areas.
hese two factors (depth and seismic risk) increase the relevance of
oil–Structure Interaction (SSI) on the design and on the response of
he support structures of these turbines. Current standards and design
uidelines state that earthquake resistance should be demonstrated for
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locations where seismic loads might be critical [2,3], but the experience
in this field is limited because the technology is relatively recent for
such sites.

The extensive research on the influence of dynamic SSI in the
field of monopile-supported OWTs has repeatedly demonstrated that it
significantly modifies the dynamic response of the system (see, for in-
stance, [4–7]). Some of the strategies employed to take SSI into account
in the analysis of the seismic response of monopiled offshore wind tur-
bines are the use of: linear or non-linear springs and dashpots as part of
the structural models [8–11], frequency-dependent stiffness and damp-
ing functions to represent the monopile–soil subsystem [7], Lumped
Parameter Models (LPM) to fit impedance functions of monopile–soil
subsystems into time-domain simulations [12,13], nonlinear Winkler
p-y and Q-z springs [14–16], or finite element models of the system
as a whole, including support structure, foundation and surrounding
soil [17,18]. In all these studies, the foundation dynamic characteristics
play a fundamental role in the overall dynamic and seismic response of
the support structure and in the reduction of the damage.

The amount of research devoted to the study of the dynamic re-
sponse of OWTs on jacket substructures taking SSI into account is
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much more limited. The strategies used in case of jacket-supported
OWTs founded on piles are, similarly to the case of monopiled OWTs:
linear or non-linear springs and dashpots [19], nonlinear Winkler p-
y and Q-z springs [20–22] or finite element models [23]. Thus, Alati
et al. [20] analysed the response of the NREL 5MW [24] turbine
using a full model implemented in BLADED [25] and considering a
jacket substructure founded on piles. The study showed that seismic
loading may cause a significant increase of stress resultant demands,
demonstrating the need for a seismic assessment in sites at risk from
earthquakes. Later, Abhinav and Saha [26] studied the nonlinear dy-
namic behaviour of jacket-supported OWTs noting that ignoring SSI
tends to over-estimate the ultimate strength characteristics of the OWT
by 3%–60%. In addition, Abhinav and Saha [27] demonstrated the
importance of SSI influence in loose sand and that the response of the
jacket under dynamic loading is largely governed by the stiffness of the
soil. On the other hand, Jalbi and Bhattacharya [19] developed closed-
form solutions for the fundamental frequency of these jacket-supported
OWTs taking SSI into account. Later, the same authors proposed a
methodology for the design of the jacket substructures in the concept
stage [28]. Jalbi et al. [29] also discussed the design of these structures,
focused on the importance of the natural frequencies, and suggested
that designer needs to optimize the configuration of the jacket and
must choose the vertical stiffness of the foundation such that rocking
modes of vibrations are prevented as they may interfere with the
1P frequencies of the rotor. At the same time, Gelagoti et al. [23]
explored the SSI effects in OWT support structures under seismic load-
ing. This comparative study discussed the structural behaviour of an
OWT supported on a monopile and on a four-legged jacket, and the
authors concluded that for the same loading combination, jackets may
be more efficient in mitigating seismically induced lateral rotations
than monopiles.

The effect of ground motion directionality on the seismic dynamic
response of monopile supported OWTs was analysed by Mo et al. [30,
31]. These studies were carried out in the time domain using Open-
FAST [32] and taking into account different possible modes of opera-
tion, parked condition and normal operation. The results showed that
the structural responses of the system are significantly affected by the
shaking direction. They also found that bi-directional horizontal ground
motion cases considering the excitation of the wind turbine in the fore–
aft and side-to-side directions result in a significant underestimation of
the structural responses while the environmental wind and wave loads
can contribute to either mitigate or increase the effect of ground motion
directionality. Jackets for OWTs subjected to different shaking direc-
tions were studied in some recent papers [33,34]. Ju and Huang [33]
established an analysis framework for jacket-supported offshore wind
turbines, considering some different ground motion directions (fore–
aft, side-to-side and diagonal direction) and environmental loads. The
results indicated that the combination of seismic and environmental
loads, during power production around the rated wind speed, normally
controls the design. A three-dimensional finite element model of the
soil–pile–jacket–tower was developed in Abaqus by James et al. [34].
They showed the importance of considering higher modes and multi-
directional ground motion, including the vertical component, on the
dynamic response of offshore wind turbines. In this regard, it is also
worth mentioning the study of Mroczek et al. [35] on the optimal
orientation of the jacket structure. Even though seismic loads are not
considered in this study, the authors analyse in detail which orienta-
tion, relative to the site specific metocean conditions, of a three-legged
jacket support structure, can provide the best structural response.

Thus, the influence of wind and ground motion directionality on
the dynamic and seismic response of jacket-supported OWTs, and the
identification of the most demanding combination, is still an open
question. For this reason, this paper aims at studying the influence
of wind and seismic ground motion directionality on the structural
response of the jacket support structure of offshore wind turbines
2

and at finding out whether there exist a set of combinations of wind
Fig. 1. General description of the jacket-supported OWT.

and shaking directions that should be paid special attention to. More
specifically, the study analyses the structural response of a four-legged
jacket substructure for the NREL 5MW OWT for a set of different wind
and ground motion orientations using an OpenFAST model that in-
cludes dynamic SSI and multi-support seismic input motions. Kinematic
interaction is also taken into account, as the seismic input signals are
filtered in order to take into account the effects of the presence of the
pile foundations in the stratified soil.

The present paper is structured in five sections. After the introduc-
tion, the parametric study to be performed is presented in Section 2,
defining the wind turbine, the jacket substructure, the soil deposit, the
seismic signals and the complete set of cases for the analysis. Once the
problem has been described, the methodology for the study is presented
in Section 3. Section 4 presents the most relevant results and provides
a final discussion on the dynamic response of the four-legged jacket-
supported OWT. Finally, a summary of the main conclusions from the
manuscript is presented in Section 5.

2. Problem case description

2.1. Wind turbine and support structure

The present study on the influence of wind and seismic shaking
directionality on the response of jacket-supported OWTs will be per-
formed on the well known NREL 5MW three-bladed turbine described
in [24]. The support structure considered is the jacket support sub-
structure designed for the phase I of the OC4 project, and described by
Vorpahl et al. [36]. This four-legged jacket structure is designed using
tubular members and consists of four bays. Table 1 and Fig. 1 summa-
rize the main characteristics of the system. The material properties of
the steel in the substructure are: Young’s modulus 𝐸 = 210 GPa, shear
modulus 𝐺 = 80.8GPa, mass density 𝜌 = 7850 kg∕m3 and damping ratio
𝜁 = 2%.
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Fig. 2. Definitions of the wind and ground motion directions considered in the parametric analysis. Plan View.
Table 1
Key parameters of the OWT.

Rating [MW] 5
Rated wind speed [m/s] 11.4
Rotor diameter [m] 126
RNA mass [ton] 350
Tower top thickness [mm] 30
Tower base thickness [mm] 32
Tower top diameter [m] 4.00
Tower base diameter [m] 5.60
Tower top height from mean sea level (𝐻Top) [m] 88.15
Tower base height from mean sea level [m] 20.15
Water depth (𝑊 ) [m] 50.00
Jacket height (𝐻Jacket ) [m] 70.15
Number of legs 4
Top leg spacing [m] 8.00
Base leg spacing [m] 12.00
Number of bracing levels 4
Pile diameter [m] 2.082
Pile thickness [mm] 60.00
Pile depth (𝐿Pile) [m] 34.00

Table 2
Properties of the soil deposit.

Soil profile layered
Type of soil sand
Poisson’s ratio, 𝜈𝑠 [-] 0.35
Density, 𝜌𝑠 [kg/m3] 2000
Shear modulus, 𝐺𝑠 [MPa] 42.6 (0 < 𝑧 < 5m)

61.9 (5 < 𝑧 < 14m)
87.4 (14 < 𝑧 < ∞)

Shear wave velocity, 𝑣𝑠 [m/s] 145.9 (0 < 𝑧 < 5m)
175.9 (5 < 𝑧 < 14m)
209.0 (14 < 𝑧 < ∞)

Damping, 𝜁𝑠 [-] 0.05

The jacket is assumed to be founded on the three-layer sandy soil
deposit defined by Jonkman et al. [37] for the OC3 project. Table 2
specifies the properties of the soil profile, while the properties of the
piles (summarized in Table 1) are those given by Alati et al. [20].
3

2.2. Set of cases for analysis

Fig. 2 presents a sketch that illustrates the parametric analysis
performed in this study. Assuming a fixed orientation of the four-
legged jacket support structure, the study considers a wide range of
independent wind and seismic shaking directions, in such a way that
a significantly high number of combinations is studied. Taking into
account the quarter symmetry of the structure, the wind is assumed
to blow in a 90◦ range, with 0◦ ≤ 𝜃𝑤 ≤ 90◦ and 𝛥𝜃𝑤 = 15◦, thus
obtaining 7 different cases for the wind direction. Simultaneously, 13
different horizontal ground motion directions are considered within a
180◦ range, with 0◦ ≤ 𝜃𝑠 ≤ 180◦ and 𝛥𝜃𝑠 = 15◦. The load combinations
are summarized in Table 3. The dynamic response of the substruc-
ture is analysed considering the combination of environmental loads,
frequently occurring operational loads and seismic loads, following
the requirements established by the design guidelines for locations
where seismic actions might be critical (see for instance IEC-61400-
1 [2]). Taking into account the four seismic signals described below,
all different combinations result in a total of 380 simulations, including
two additional cases in parked mode and without SSI. Each simulated
case has a total duration of 300 s, with the earthquake ground motion
starting at 𝑡 = 200 s, after the stationary operational response of the
system has already been reached. The turbine is simulated in a power
production operating mode. The wind turbine remains in power pro-
duction mode when the earthquake occurs, i.e., the generator continues
to run normally (emergency stop is not considered). In all cases, peak
responses for any given variable are computed as 𝑅𝑝 = max[(𝑅𝑥(𝑡)

2 +
𝑅𝑦(𝑡)2)1∕2], where 𝑅𝑥(𝑡) and 𝑅𝑦(𝑡) are the time histories of the responses
along 𝑥 and 𝑦 directions respectively.

Wind and wave loads are defined according to IEC 61400-3 [38].
The wind loads are computed using Turbsim for a wind speed at hub
𝑉ℎ𝑢𝑏 = 11.4 m/s, the rated wind speed of the turbine, and considering
Normal Turbulent Model (NTM [2]), Category B turbulent wind fields
and a Kaimal spectral model. The hub is always positioned according to
the wind direction. Aerodyn is used to computed the aerodynamic loads
on blades and tower. In all cases, it is assumed that wind and waves
both act in alignment based on IEC 61400-1 [2] and DNV-OS-J101 [3].
The load combinations are defined according to Section 11.6 [2] and to
DLC 11.1 [39] of the design guidelines. HydroDyn is used to calculated
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Table 3
Description of the set of cases studied.

Operating mode Wind loads Wave loads Earthquakes Cases

Parked mode No earthquake
Wind speed = 11.4 m/s Significant wave height = 8 m 7
Category B, NTM Peak-spectral period = 10 s

Power production Kaimal spectrum model JONSWAP spectrum 4 earthquakes
0𝑜 ≤ 𝜃𝑤 ≤ 90◦ (𝛥𝜃𝑤 = 15◦) Aligned – Wind direction 0𝑜 ≤ 𝜃𝑠 ≤ 180◦ (𝛥𝜃𝑠 = 15◦) 371

or no earthquake
Fig. 3. Normalized pseudo-spectral accelerations (PSA) and accelerograms (𝑎𝑔) of the selected seismic records.
Table 4
Information about the accelerograms.

Event name Station name 𝑎𝑔,𝑚𝑎𝑥(g) Observations Database

Imperial Valley-06, 1979 Niland Fire Station 0.11 Onshore ( RSN:186, Dir: 90◦) PEER
Superstition Hills-02,1987 El Centro Imp. Co. Cent. 0.36 Onshore (RSN:721, Dir: 0◦) PEER
Loma Prieta, 1984 Hollister City Hall 0.22 Onshore (RSN:777, Dir: 180◦) PEER
Miyakejima, 07/30/2000 Hiratsuka-ST1 0.19 Offshore (33.97N,139.40E, Dir: N-S) K-NET
the wave loads. The significant height of the incident waves is 8m.
egular and irregular waves are included.

.3. Definition of the seismic input ground motions

In order to study the seismic response in this paper, four different
ccelerograms have been considered. A possible relevant factor in
his type of problems is the difference between using accelerograms
ecorded at onshore or offshore stations (see Zhang and Zheng [40]).
or this reason, and in order to evaluate the possible influence of
his parameter, the four suitable accelerograms listed in Table 4 are
sed. Firstly, three acceleration signals from the PEER Ground Motion
atabase [41] where selected on the basis of the shear wave velocities
t the location of the station, so that they are close to the average
hear wave velocity of the soil deposit employed in this study. The
elected earthquake signals were recorded by stations located over soils
hose mean shear waves velocity 𝑉𝑠,30 is within the range from 190 to
20 m/s. Additionally, a seismic signal recorded at an offshore station
as also selected from the K-NET Database [42]. All signals present rel-
tively similar maximum ground accelerations (𝑎𝑔,𝑚𝑎𝑥). Table 4 presents

the most relevant information of each recording.
Regarding the evaluation of the magnitudes of the Peak Ground

Acceleration (PGA), the International Standard IEC 61400-1 [2] rec-
ommends the consideration of a 475-year recurrence period. In this
study, a site within the seismic zone 2, structure’s exposure level L2
and Seismic Risk Category SRC2 as defined by the ISO 19901-2 [43]
is assumed. Spectral response accelerations 𝑆𝑎,𝑚𝑎𝑝(0.2) = 0.5 g and
𝑎,𝑚𝑎𝑝(1.0) = 0.2 g at 0.2 s and 1.0 s, respectively, are considered. These
alues are representative of a moderate seismic hazard, consistently
ith the hypothesis of linear structural behaviour and, taking into
4

account the recurrence period mentioned above, lead to a PGA of
0.16 g. The selected recorded accelerograms are therefore normalized
to this common PGA of 0.16 g, and Fig. 3 presents the normalized
pseudo-spectral accelerations (PSA) and the accelerograms. These seis-
mic signals are prescribed at free-field ground surface, and are assumed
to be generated by vertically-incident far-field S-waves that produce the
seismic ground motion in a particular direction for each configuration.

3. Methodology

The non-linear aero-hydro-servo-elastic code OpenFAST [32] is used
herein to simulate the cases described above. In order to take into
account Soil–Structure Interaction, ground input motion and Kinematic
Interaction, the SubDyn module has been modified with the introduc-
tion of an LPM to represent the pile foundations embedded in the
stratified soils and with the ability to consider the seismic input motion
filtered by translational and rotational Kinematic Input Factors (KIFs).
The impedance functions and the KIFs needed to define the systems are
previously computed using a BEM–FEM model of the soil–foundation
subsystem, as detailed below.

3.1. OpenFAST numerical model

The numerical tool used in this paper is based on OpenFAST [32],
which is an open-source multi-physics and multi-fidelity tool for simu-
lating the coupled dynamic response of wind turbines. This code might
be considered not as a single program, but as a set of coupled com-
putational modules, each one of them designed to simulate a specific
subsystem. The different modules interact in a loosely coupled time-

integration scheme, where a glue-code transfers data among modules
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at each time step. This glue code is the FAST driver, that gathers all the
information and drives the time-domain solution forward step-by-step
using a predictor–corrector scheme.

The SubDyn module [44] was modified in order to be able to
take into account dynamic soil–structure interaction and multi-support
ground input motion. The input subroutine was modified to read the
seismic records and the parameters of the soil–structure interaction
model. The FEM subroutine and state-space formulation have been
also modified. These modifications allow considering seismic loads
using OpenFAST only (coupling with other software is not neces-
sary). The code allows not only horizontal, but also vertical and ro-
tational foundation input motion to be considered on multi-support
substructures.

The equation of motion of the substructure is written as:

𝐌�̈�(𝑡) + 𝐂 �̇�(𝑡) +𝐊𝐮(𝑡) = 𝐅(𝑡) −𝐌𝐠 �̈�𝐠(𝑡) − 𝐂𝐠 𝐮𝑔(𝑡) −𝐊𝐠 𝐮𝐠(𝑡) (1)

where the expression for the effective seismic loading is obtained
by separating the support motion effects from the response quantities
and transferring these input terms to right hand side [45]. Thus, the
motion vectors are partitioned to separate the response quantities from
the input: 𝐮(𝑡) includes the degrees of freedom of the structure and
𝐮𝐠(𝑡) contains the components of the foundation input motions at each
support. The dots represent differentiation with respect to time. The
global mass, damping and stiffness matrices have been partitioned
accordingly. 𝐅(𝑡) represents the external forces acting at each degree
of freedom of the structure. In contrast to the original SubDyn module
which assumes a fixed base, the new approach considers that the
vector of displacements at the boundary nodes, 𝐮𝐑(𝑡), contains the
displacements at the interface node with the tower, 𝐮𝐈(𝑡), and the
displacements at base nodes, which would move following the ground
motion vector.

𝐮𝑅(𝑡) =
(

𝐮𝑔(𝑡)
𝐮𝐼 (𝑡)

)

(2)

The beam elements in the jacket substructure are modelled as Tim-
oshenko three-dimensional beams, and discretized using two-nodes
12 degrees of freedom finite elements defined by the corresponding
stiffness and mass matrices, considering linear response and rigid joints.
On the other hand, the Craig–Bampton method is used to reduce the
number of the internal generalized degrees of freedom of the substruc-
ture. Taking all this into account, the general equation of motion is
transformed and the derived matrices are partitioned, so that one can
write:
[

�̃�𝐵𝐵 �̃�𝐵𝑚
�̃�𝑚𝐵 𝐼

](

�̈�𝐼 (𝑡)
�̈�𝑚(𝑡)

)

+
[

�̃�𝐵𝐵 �̃�𝐵𝑚
�̃�𝑚𝐵 𝐂𝑚𝑚

](

�̇�𝐼 (𝑡)
�̇�𝑚(𝑡)

)

+
[

�̃�𝐵𝐵 0
0 𝐊𝑚𝑚

](

𝐮𝐼 (𝑡)
𝐪𝑚(𝑡)

)

=
(

�̃�𝑡𝑝(𝑡)
�̃�𝑚(𝑡)

)

−
[

𝐌𝐼𝑏
𝐌𝑚𝑏

]

�̈�𝑔(𝑡) −
[

𝐂𝐼𝑏
𝐂𝑚𝑏

]

�̇�𝑔(𝑡) −
[

𝐊𝐼𝑏
𝐊𝑚𝑏

]

𝐮𝑔(𝑡)

(3)

where 𝐌[⋅⋅], �̃�[⋅⋅], 𝐂[⋅⋅], �̃�[⋅⋅], 𝐊[⋅⋅] and �̃�[⋅⋅] are the resulting mass,
damping and stiffness submatrices, which are computed during initial-
ization; 𝐪𝑚(𝑡) and �̃�𝑚(𝑡) represent the displacements and the external
forces at the interior nodes approximated by a subset of the interior
generalized DOFs; and �̃�𝑡𝑝(𝑡) are the forces at the transition piece.
The right-hand side of the equation shows the external forces on the
substructure and the effective seismic loading. State-space formulation
of the substructure structural dynamic is used to integrate SubDyn into
the FAST driver. The equation of motion is cast into standard linear
system state equation of the form:

�̇�(𝑡) = 𝐀𝐱(𝑡) + 𝐁𝐮(𝑡) + 𝐅𝑥(𝑡) (4)

where A and B are matrices of constants coefficients.
The implementation of the multi-support input motion and of the

dynamic soil–structure interaction model have been verified by com-
parison against results obtained from a finite-elements beam model of
5
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Table 5
OWT Natural frequencies.

Fixed-base model Flexible-base mode

1st side-to-side mode 0.314 Hz (3.18 s) 0.302 Hz (3.31 s)
1st fore–aft mode 0.316 Hz (3.16 s) 0.300 Hz (3.33 s)
2nd side-to-side mode 1.165 Hz (0.86 s) 0.987 Hz (1.01 s)
2nd fore–aft mode 1.213 Hz (0.82 s) 0.949 Hz (1.05 s)

the offshore wind turbine without wind or waves. More details about
the modifications and the verification cases are described in Romero-
Sánchez and Padrón [46]. The code is available in OpenFAST version
3.0.0 and can be downloaded at: https://github.com/mmc-siani-es/
openfast_3.0.0_multisupport.

3.2. Soil–structure interaction and seismic action modelling

The impedance of the soil–foundation subsystem is introduced in
the model through individual simplified Lumped Parameter Models for
each pile foundation at the base of each leg. The mathematical details
of this LPM are described in Carbonari et al. [47], while the details
about its implementation into SubDyn can be found in Romero-Sánchez
and Padrón [48]. This LPM configuration allows to model and fit the
translational 𝐾𝑥𝑥(𝜔), rotational 𝐾𝜃𝜃(𝜔) and coupled horizontal-rocking

𝑥𝜃(𝜔) complex-valued impedance functions simultaneously, while the
pring–damper model is adopted for vertical 𝐾𝑧𝑧(𝜔) and torsional 𝐾𝑡(𝜔)
mpedances. It also allows to introduce the most relevant aspects of
hese frequency-domain impedance functions into the time-domain
imulation of the whole system in OpenFAST.

The lateral and rotational KIFs quantify the filtering effect that the
resence of the foundation produce over the incoming seismic waves.
hus, these complex-valued frequency-domain factors 𝐼𝑢(𝜔) and 𝐼𝜃(𝜔)
re defined as the ratio between the pile head displacement or rotation
nd the free-field motion. To obtain these functions, the embedded
ortion of a single pile, in the soil profile under consideration, is
ssumed to be subjected to vertically-incident S-waves. The standard
requency Domain Method of response [49] is employed to filter the
arthquake signals according to these KIFs.

Impedance functions and KIFs are all computed using the numerical
odel described by Álamo et al. [50] for the dynamic analysis of pile

oundations in complex soil profiles. This model is based on the use of
he integral expression of the reciprocity theorem together with specific
reen’s functions for a viscoelastic layered half-space for representing

he soil behaviour, including its radiation and material damping.
Table 5 presents the first and second side-to-side (SS) and fore–aft

FA) natural frequencies of the system, obtained from the SS and FA
ccelerations at the tower top, when the wind turbine is in parked con-
itions and subjected to environmental loads. These computed values
re very close to those obtained by Alati et al. [20] for this case. In
rder to show the relevance of soil–structure interaction, these natural
requencies are listed considering both fixed-base and flexible-base
odels. As expected, soil–structure interaction plays a significant role

n the reduction of the natural frequency, causing, for instance, a 5%
eduction in the fore–aft fundamental frequency.

In Fig. 4, these natural frequencies are presented on top the ac-
eleration response spectra of the considered earthquakes. This figure
ighlights the fact that, even though all four seismic signals have been
ormalized to a common peak ground acceleration, the spectral values
or the different earthquakes differ significantly around both natural
requencies. In most cases, the largest spectral values are found for the
oma Prieta signal, while the lowest are found for the Superposition
ill record. These observations will have an impact on the different
unctions that will be analysed later.

https://github.com/mmc-siani-es/openfast_3.0.0_multisupport
https://github.com/mmc-siani-es/openfast_3.0.0_multisupport
https://github.com/mmc-siani-es/openfast_3.0.0_multisupport
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Fig. 4. Acceleration response spectra of the seismic signals considered and first and second natural frequencies of the structural system.
Fig. 5. Trajectories at the tower top during the seismic shaking, for the Loma Prieta seismic input and for 𝜃𝑤 = 0◦ and 45◦.
t
t

i
d
4
m
d
t
p
p
d
a

4. Results

4.1. General response and tower top trajectories in different scenarios

The influence of the different load scenarios described in Section 2
can be qualitatively understood from Fig. 5, where the trajectories of
tower top under the thirteen different ground motion directions for the
Loma Prieta earthquake signal, and two wind directions, are depicted.
The motions corresponding to the 𝜃𝑤 = 0◦ and 45◦ incoming wind
irections are plotted in black and blue curves, respectively, and two
rrows of the same colours are included in the first plot (in absence of
arthquake) to represent such wind directions. The red dot represents
6

he initial position of the tower top in unloaded conditions. In all cases, t
he motions are plotted between 𝑡 = 200 and 𝑡 = 240 s, coinciding with
he duration of the seismic shaking.

These plots provide a sense on how the structural system is respond-
ng at the different configurations. When wind and seismic shaking
irections are aligned (cases 𝜃𝑤 = 0◦ and 𝜃𝑠 = 0◦ or 180◦, or 𝜃𝑤 = 𝜃𝑠 =
5◦) the trajectories are located along an elongated area. As expected,
otions describe a wider area when wind and seismic ground motion
irections are misaligned. The major axis of the ellipse drawn during
he motions tend to be oriented with the shaking direction, for this
articular seismic input. When wind and ground motion direction are
erpendicular (for instance, for 𝜃𝑤 = 0◦ and 𝜃𝑠 = 90◦) trajectories
escribe the largest area. In this regard, it is also observed that the
mplitude of the excursion due to the seismic shaking (the length of

he major axis of the ellipse) when wind and ground motion direction
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Fig. 6. Power Spectral Densities obtained from the tower top accelerations in power production conditions, under the Loma Prieta seismic input and for 𝜃𝑤 = 0◦ and 45◦.
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re perpendicular is significantly larger that the excursion due to the
eismic shaking when wind and ground motion are aligned. This is
ecause, in the first case, the shaking takes place in the side-to-side
irection, for which the aeroelastic damping is much smaller than in
he fore–aft direction. Another way to analyse the influence of the
eroelastic damping is to perform a frequency domain comparison.
ig. 6 presents the Power Spectral Densities obtained from the tower
op accelerations under power production conditions. The wind direc-
ion is considered in two different cases (𝜃𝑤 = 0◦ and 45◦) and the
oma Prieta earthquake acts in fore–aft and side-to-side directions. As
xpected, the accelerations signals in fore–aft direction (blue line) are
ore damped than in the side-to-side direction. This phenomenon is
ue to the aeroelastic damping induced by the sweeping rotor in the
ore–aft direction when the wind turbine is in operational conditions.
his observation will be relevant later to provide some insight on how

nternal forces evolve for the different configurations. It is also worth
oting that, in absence of seismic input and for both wind directions,
he trajectories of the tower top are not exactly aligned with the
ndeformed (0,0) position due to the fact that the rotor is rotating and
ts effects are not symmetrical in the side-to-side direction.

.2. Influence of ground motion directionality and seismic input signal

To study the influence of ground motion directionality and seismic
nput signal, Fig. 7 shows the peak responses of accelerations and
everal internal forces for all earthquake considered in this study.
pecifically, the peak accelerations obtained at the transition piece, and
he peak bending moments, axial and shear forces at specific nodes of
he jacket substructure, are presented for all shaking directions in polar
lot format. Results for 𝜃𝑤 = 0◦ and 90◦ are considered. A different
olour has been used for each earthquake, considering the same colours
s in Fig. 3. The internal forces are presented, for each case, at the
acket node where the highest peak value is registered for each one of
he variables. In this regard, Fig. 8 illustrates the locations at which the
eak internal forces are found. The nodes where the peak axial forces
re developed are located near the bottom of the jacket legs, at the
oint with the bottom bracing, while the greatest shear forces arise at
he nodes of the upper part of the jacket legs, at the joint with the
pper bracing. Finally the highest bending moments can be found at
he nodes where the jacket is connected to each pile head, at mudline
evel. The descriptions of these locations hold true for all configurations
ven though the specific leg, among the four legs of the jacket, at which
he peak value is located in every case, will obviously depend on the
irections of wind and seismic shaking.

Fig. 7 shows that the evolutions observed for the different variables
s a function of the ground motion direction 𝜃𝑠 are qualitatively equiv-
lent among the different earthquakes considered, but the magnitude
f the effects of each one of the seismic signals is clearly different.
he Loma Prieta is the input signal that produces the largest acceler-
7

tions and internal forces, while the Superstition Hill record generates A
ignificantly smaller effects. This is due to the differences found in
he response spectra of the different earthquakes, especially around
he natural frequencies of the system, as described in Section 3.2 (see
ig. 4). Thus, the shape of the polar plot for a particular variable and
ind direction is common to the four earthquakes, although the scales

hange.
The evolution of the peak accelerations at the transition piece with

he seismic shaking direction is quasi-symmetrical about the 90◦ axis.
he maximum accelerations occur when the directions of wind and
round motion are perpendicular to each other (i.e., when the shaking
cts along the side-to-side direction) and the minimum accelerations
ccur when both directions are aligned (i.e., when the shaking acts
long the fore–aft direction). This is the expected behaviour, as aero-
ynamic damping is always much smaller in the side-to-side direction.
ifferences in these peak accelerations due to the ground motion
irectionality can reach percentages of 20%.

The evolution of the internal forces with the shaking direction is less
ymmetrical. Different from the previous case, where maximum peak
ccelerations at the transition piece arose for 𝜃𝑠 = 0◦ and 90◦ along
he side-to-side directions, maximum peak internal forces develop, in
ost cases, for 𝜃𝑠 = 45◦ or 135◦ for any of the two considered wind
irections. Minimum peak values are often found for 𝜃𝑠 = 0◦, 90◦

r 180◦, especially in the case of axial forces. Regarding the bending
oments, an intersection between the curves corresponding to 𝜃𝑤 = 0◦

nd 90◦ is produced when the shaking acts at 45◦ for all earthquakes.
he highest peak response is produced at 𝜃𝑠 = 135◦. The shapes of
he polar curves, specially those of axial forces and shear forces, are
vidently due to the relative orientation between the layout of the
ase of the structure and the direction defined as 0◦, with a 45◦ angle
etween 𝜃𝑤 = 0◦ and the diagonal between legs (see Fig. 2). It is also
lear from the results that, as expected, ground motion directions of
◦ or 180◦ are not equivalent. Also, the polar plots obtained for the
hear force for 𝜃𝑤 = 0◦ and 90◦ are almost identical, while the rest of
esponse functions show a significant dependence on wind direction.

.3. Influence of wind direction

Fig. 9 presents the evolution of the peak axial forces and bending
oments at the nodes mentioned above (see Fig. 8) for all wind
irections. Again, shaking direction is represented in the polar axis
hile, in this case, the different curves represent the different wind
irections. In order to focus on the influence of wind direction on the
ystem response, results are presented for only one seismic signal (Loma
rieta).

In this case, both peak axial forces and peak bending moments tend
o reach the maximum values for 𝜃𝑠 = 135◦ and 𝜃𝑤 = 0◦, with these
nternal force decreasing for increasing 𝜃𝑤 for this shaking direction.
owever, this trend, as a function of 𝜃𝑤, is not common to all ground
otion directions and is almost the opposite, for instance, for 𝜃𝑠 = 0◦.

◦
t 𝜃𝑠 ≃ 45 , a crossing between the wind lines is observed for the peak
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Fig. 7. Influence of seismic shaking direction on the peak response values in terms of accelerations at the transition piece, and of bending moments, axial and shear forces for
𝜃𝑤 = 0◦ and 90◦.
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Fig. 8. Locations at which the different peak internal forces in the jacket substructure
rise.

ending moments, while this point of crossing moves to 𝜃𝑠 ≃ 75◦ in
he case of the axial forces. As mentioned above, the location of the
aximum axial forces is affected by the geometry and orientation of

he jacket, since the highest peak responses are found in this case when
he earthquake acts in the direction of one of the supports.

The analysis of the results in terms of not only peak values, but
lso root mean square (rms) values, is useful to understand whether
he observed trends are consistent along the responses, and are not
nly representative of isolated peaks. For this reason, Fig. 10 presents
he rms values in terms of axial forces and bending moments, under
he Loma Prieta earthquake, in such a way that the format of the
igure is equivalent to that of Fig. 9. Here, rms values are computed
long the significant duration of each seismic signal is presented. The
ommon Da595 significant duration [51] is considered, which is defined
s the time interval between 5%–95% of the Arias intensity [52]. The
omparison between Figs. 9 and 10 shows that the conclusions that can
e drawn in terms of both measures are equivalent to each other. The
8

hape and relative magnitudes of the curves is comparable though, of
ourse, magnitudes are different.

In order to examine more closely the influence of wind direction,
ig. 11 shows the variation of internal forces according to some partic-
lar ground motion direction for all seismic signals considered in this
aper. The 𝑥-axis presents the 7 wind directions used, and each line of
ifferent colour represents one representative direction of the shaking.
n this case, five relevant directions have been considered, specifically,
𝑠 = 0◦, 45◦, 90◦, 135◦ and 180◦.

No clear common trends are observed between the different earth-
uakes or directions. However, some interesting conclusions can be
rawn from these results. Firstly, the extend of the variation in the
omputed internal forces is generally larger for different ground mo-
ion directions than for different wind directions. In other words, the
irection of the seismic shaking tends to have a larger influence on
he span of these variables than wind direction. This is particularly so
hen studying shear forces. However, this is not always true, especially
hen looking at the axial forces, as the variations produced by shaking
r wind directions are similar when the Superstition Hill earthquake
s considered. Secondly, maximum peak axial forces and peak shear
orces are always found for 𝜃𝑠 = 45◦ or 135◦ (orange and purple
ines, respectively). This occurs for all wind directions. In the case
f bending moments, this observation does not always hold true, as
𝑠 = 180◦ yields higher bending moments in Superstition Hill and Loma
rieta earthquakes when 𝜃𝑤 ≥ 30◦. Finally, different behaviours are
bserved for different earthquakes, with only some exceptions where
imilar trends can be observed, and with the trends in the results for the
iyakejima earthquake (the only offshore recording) being different

rom any of the other cases. Thus, the need for considering always
ifferent seismic signals of different origins is clear.

.4. Influence of the misalignment between ground motion and wind direc-
ions

After having studied the influence of wind and seismic shaking di-
ections (in absolute terms) on the evolution of peak internal structural
orces in the jacket substructure, it is interesting to analyse now the
nfluence of the misalignments 𝛥 = 𝜃𝑤−𝜃𝑠 between ground motion and
ind directions. To do so, Fig. 12 illustrates the way in which the mean
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Fig. 9. Peak response values in terms of axial forces and bending moments in the jacket substructure under the Loma Prieta earthquake for all seismic shaking and wind directions.

Fig. 10. Root-means-square values in terms of axial forces and bending moments in the jacket substructure under the Loma Prieta earthquake for all seismic shaking and wind
directions.

Fig. 11. Influence of wind direction on the peak response values in terms of axial forces, bending moments and shear forces in the jacket substructure for all earthquakes.
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Fig. 12. Amplification ratios for axial forces, shear forces and bending moments for different misalignment angles between wind and ground motion direction.
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peak or rms values of the three considered internal forces vary for the
different misalignment values. For this purpose, results are presented
in terms of the following amplification ratios:

R𝑋max (𝛥) =

∑𝑛
𝑖=1

[

𝑋𝑚𝑎𝑥

(

𝜃𝑤𝑖
, 𝛥 + 𝜃𝑤𝑖

)]

∕𝑛

min𝛥

[

∑𝑛
𝑖=1

[

𝑋𝑚𝑎𝑥

(

𝜃𝑤𝑖
, 𝛥 + 𝜃𝑤𝑖

)]

∕𝑛
] (5)

𝑋rms (𝛥) =

∑𝑛
𝑖=1

[

𝑋𝑟𝑚𝑠

(

𝜃𝑤𝑖
, 𝛥 + 𝜃𝑤𝑖

)]

∕𝑛

min𝛥

[

∑𝑛
𝑖=1

[

𝑋𝑟𝑚𝑠

(

𝜃𝑤𝑖
, 𝛥 + 𝜃𝑤𝑖

)]

∕𝑛
] (6)

here 𝑋max can be peak axial forces 𝑁max(𝜃𝑤, 𝜃𝑠), shear forces 𝑉max(𝜃𝑤,
𝑠) or bending moments 𝑀max(𝜃𝑤, 𝜃𝑠) for a given combination of ground
otion and wind directions; 𝑋rms can be root-mean-square values of

xial forces 𝑁rms(𝜃𝑤, 𝜃𝑠), shear forces 𝑉rms(𝜃𝑤, 𝜃𝑠) or bending moments
𝑀rms(𝜃𝑤, 𝜃𝑠) for a given combination of ground motion and wind di-
rections, and at the same member at which the peak values are found
for each combination; and 𝑛 = 7 is the number of combinations for
any given 𝛥. This amplification factors provide information on how the
peak or rms values found for a given combination of seismic shaking
and wind directions with a certain misalignment between them relate
to the case in which such misalignment angle yields the smallest forces
among all of them.

The results show that the load combination that considers aligned
wind and ground motion actions (𝛥 = 0◦) is never the worst-case
cenario. This observation is in line with what was found by Mo
t al. [30,31] for monopiled OWTs. On the contrary, the misalignment
alues for which the highest forces are found tend to be 15◦ ≤ |𝛥| ≤ 45◦

or the axial forces, 45◦ ≤ |𝛥| ≤ 75◦ for the shear forces, and |𝛥| = 90◦

r 15◦ ≤ |𝛥| ≤ 45◦ for the bending moments, depending on the specific
arthquake.

.5. General trends considering wind and ground motion direction simulta-
eously

Another relevant factor to analyse within this study is how much
he internal forces increase with the arrival of an earthquake. In order
o quantify the significance of the seismic shaking, Fig. 13 shows the
mplification ratios between the results computed taking into account,
r disregarding (NS: Non-Seismic), the earthquake input, maintaining
lways the mode of operation in normal production. The horizontal axis
enotes each one of the different wind direction considered, hence the
10

irection of the hub. The different symbols represent the ground motion a
irection and the colours represent the four seismic signal considered.
eft and right plots present the results in terms of axial forces or
ending moments, respectively.

A first observation is that all amplification ratios are significantly
igher than the unit ratio, which illustrates the relevance of the seismic
ctions in terms of the peak forces developed along the jacket support
tructure. The specific value depends on the earthquake signal and on
he wind and ground motion directions, with ratios over 4 for axial
orces and 7 for bending moments, for the Loma Prieta earthquake.
ending moments are more affected by the seismic loads. In the case
f the axial forces, the highest ratios occur when wind directions are
𝑤 = 0◦ or 90◦, and the ground motion direction is 𝜃𝑠 = 45◦. In the case
f bending moments, the trends are not so clear with respect to wind
irection, but the highest ratios are found, as mentioned above, when
he shaking occurs in the side-to-side direction in each case.

Finally, and after having analysed in the detail the evolutions of the
nternal forces, Fig. 14 presents the rms values for the acceleration at
he tower top considering all ground motion directions in the polar plot,
nd one curve for every wind direction, for the Loma Prieta earthquake.

As expected, maximum accelerations are found, again, when the
haking occurs along the side-to-side direction in each case. The evo-
ution of the amplitudes is clear, with the smaller amplitudes arising
hen both actions are aligned, and increasing amplitudes of response
hen the shaking acts with larger angles of misalignment with respect

o the wind direction. This tendency is due to the variability in the
eroelastic damping, and was already observed in Fig. 5.

. Conclusions

The present research has looked into the influence of wind and
eismic shaking directionality on the dynamic structural response of
acket-type support substructures for Offshore Wind Turbines located
n areas with non-negligible seismic risk. To do that, a parametric
tudy that included 13 seismic ground motion directions and 7 wind
irections was carried out. Four different earthquake records were
mployed, and results were presented in terms of accelerations, bending
oments, axial forces and shear forces in the jacket substructure. The

esponse of the NREL 5MW Offshore Wind Turbine on the jacket
ubstructure defined for the phase I of the OC4 project was simulated
sing an OpenFAST model that included soil–structure interaction and
ulti-support input motion. Kinematic interaction was also taken into
ccount, as the seismic input signals were filtered in order to take



Engineering Structures 300 (2024) 117191C. Romero-Sánchez and L.A. Padrón

i
s
m

h
a
s
s
t
a
u
t
w
t
d

a
s
h
f
|

n
b
c
m

Fig. 13. Ratios between peak seismic response and peak non-seismic response of axial forces and bending moments in the jacket substructure.
Fig. 14. Root-means-square values of accelerations at tower top for all ground motion and wind directions for the Loma Prieta seismic record.
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nto account the effects of the presence of the pile foundations in the
tratified soil. The turbine was assumed to be in power production
ode.

It was found that, due to aeroelastic damping (which is much
igher in the fore–aft direction than in the side-to-side direction) the
mplitude of the vibrations is much more relevant when the seismic
haking acts along the side-to-side direction, in comparison to the
ituation in which it acts along the fore–aft direction. However, due to
he geometry of the jacket, the conclusion is not the same when looking
t the internal forces. In this case, the maximum internal forces are
sually found when the ground motion is aligned with the direction of
he diagonal of the base of the jacket structure and not aligned with the
ind direction. It is also worth noting that the seismic shaking direction

ends to have a larger influence on the peak internal forces than wind
irection. This is particularly so when studying shear forces.

In any case, it is clear that the load combinations that assume
ligned wind and ground motion directions are never the worst-case
cenario. On the contrary, the misalignment values for which the
ighest forces are found tend to be 15◦ ≤ |𝛥| ≤ 45◦ for the axial
orces, 45◦ ≤ |𝛥| ≤ 75◦ for the shear forces, and |𝛥| = 90◦ or 15◦ ≤
𝛥| ≤ 45◦ for the bending moments. These ranges provide a relatively
arrow margin within which the worst-case scenario combination can
e found, although a specific combination cannot be specified for all
ases. This is partly so because the combinations for which the maxi-
11

um peak values are found vary, within these ranges, with different
arthquakes. Consequently, a sufficiently large set of seismic signals
ideally including also offshore stations) and of combinations of ground
otion and wind directions must be taken into account during the
hases of detailed design of jacket substructures for Offshore Wind
urbines located in areas with sufficiently high level of seismic risk.
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