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INTRODUCTION AND BACKGROUND 1

1.1 Introduction

One of the immediate challenges facing our society is the development of an energy
production system that is less reliant on fossil fuels. The reduction of CO; emissions is a
central goal of The European Green Deal, spearheaded by the European Commission,
which aims for climate neutrality by 2050. In the short term, member states have
committed to align their legislation and production systems to achieve a 55% reduction
in emissions by 2030. One of the key measures in the package is a proposal to raise the
share of renewable energy sources to at least 40% of the European Union’s total energy
mix. Wind energy represents a significant opportunity for addressing this challenge,
with offshore wind energy being one of the most promising options. In fact, offshore
wind energy has experienced remarkable growth in recent years, with global installed
capacity projected to reach 380 GW by 2030 [1].

Despite its potential, critical challenges in offshore wind development remain, in-
cluding the technology required for installation, maintenance, and the reduction of
environmental impact. Floating offshore wind technology is expected to gain market
presence in the near furure. However, most currently installed wind turbines are fixed
to the seabed, requiring suitable water depth conditions. As higher-capacity wind
turbines are installed at increasing depths, the supporting structures are subjected to
more demanding requirements. Thus, the expansion of this technology is oriented to-
ward the development of increasingly complex designs capable of withstanding greater
depths and larger distances from the coast. Regarding structural typologies, monopile
foundations are the most widely used. Nonetheless, their market share is likely to de-
cline in favour of jacket substructures, driven in part by the increasing average depth
of future installations.

In this regard, both the distance from the coast, and the depth at which offshore
wind farms are being installed, have been increasing due to several reasons among which
one can cite the expansion of the technology and the opening of new markets, the need
to avoid environmentally protected areas, or the visual pollution from offshore wind
turbines (OW'Ts) installed near the coastline. For the same reasons, fixed-base offshore
wind turbines are also increasingly being installed or planned in higher seismic risk
areas. Fig. 1.1 illustrates the most commonly used fixed foundations for moderately
deep and deep waters.

An OWT is subjected to time-varying loads, making it necessary to approach their
design and analysis from the perspective of structural dynamics. The design of sup-
port structures for wind turbines must ensure that the system’s natural frequencies are
sufficiently separated from the frequency components of the primary dynamic loads
it experiences. These loads include rotor unbalance, shadowing effects from the pass-
ing blades, wind spectra, and wave-induced forces. One subsystem that introduces
significant uncertainties and simplifications in its analysis is the soil-foundation sys-
tem, particularly for deep foundations such as piles and suction caissons. This issue is
especially relevant for OW'Ts, where foundations based on monopiles, pile groups, or
buckets are the standard technical solutions.

Instituto Universitario SIANI 3
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Figure 1.1. Fixed-bottom foundations for offshore wind turbines: monobucket,
monopile and jacket substructures.

1.2 Literature review

The analysis of the dynamic structural response of onshore and offshore wind turbines is
a relatively recent area of study that has been approached using a wide range of models
and methodologies, depending on the specific objectives (see, e.g., [2-4]). Dynamic
soil-structure interaction is a key aspect that integrated models must incorporate, as
numerous studies have shown that this interaction not only alters the dynamic behavior
of actual devices [5-8] but that soil-structure interaction effects can even be detrimental
to the system. As a result, using fixed-base models may lead to unsafe designs [9-11].

Even when soil-structure interaction is included, many of the dynamic analysis mod-
els available in the literature rely on simple substructuring models that use discrete
springs and dampers at the tower base (see, e.g., [12,13]), with their values often esti-
mated from simplified expressions or approximations. However, more accurate models
can be obtained by employing advanced continuous medium formulations to calculate
these parameters [14-19).

It is also important to note that most published studies on the dynamic and seismic
response of offshore wind turbines focus on monopile turbines, while jacket substruc-
tures have received less attention. The works of Jalbi et al. [20-22], Couceiro et al. [23],
and Abdullahi et al. [24] represent significant recent efforts to advance the understand-
ing and design of this type of structure.

From the perspective of loads to be considered in designing these structures, the
main guidelines and standards [25, 26] primarily focus on loads generated by wind,
waves, currents, and ice under various conditions, such as power production, idling and
stand-still as well as transient conditions (start-up, shutdown, faults...). Seismic loads,
on the other hand, have received less attention, partly due to the perception that these
structures are intrinsically safe during earthquakes [4], given their high fundamental

4 Advances in the dynamic and seismic analysis of jacket structures for the support of OWT



INTRODUCTION AND BACKGROUND 1

vibration periods relative to the characteristic frequencies of most earthquakes [27].
In contrast, a significant numbers of authors have emphasized the relevance of seismic
actions on the structural systems of the OWTs (see, among others, [8,28,29]). In line
with this motivation, it is worth highlighting the findings presented by Alati et al. [30].
In a specific case study, these authors concluded that the combination of wind, wave,
and seismic loads is more unfavorable than the load combinations prescribed by the
reference standard for the design of such structures. Cheng et al. [31] explored how
the dynamic response of the jacket is influenced by varying wind and wave directions,
highlighting the significant impact of emergency shutdown and parked conditions on
the fragility assessments for severe damage states in the tower and the substructure. Ju
and Huang [29] examined the NREL 5 MW jacket offshore wind turbine, emphasizing
that the combination of seismic and environmental loads during power production
typically governs the structural design of jacket substructures. Additionally, James
and Haldar [32] focused on the performance of tubular jacket members under yield
stress, incorporating multidirectional ground motion. Their findings underscored the
importance of accounting for higher mode effects and multidirectional seismic forces
when analysing the structural behaviour of OWTs, identifying the top and bottom
segments of the jacket leg as particularly vulnerable.

Some of the previously discussed studies focus on the evaluation of the structural
characteristics of OW'Ts using simplified structural models in frequency domain. The
dynamic behaviour of these support structures is a critical factor in system design, and
the different specific loading conditions, the variable geometry of the system resulting
from blade rotation, and the impact of the control system, highlight the necessity for
specialized tools capable of accurately modelling the different subsystems. To properly
analyse both the structural and the dynamic responses, time-domain simulations that
integrate nonlinear aero-hydro-servo-elastic effects are indispensable for capturing the
dynamics of the system performance under different operational scenarios [29,33-35].
One of the pieces of software built following this approach is OpenFAST [36], which is
a widely-used open-source tool for simulating the coupled dynamic response of wind
turbines in time domain. It is programmed in Fortran 95, and it might be consid-
ered not as a single program, but as a framework that couples computational modules
for aerodynamics, hydrodynamics for offshore structures, control and electrical system
dynamics, and structural dynamics. OpenFAST is a developing code with broad ac-
ceptance within the technical and scientific communities [37-40]; however, it currently
lacks advanced models to represent dynamic interactions with soil and foundation. At
the moment, two different methodologies are available for modelling soil-structure in-
teraction within the SubDyn module [41]. The first approach utilizes the soil-structure
interaction stiffness and mass matrices at the partially restrained bottom joints (con-
stant springs). The second approach employs the apparent fixity (AF) method [42],
which the foundation flexibility is represented by inclusion of a beam with fixed base
below the mudline. Although the original version does not provide advanced models,
various researchers and developers have been actively investigating and implementing
alternative methodologies within OpenFAST [43-46].

Instituto Universitario SIANI 5



1 INTRODUCTION AND BACKGROUND

1.3 Aims and objectives

This doctoral dissertation aims at advancing in the understanding of the dynamic and
seismic structural response of offshore wind turbines supported by jacket structures
with multiple supports on piles or suction caissons. In this way, the research aims to
contribute to the advancement of this technology, particularly for applications in deep
waters and locations with seismic risk.

The objectives of this project are fundamentally two:

1. To advance the development of methodologies, models, and tools for the dy-
namic and seismic analysis of jacket support structures for offshore wind turbines
founded on the seabed, including advanced models of soil-foundation-structure
dynamic interaction and taking into account the characteristics of the foundation
soil.

2. To deepen the understanding of two relatively unexplored aspects in jacket sub-
structures that may determine design outcomes in areas with significant seismic
risk:

e The study of foundation-soil-foundation dynamic interaction phenomena
occurring in multi-supported structures.

e The analysis of the influence of kinematic interaction on the overall seismic
response of the system.

1.4 Research group

The research group of the Continuum Mechanics and Structures Division, where this
PhD thesis is developed, specializes in the formulation and implementation of numerical
models to solve problems related to structural dynamics and elastic wave propagation.
The models created have provided numerical solutions to a variety of issues, including
soil-water-structure interaction, seismic response of vault dams, soil-structure inter-
action problems, dynamic response of pile foundations or buried structures, dynamic
behavior of poroelastic media, outdoor acoustic propagation, and the study and opti-
mization of noise barrier effectiveness.

In this context, the research group has applied its experience in infinite media
problems to address another important challenge: the design and analysis of support
structures for offshore wind turbines. This is a critical issue, where the influence of
soil-structure interaction on these devices must be considered. The present doctoral
dissertation is based on previous work carried out by the research group in this field.

The development of models for analysing the dynamic and seismic response of
the support structure of OW'Ts and their foundation are challenges that have been
addressed by the group in two research projects: “Advances in the Development of Nu-
merical Models for the Dynamic Characterization of Foundations for Wind Turbines”
(BIA2014-57640-R, 2015-2017) and “Influence of Soil-Structure Interaction Phenomena

6 Advances in the dynamic and seismic analysis of jacket structures for the support of OWT



INTRODUCTION AND BACKGROUND 1

on the Seismic Response of Offshore Wind Turbines” (BIA2017-88770-R, 2018-2020).
In the first project, two advanced numerical models of the soil-foundation system were
formulated and implemented to analyse the dynamic response of OWT foundations
using piles [17] or suction caissons [18]. In the second project, integrated models were
developed to study the dynamic structural response while accounting for soil-structure
interaction. These models incorporate all relevant elements (seabed, foundations, sub-
structure, tower, and rotor-nacelle-blades) and their mutual interactions. Three dif-
ferent types of foundations were considered, with each specific case comprising one or
several individual elements: a) gravity foundations, b) suction caissons (or buckets),
and c) monopiles and piles.

During the course of this thesis, the research group has been actively involved in two
projects within this field: (a)“ Design of Offshore Wind Turbine Support Structures Us-
ing Neural Networks Including Advanced Soil-Structure Interaction Models and Seismic
Excitation” (PID2020-120102RB-100), aimed at deepening the understanding of cer-
tain aspects related to the seismic response of wind turbine support structures and the
application of machine learning techniques for their design; and (b) “Computational
Models for Structural Analysis of the Dynamic Response of Offshore Wind Turbines
Founded on the Seabed. In addition, the influence of soil-structure interaction phe-
nomena and application to the Canary Islands” (ProID2020010025), primarily focused
on investigating the influence of soil-structure dynamic interaction phenomena on the
dynamic characteristics of these structures, with particular application to the Canary
Islands region.

The work presented in this thesis aligns with and extends the thematic focus of
the research group, contributing to the advancement of knowledge in these lines of
work, as the research presented here aims to develop dynamic and seismic analyses
of jacket substructures through advanced numerical modelling. The study integrates
the consideration of various subsystems and nonlinear phenomena, incorporating the
influence of the dynamic soil-structure interaction in multi-supported substructures.

1.5 Published works derived from the PhD Thesis

The first three contributions in JCR journals listed below collectively constitute the
compendium thesis. Additionally, two collaborations in JCR journal and various con-
tributions to conferences derived from the doctoral thesis are also listed.

1.5.1 Contributions in JCR journals

o C. Romero-Sanchez and L. A. Padron. Influence of wind and seismic ground
motion directionality on the dynamic response of four-legged jacket-supported
offshore wind turbines. Engineering Structures, 300:117191, 2024.

o C. Romero-Sanchez and L. A. Padrén. Seismic response of jacket-supported
offshore wind turbines for different operational modes considering earthquake
directionality. Ocean Engineering, 311:118798, 2024.
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o C. Romero-Sanchez, J. D. R. Bordén and L. A. Padron. Influence of foundation—
soil-foundation interaction on the dynamic response of offshore wind turbine jack-
ets founded on buckets. Journal of Marine Science and Engineering, 12(11):2089,
2024.

« A. J. Romero-Monzén, C. Romero-Sénchez, G. M. Alamo and L. A. Padrén.
Can a simple static-equivalent model be used to predict major trends in the dy-
namic structural response of monopile offshore wind turbines?. Applied Sciences,
15(3):1633, 2025.

o A. M. Kaynia, D. M. Pedersen, H. Askheim and C. Romero-Sanchez. Implemen-
tation of seismic soil-structure interaction in OpenFAST and application to an
offshore wind turbine on jacket structure. Marine Structures, 103:103832, 2025.

1.5.2 Conference contributions

o C. Romero-Sanchez and L. A. Padron. Implementation of ground input motion
and dynamic soil-structure interaction into OpenFAST for the seismic analysis
of offshore wind turbines. Congress on Numerical Methods in Engineering, 2022.

o C. Romero-Sanchez and L. A. Padrén. An implementation of multi-support input
motion into OpenFAST for the earthquake analysis of offshore wind turbines.
COMPDYN Proceedings, 2023.

« C. Romero-Sanchez, L. A. Padrén, G. M. Alamo, C. Medina, J. J. Aznérez and
O. Maeso. Comparative study of the influence of kinematic interaction on the
seismic response of monopile and jacket supported offshore wind turbines. In
Journal of Physics: Conference Series, volume 2647, 112002. IOP Publishing,
2024.

o C. Romero-Sanchez and L. A. Padréon. Dynamic structural response of four-
legged jacket-supported offshore wind turbine considering the effect of wind and
seismic ground motion directionality. 3rd Conference on Structural Dynamics
(DinEst 2024), 2024.

1.6 Justification of the thematic unity and coherence of
the PhD Thesis

The design of multi-supported structures, such as jacket substructures, is particularly
complex, as it not only involves meeting structural strength requirements under specific
conditions but also ensuring additional criteria related to the dynamic response of the
wind turbine and maximizing the service life of the entire system, aspects that are
closely interconnected. Moreover, dynamic interaction phenomena with the seabed
can be significant, depending on the properties of both the seabed and the type of

8 Advances in the dynamic and seismic analysis of jacket structures for the support of OWT



INTRODUCTION AND BACKGROUND 1

foundation used. Consequently, the study of this problem generally requires analytical
models that account for all involved components (structure, foundation, and seabed),
their mutual interactions, and, in particular, the characterization of the seabed as a
semi-infinite and, in general, heterogeneous medium.

Initially, the thesis focuses on coupling the advanced soil-foundation-structure dy-
namic interaction models developed by the research group with a hydro-aero-structural
code for wind turbines capable of detailed dynamic response modelling. Specifically,
the employed hydro-aero-structural code is OpenFAST [36], the open-source code sup-
ported by the National Renewable Energy Laboratory for this purpose. Given the
nonlinear nature of certain subsystems within the wind turbine (which is also a time-
variant system), the system state equations are solved in the time domain using a
step-by-step scheme. In contrast, the advanced models developed by the group have
been formulated in the frequency domain [17, 18, 56], allowing for the utilisation of
its advantages in dynamic system analysis. Therefore, it is necessary to explore and
implement the required numerical and methodological strategies to enable coupling of
both schemes. Figure 1.2 summarises schematically the proposed implementation of
the dynamic soil-structure interaction in OpenFAST [53].

On the other hand, verifications of the resulting models through comparison with re-
sults, available in the scientific literature are presented in different publications [52,53].
Subsequent to the integration and verification of the methodology, different studies
were conducted to investigate the dynamic and seismic behaviour of jacket substruc-
tures:

e The influence of wind and seismic ground motion directionality on the dynamic
response of four-legged jacket-supported OW'Ts is studied in the first publication
[47]. The study 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.

o The analysis of the seismic response for different operational modes for jackets on
piles is presented in the second publication [48]. The study aims to analyse how
jacket-supported OWTs functioning in three different operational modes (power
production, emergency shutdown and parked mode) respond to seismic actions
when subject to different incoming wind directions and ground motion shaking
directions.

o Finally, the third research publication investigates the impact of soil-structure
interaction and foundation—soil-foundation interaction on the dynamic behaviour
of jacket substructures founded on buckets for offshore wind turbines [49].

Additionally, the influence of kinematic interaction phenomena on the dynamic
and seismic response of offshore wind turbines supported by multi-supported jacket
structures founded on piles or suction caissons has been evaluated. In particular, a
comparative study was conducted in [54] to examine the influence of kinematic inter-
action on the seismic response of monopile and jacket supported OWTs.

Instituto Universitario SIANI 9
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Figure 1.2. Schematic soil-structure interaction modelling in aero-servo-hydro-elastic
code.

This document is structured into three chapters. The first comprises the current in-
troduction, the second contains the published papers that constitutes the compendium
thesis, and the third provides a summary of the main conclusions and future directions
derived from this piece of research. Furthermore, Appendix A contains three additional
conference papers and the final appendix provides a summary of the work in Spanish.
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ARTICLE INFO ABSTRACT

Keywords: This paper aims at investigating the influence of the direction of wind and seismic ground motion on the
Offshore wind turbine structural response of four-legged jacket support substructures for bottom-fixed Offshore Wind Turbines located
Jacket

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.

Soil-structure interaction
Ground motion directionality
OpenFAST

1. Introduction

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

Thus, fixed-base offshore wind turbines are moving to larger depths
and, due to the expansion of the technology over the world, they are
also increasingly being installed or planned in higher seismic risk areas.
These two factors (depth and seismic risk) increase the relevance of
Soil-Structure Interaction (SSI) on the design and on the response of
the support structures of these turbines. Current standards and design
guidelines state that earthquake resistance should be demonstrated for

* Corresponding author.

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

E-mail addresses: carlos.romero@ulpgc.es (C. Romero-Sanchez), luis.padron@ulpgc.es (L.A. Padrén).

https://doi.org/10.1016/j.engstruct.2023.117191

Available online 22 November 2023

0141-0296/© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nec-nd/4.0/).
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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
and at finding out whether there exist a set of combinations of wind
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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 5 MW 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 5 MW 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 = 80.8 GPa, mass density p = 7850kg/m> and damping ratio
¢ =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 (Hyyp) [m] 88.15
Tower base height from mean sea level [m] 20.15
Water depth (W) [m] 50.00
Jacket height (Hj,q.) [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 (Ly;,) [m] 34.00

Table 2
Properties of the soil deposit.

Soil profile layered
Type of soil sand
Poisson’s ratio, v, [-] 0.35
Density, p, [kg/m’] 2000

Shear modulus, G, [MPa] 42,6 (0<z<5m)
619 (5<z<14m)
87.4 (l14<z< )
1459 (0 <z <5m)
175.9 5 <z < 14m)
209.0 (14 < z < )
0.05

Shear wave velocity, v, [m/s]

Damping, &, [-]

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].
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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° < 6,, < 90° and 46,, = 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° < #; < 180° and 46, = 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 + = 200s, 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 R, = max[(R, (1) +
Ry(z)z)l/ 2], where R, (f) and R, (1) 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
Viup = 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-0S-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
0° <6, <90° (46, = 15°) Aligned — Wind direction 0° <6, <180° (46, = 15°) 371
or no earthquake
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Fig. 3. Normalized pseudo-spectral accelerations (PSA) and accelerograms (ay) of the selected seismic records.
Table 4
Information about the accelerograms.
Event name Station name Ay ax (8) 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 8 m.
Regular and irregular waves are included.

2.3. Definition of the seismic input ground motions

In order to study the seismic response in this paper, four different
accelerograms have been considered. A possible relevant factor in
this type of problems is the difference between using accelerograms
recorded at onshore or offshore stations (see Zhang and Zheng [40]).
For this reason, and in order to evaluate the possible influence of
this parameter, the four suitable accelerograms listed in Table 4 are
used. Firstly, three acceleration signals from the PEER Ground Motion
Database [41] where selected on the basis of the shear wave velocities
at the location of the station, so that they are close to the average
shear wave velocity of the soil deposit employed in this study. The
selected earthquake signals were recorded by stations located over soils
whose mean shear waves velocity V; 3, is within the range from 190 to
220 m/s. Additionally, a seismic signal recorded at an offshore station
was also selected from the K-NET Database [42]. All signals present rel-
atively similar maximum ground accelerations (a, ). 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 S, ,,,(0.2) 0.5g and
Samap(1.0) =0.2g at 0.2s and 1.0s, respectively, are considered. These
values are representative of a moderate seismic hazard, consistently
with the hypothesis of linear structural behaviour and, taking into
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account the recurrence period mentioned above, lead to a PGA of
0.16g. The selected recorded accelerograms are therefore normalized
to this common PGA of 0.16g, 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:

Mii(t) + Cua@) + Ku(r) = F(t) — Mg iig(t) - Cg u'g(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(r) includes the degrees of freedom of the structure and
u,(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(r) 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, ug(#), contains the
displacements at the interface node with the tower, uy(¢), and the
displacements at base nodes, which would move following the ground
motion vector.

u, (1)
UR(1)=< “f(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:

[ Mz Mg, ]( (1) )+[ Cos  Con ]( ur () )
MmB I qm(t) CmB Cmm qm(t)
Kpp 0 u () _
e [0 )= ®

( F,® >_ My, ]ﬁ (f)—[ Cr ]ﬁ (t)_[ Kpp ]u o

Fm(t) Mmb & Cmb § Kmb &

where My, M, Cp;, €., Kpj and K, are the resulting mass,
damping and stiffness submatrices, which are computed during initial-
ization; q,,(f) and F,(7) represent the displacements and the external
forces at the interior nodes approximated by a subset of the interior
generalized DOFs; and F‘,p(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:

X(t) = Ax(t) + Bu(?) + F (1) “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
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Table 5
OWT Natural frequencies.

Flexible-base mode

0.302 Hz (3.31 s)
0.300 Hz (3.33 5)
0.987 Hz (1.01 s)
0.949 Hz (1.05 s)

Fixed-base model

0.314 Hz (3.18 5)
0.316 Hz (3.16 s)
1.165 Hz (0.86 s)
1.213 Hz (0.82s)

1st side-to-side mode
1st fore-aft mode
2nd side-to-side mode
2nd fore-aft mode

the offshore wind turbine without wind or waves. More details about
the modifications and the verification cases are described in Romero-
Sanchez and Padrén [46]. The code is available in OpenFAST version
3.0.0 and can be downloaded at: https://github.com/mmec-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-Sanchez
and Padroén [48]. This LPM configuration allows to model and fit the
translational K, (w), rotational K,4(w) and coupled horizontal-rocking
K, y(w) complex-valued impedance functions simultaneously, while the
spring—damper model is adopted for vertical K, (w) and torsional K,(w)
impedances. It also allows to introduce the most relevant aspects of
these frequency-domain impedance functions into the time-domain
simulation of the whole system in OpenFAST.

The lateral and rotational KIFs quantify the filtering effect that the
presence of the foundation produce over the incoming seismic waves.
Thus, these complex-valued frequency-domain factors I,(w) and I,(w)
are defined as the ratio between the pile head displacement or rotation
and the free-field motion. To obtain these functions, the embedded
portion of a single pile, in the soil profile under consideration, is
assumed to be subjected to vertically-incident S-waves. The standard
Frequency Domain Method of response [49] is employed to filter the
earthquake signals according to these KIFs.

Impedance functions and KIFs are all computed using the numerical
model described by Alamo et al. [50] for the dynamic analysis of pile
foundations in 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 a viscoelastic layered half-space for representing
the 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
accelerations at the tower top, when the wind turbine is in parked con-
ditions and subjected to environmental loads. These computed values
are very close to those obtained by Alati et al. [20] for this case. In
order to show the relevance of soil-structure interaction, these natural
frequencies are listed considering both fixed-base and flexible-base
models. As expected, soil-structure interaction plays a significant role
in the reduction of the natural frequency, causing, for instance, a 5%
reduction in the fore-aft fundamental frequency.

In Fig. 4, these natural frequencies are presented on top the ac-
celeration response spectra of the considered earthquakes. This figure
highlights the fact that, even though all four seismic signals have been
normalized to a common peak ground acceleration, the spectral values
for the different earthquakes differ significantly around both natural
frequencies. In most cases, the largest spectral values are found for the
Loma Prieta signal, while the lowest are found for the Superposition
Hill record. These observations will have an impact on the different
functions that will be analysed later.
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Fig. 4. Acceleration response spectra of the seismic signals considered and first and second natural frequencies of the structural system.
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Fig. 5. Trajectories at the tower top during the seismic shaking, for the Loma Prieta seismic input and for 6,, = 0° and 45°.

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 6,, = 0° and 45° incoming wind
directions are plotted in black and blue curves, respectively, and two
arrows of the same colours are included in the first plot (in absence of
earthquake) to represent such wind directions. The red dot represents
the initial position of the tower top in unloaded conditions. In all cases,

Instituto Universitario SIANI 6

the motions are plotted between ¢ = 200 and 7 = 240s, coinciding with
the duration of the seismic shaking.

These plots provide a sense on how the structural system is respond-
ing at the different configurations. When wind and seismic shaking
directions are aligned (cases 6, = 0° and 6, = 0° or 180°, or 6§, = 0, =
45°) the trajectories are located along an elongated area. As expected,
motions describe a wider area when wind and seismic ground motion
directions are misaligned. The major axis of the ellipse drawn during
the motions tend to be oriented with the shaking direction, for this
particular seismic input. When wind and ground motion direction are
perpendicular (for instance, for §,, = 0° and 6, = 90°) trajectories
describe the largest area. In this regard, it is also observed that the
amplitude of the excursion due to the seismic shaking (the length of
the 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 6, = 0° and 45°.

are perpendicular is significantly larger that the excursion due to the
seismic shaking when wind and ground motion are aligned. This is
because, in the first case, the shaking takes place in the side-to-side
direction, for which the aeroelastic damping is much smaller than in
the fore-aft direction. Another way to analyse the influence of the
aeroelastic damping is to perform a frequency domain comparison.
Fig. 6 presents the Power Spectral Densities obtained from the tower
top accelerations under power production conditions. The wind direc-
tion is considered in two different cases (6,, = 0° and 45°) and the
Loma Prieta earthquake acts in fore-aft and side-to-side directions. As
expected, the accelerations signals in fore-aft direction (blue line) are
more damped than in the side-to-side direction. This phenomenon is
due to the aeroelastic damping induced by the sweeping rotor in the
fore-aft direction when the wind turbine is in operational conditions.
This observation will be relevant later to provide some insight on how
internal forces evolve for the different configurations. It is also worth
noting that, in absence of seismic input and for both wind directions,
the trajectories of the tower top are not exactly aligned with the
undeformed (0,0) position due to the fact that the rotor is rotating and
its effects are not symmetrical in the side-to-side direction.

4.2. Influence of ground motion directionality and seismic input signal

To study the influence of ground motion directionality and seismic
input signal, Fig. 7 shows the peak responses of accelerations and
several internal forces for all earthquake considered in this study.
Specifically, the peak accelerations obtained at the transition piece, and
the peak bending moments, axial and shear forces at specific nodes of
the jacket substructure, are presented for all shaking directions in polar
plot format. Results for 6,, = 0° and 90° are considered. A different
colour has been used for each earthquake, considering the same colours
as in Fig. 3. The internal forces are presented, for each case, at the
jacket node where the highest peak value is registered for each one of
the variables. In this regard, Fig. 8 illustrates the locations at which the
peak internal forces are found. The nodes where the peak axial forces
are developed are located near the bottom of the jacket legs, at the
joint with the bottom bracing, while the greatest shear forces arise at
the nodes of the upper part of the jacket legs, at the joint with the
upper bracing. Finally the highest bending moments can be found at
the nodes where the jacket is connected to each pile head, at mudline
level. The descriptions of these locations hold true for all configurations
even though the specific leg, among the four legs of the jacket, at which
the peak value is located in every case, will obviously depend on the
directions of wind and seismic shaking.

Fig. 7 shows that the evolutions observed for the different variables
as a function of the ground motion direction 6, are qualitatively equiv-
alent among the different earthquakes considered, but the magnitude
of the effects of each one of the seismic signals is clearly different.
The Loma Prieta is the input signal that produces the largest acceler-
ations and internal forces, while the Superstition Hill record generates

significantly smaller effects. This is due to the differences found in
the response spectra of the different earthquakes, especially around
the natural frequencies of the system, as described in Section 3.2 (see
Fig. 4). Thus, the shape of the polar plot for a particular variable and
wind direction is common to the four earthquakes, although the scales
change.

The evolution of the peak accelerations at the transition piece with
the seismic shaking direction is quasi-symmetrical about the 90° axis.
The maximum accelerations occur when the directions of wind and
ground motion are perpendicular to each other (i.e., when the shaking
acts along the side-to-side direction) and the minimum accelerations
occur when both directions are aligned (i.e., when the shaking acts
along the fore-aft direction). This is the expected behaviour, as aero-
dynamic damping is always much smaller in the side-to-side direction.
Differences in these peak accelerations due to the ground motion
directionality can reach percentages of 20%.

The evolution of the internal forces with the shaking direction is less
symmetrical. Different from the previous case, where maximum peak
accelerations at the transition piece arose for 6, = 0° and 90° along
the side-to-side directions, maximum peak internal forces develop, in
most cases, for 8, = 45° or 135° for any of the two considered wind
directions. Minimum peak values are often found for 6, = 0°, 90°
or 180°, especially in the case of axial forces. Regarding the bending
moments, an intersection between the curves corresponding to 6,, = 0°
and 90° is produced when the shaking acts at 45° for all earthquakes.
The highest peak response is produced at 6§, = 135°. The shapes of
the polar curves, specially those of axial forces and shear forces, are
evidently due to the relative orientation between the layout of the
base of the structure and the direction defined as 0°, with a 45° angle
between 6, = 0° and the diagonal between legs (see Fig. 2). It is also
clear from the results that, as expected, ground motion directions of
0° or 180° are not equivalent. Also, the polar plots obtained for the
shear force for 6,, = 0° and 90° are almost identical, while the rest of
response functions show a significant dependence on wind direction.

4.3. Influence of wind direction

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

In this case, both peak axial forces and peak bending moments tend
to reach the maximum values for §; = 135° and 6,, = 0°, with these
internal force decreasing for increasing 6,, for this shaking direction.
However, this trend, as a function of 6, is not common to all ground
motion directions and is almost the opposite, for instance, for 6, = 0°.
At 6, ~ 45°, a crossing between the wind lines is observed for the peak
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Fig. 8. Locations at which the different peak internal forces in the jacket substructure
arise.

bending moments, while this point of crossing moves to 6; ~ 75° in
the case of the axial forces. As mentioned above, the location of the
maximum axial forces is affected by the geometry and orientation of
the jacket, since the highest peak responses are found in this case when
the earthquake acts in the direction of one of the supports.

The analysis of the results in terms of not only peak values, but
also root mean square (rms) values, is useful to understand whether
the observed trends are consistent along the responses, and are not
only representative of isolated peaks. For this reason, Fig. 10 presents
the rms values in terms of axial forces and bending moments, under
the Loma Prieta earthquake, in such a way that the format of the
figure is equivalent to that of Fig. 9. Here, rms values are computed
along the significant duration of each seismic signal is presented. The
common D595 significant duration [51] is considered, which is defined
as the time interval between 5%-95% of the Arias intensity [52]. The
comparison between Figs. 9 and 10 shows that the conclusions that can
be drawn in terms of both measures are equivalent to each other. The
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shape and relative magnitudes of the curves is comparable though, of
course, magnitudes are different.

In order to examine more closely the influence of wind direction,
Fig. 11 shows the variation of internal forces according to some partic-
ular ground motion direction for all seismic signals considered in this
paper. The x-axis presents the 7 wind directions used, and each line of
different colour represents one representative direction of the shaking.
In this case, five relevant directions have been considered, specifically,
6, =0°, 45°, 90°, 135° and 180°.

No clear common trends are observed between the different earth-
quakes or directions. However, some interesting conclusions can be
drawn from these results. Firstly, the extend of the variation in the
computed internal forces is generally larger for different ground mo-
tion directions than for different wind directions. In other words, the
direction of the seismic shaking tends to have a larger influence on
the span of these variables than wind direction. This is particularly so
when studying shear forces. However, this is not always true, especially
when looking at the axial forces, as the variations produced by shaking
or wind directions are similar when the Superstition Hill earthquake
is considered. Secondly, maximum peak axial forces and peak shear
forces are always found for 6, = 45° or 135° (orange and purple
lines, respectively). This occurs for all wind directions. In the case
of bending moments, this observation does not always hold true, as
6, = 180° yields higher bending moments in Superstition Hill and Loma
Prieta earthquakes when 6,, > 30°. Finally, different behaviours are
observed for different earthquakes, with only some exceptions where
similar trends can be observed, and with the trends in the results for the
Miyakejima earthquake (the only offshore recording) being different
from any of the other cases. Thus, the need for considering always
different seismic signals of different origins is clear.

4.4. Influence of the misalignment between ground motion and wind direc-
tions

After having studied the influence of wind and seismic shaking di-
rections (in absolute terms) on the evolution of peak internal structural
forces in the jacket substructure, it is interesting to analyse now the
influence of the misalignments 4 = 6,, — 6, between ground motion and
wind directions. To do so, Fig. 12 illustrates the way in which the mean
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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:

b [X,W (0,”,,, 4+90, )] /n
ming [S0) [Xas (0 4+ 60, )] /7]
S [Xoms (6084 6,,)| /m
ming (S0 [Xoms (60 4+ 04, )| /1]

where X, can be peak axial forces N,,.(0,,.6,), shear forces V,,.(6,,,
0,) or bending moments M., (6,,, 0,) for a given combination of ground
motion and wind directions; X,¢ can be root-mean-square values of
axial forces N,.(0,,,0,), shear forces V,.(0,,0,) or bending moments
M50, 6,) 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 4. 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 (4 = 0°) is never the worst-case
scenario. This observation is in line with what was found by Mo
et al. [30,31] for monopiled OWTs. On the contrary, the misalignment
values for which the highest forces are found tend to be 15° < |4] < 45°
for the axial forces, 45° < |4| < 75° for the shear forces, and |4] = 90°
or 15° < |A| < 45° for the bending moments, depending on the specific
earthquake.

Ry, (4)=

max

()

(6)

RXnns(A) =

4.5. General trends considering wind and ground motion direction simulta-
neously

Another relevant factor to analyse within this study is how much
the internal forces increase with the arrival of an earthquake. In order
to quantify the significance of the seismic shaking, Fig. 13 shows the
amplification ratios between the results computed taking into account,
or disregarding (NS: Non-Seismic), the earthquake input, maintaining
always the mode of operation in normal production. The horizontal axis
denotes each one of the different wind direction considered, hence the
direction of the hub. The different symbols represent the ground motion
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direction and the colours represent the four seismic signal considered.
Left and right plots present the results in terms of axial forces or
bending moments, respectively.

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

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

As expected, maximum accelerations are found, again, when the
shaking occurs along the side-to-side direction in each case. The evo-
lution of the amplitudes is clear, with the smaller amplitudes arising
when both actions are aligned, and increasing amplitudes of response
when the shaking acts with larger angles of misalignment with respect
to the wind direction. This tendency is due to the variability in the
aeroelastic damping, and was already observed in Fig. 5.

5. Conclusions

The present research has looked into the influence of wind and
seismic shaking directionality on the dynamic structural response of
jacket-type support substructures for Offshore Wind Turbines located
in areas with non-negligible seismic risk. To do that, a parametric
study that included 13 seismic ground motion directions and 7 wind
directions was carried out. Four different earthquake records were
employed, and results were presented in terms of accelerations, bending
moments, axial forces and shear forces in the jacket substructure. The
response of the NREL 5MW Offshore Wind Turbine on the jacket
substructure defined for the phase I of the OC4 project was simulated
using an OpenFAST model that included soil-structure interaction and
multi-support input motion. Kinematic interaction was also taken into
account, as the seismic input signals were filtered in order to take
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105°

150°

165"

180°
RMS Accelerations at TT [m/sz]

0.6

75° —0 =0
v
L0 =157
0 =30°
J
50 =45
<0, =60
o570 =75
'
-+ =90°

Fig. 14. Root-means-square values of accelerations at tower top for all ground motion and wind directions for the Loma Prieta seismic record.

into account the effects of the presence of the pile foundations in the
stratified soil. The turbine was assumed to be in power production
mode.

It was found that, due to aeroelastic damping (which is much
higher in the fore-aft direction than in the side-to-side direction) the
amplitude of the vibrations is much more relevant when the seismic
shaking acts along the side-to-side direction, in comparison to the
situation in which it acts along the fore-aft direction. However, due to
the geometry of the jacket, the conclusion is not the same when looking
at the internal forces. In this case, the maximum internal forces are
usually found when the ground motion is aligned with the direction of
the diagonal of the base of the jacket structure and not aligned with the
wind direction. It is also worth noting that the seismic shaking direction
tends to have a larger influence on the peak internal forces than wind
direction. This is particularly so when studying shear forces.

In any case, it is clear that the load combinations that assume
aligned wind and ground motion directions are never the worst-case
scenario. On the contrary, the misalignment values for which the
highest forces are found tend to be 15° < |4] < 45° for the axial
forces, 45° < |A| < 75° for the shear forces, and |4] = 90° or 15° <
|4] < 45° for the bending moments. These ranges provide a relatively
narrow margin within which the worst-case scenario combination can
be found, although a specific combination cannot be specified for all
cases. This is partly so because the combinations for which the maxi-
mum peak values are found vary, within these ranges, with different

24

earthquakes. Consequently, a sufficiently large set of seismic signals
(ideally including also offshore stations) and of combinations of ground
motion and wind directions must be taken into account during the
phases of detailed design of jacket substructures for Offshore Wind
Turbines located in areas with sufficiently high level of seismic risk.

CRediT authorship contribution statement

Carlos Romero-Sdnchez: Conceptualization, Methodology, Soft-
ware, Validation, Formal analysis, Investigation, Writing — original
draft, Writing — review & editing, Visualization, Supervision, Funding
acquisition. Luis A. Padrén: Conceptualization, Methodology, Soft-
ware, Validation, Formal analysis, Investigation, Writing — original
draft, Writing — review & editing, Visualization, Supervision, Funding
acquisition.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Data availability

Data will be made available on request.

Advances in the dynamic and seismic analysis of jacket structures for the support of OWT



C. Romero-Sdnchez and L.A. Padrén

Acknowledgements

This research was funded by the Ministerio de Ciencia, Innovacién
y Universidades and the Agencia Estatal de Investigacién of Spain
(MCIN/AEI/10.13039/501100011033) and FEDER through research
project PID2020-120102RB-I00 and by Consejeria de Economia,
Conocimiento y Empleo (Agencia Canaria de la Investigacién, Inno-
vacién y Sociedad de la Informacién) of the Gobierno de Canarias
and FEDER, Spain through research project ProID2020010025. In
addition, C. Romero-Sénchez is a recipient of the research fellowship
(TESIS2022 010011), from the Program of predoctoral fellowships from
the Consejerfa de Economia, Conocimiento y Empleo (Agencia Canaria
de la Investigacién, Innovacién y Sociedad de la Informacién), Spain of
the Gobierno de Canarias and Fondo Social Europeo. The authors are
grateful for this support.

References

[1]

[2]

[3]

[4]

[5]

[61

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

Musial W, Spitsen P, Duffy P, Beiter P, Marquis M, Hammond R, et al. Offshore
wind market Report: 2022 edition. Technical report, National Renewable Energy
Lab.(NREL), Golden, CO (United States); 2022.

IEC. 61400-1:2020 Wind energy generation systems -
requirements. International Electrotechnical Commission; 2020.
DNV. Design of offshore wind turbine structures. Offshore standard DNV-OS-
J101. DetNorske Veritas AS; 2014.

Lombardi D, Bhattacharya S, Wood DM. Dynamic soil-structure interaction
of monopile supported wind turbines in cohesive soil. Soil Dyn Earthq Eng
2013;49:165-80.

Zania V. Natural vibration frequency and damping of slender structures founded
on monopiles. Soil Dyn Earthq Eng 2014;59:8-20.

Alamo GM, Aznérez JJ, Padrén LA, Martinez-Castro AE, Gallego R, Maeso O.
Dynamic soil-structure interaction in offshore wind turbines on monopiles in
layered seabed based on real data. Ocean Eng 2018;156:14-24.

Medina C, Alamo GM, Quevedo-Reina R. Evolution of the seismic response of
monopile-supported offshore wind turbines of increasing size from 5 to 15 MW
including dynamic soil-structure interaction. J Mar Sci Eng 2021;9(11):1285.
Bazeos N, Hatzigeorgiou GD, Hondros ID, Karamaneas H, Karabalis DL,
Beskos DE. Static, seismic and stability analyses of a prototype wind turbine
steel tower. Eng Struct 2002;24:1015-25.

Stamatopoulos GN. Response of a wind turbine subjected to near-fault excitation
and comparison with the Greek aseismic code provisions. Soil Dyn Earthq Eng
2013;46:77-84.

Krathe VL, Kaynia AM. Implementation of a non-linear foundation model for soil-
structure interaction analysis of offshore wind turbines in FAST. Wind Energy
2016;20(4):695-712.

Loken Ingrid B, Kaynia Amir M. Effect of foundation type and mod-
elling on dynamic response and fatigue of offshore wind turbines. Wind
Energy 2019;22(12):1667-83, arXiv:https://onlinelibrary.wiley.com/doi/pdf/10.
1002/we.2394.

Padrén LA, Carbonari S, Dezi F, Morici M, Bordén JDR, Leoni G. Seismic response
of large offshore wind turbines on monopile foundations including dynamic
soil-structure interaction. Ocean Eng 2022;257:111653.

Damgaard M, Zania V, Andersen Lars V, Ibsen LB. Effects of soil-structure inter-
action on real time dynamic response of offshore wind turbines on monopiles.
Eng Struct 2014;75:388-401.

Shi S, Zhai E, Xu C, Igbal K, Sun Y, Wang S. Influence of pile-soil interaction
on dynamic properties and response of offshore wind turbine with monopile
foundation in sand site. Appl Ocean Res 2022;126:103279.

Liang F, Yuan Z, Liang X, Zhang H. Seismic response of monopile-supported
offshore wind turbines under combined wind, wave and hydrodynamic loads at
scoured sites. Comput Geotech 2022;144:104640.

Zuo H, Bi K, Hao H. Dynamic analyses of operating offshore wind turbines
including soil-structure interaction. Eng Struct 2018;157:42-62.

Kjorlaug RA, Kaynia AM. Vertical earthquake response of megawatt-sized
wind turbine with soil-structure interaction effects. Earthq Eng Struct Dyn
2015;44(13):2341-58.

Kementzetzidis E, Corciulo S, Versteijlen WG, Pisand F. Geotechnical aspects of
offshore wind turbine dynamics from 3D non-linear soil-structure simulations.
Soil Dyn Earthq Eng 2019;120:181-99.

Jalbi S, Bhattacharya S. Closed form solution for the first natural frequency of
offshore wind turbine jackets supported on multiple foundations incorporating
soil-structure interaction. Soil Dyn Earthq Eng 2018;113:593-613.

Alati N, Failla G, Arena F. Seismic analysis of offshore wind turbines on
bottom-fixed support structures. Phil Trans R Soc A 2015;373(2035):20140086.

Part 1: Design

Instituto Universitario SIANI

12

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

PUBLICATIONS 2

Engineering Structures 300 (2024) 117191

Plodpradit P, Dinh VN, Kim K-D. Coupled analysis of offshore wind turbine jacket
structures with pile-soil-structure interaction using FAST v8 and X-SEA. Appl Sci
2019;9(8):1633.

Ju S-H, Hsieh C-H. Optimal wind turbine jacket structural design under ultimate
loads using Powell’s method. Ocean Eng 2022;262:112271.

Gelagoti FM, Kourkoulis RS, Georgiou IA, Karamanos SA. Soil-structure interac-
tion effects in offshore wind support structures under seismic loading. J Offshore
Mech Arct Eng 2019;141(6).

Jonkman J, Butterfield S, Musial W, Scott G. Definition of a 5-MW reference wind
turbine for offshore system development. Technical report, National Renewable
Energy Lab.(NREL), Golden, CO (United States); 2009.

Bossanyi EA. Bladed for windows user manual. Bristol, UK.; 2000.

Abhinav KA, Saha N. Coupled hydrodynamic and geotechnical analysis of jacket
offshore wind turbine. Soil Dyn Earthq Eng 2015;73:66-79.

Abhinav KA, Saha N. Nonlinear dynamical behaviour of jacket supported offshore
wind turbines in loose sand. Mar Struct 2018;57:133-51.

Jalbi S, Bhattacharya S. Concept design of jacket foundations for offshore wind
turbines in 10 steps. Soil Dyn Earthq Eng 2020;139:106357.

Jalbi S, Nikitas G, Bhattacharya S, Alexander N. Dynamic design considerations
for offshore wind turbine jackets supported on multiple foundations. Mar Struct
2019;67:102631.

Mo R, Cao R, Liu M, Li M. Effect of ground motion directionality on seis-
mic dynamic responses of monopile offshore wind turbines. Renew Energy
2021;175:179-99.

Mo R, Cao R, Liu M, Li M, Huang Y. Seismic fragility analysis of monopile
offshore wind turbines considering ground motion directionality. Ocean Eng
2021;235:109414.

National Renewable Energy Laboratory. OpenFAST documentation. Release
v3.4.1. 2023, https://openfast.readthedocs.io/en/main/. Code published at https:
//github.com/OpenFAST/openfast.

Ju S-H, Huang Y-C. Analyses of offshore wind turbine structures with
soil-structure interaction under earthquakes. Ocean Eng 2019;187:106190.
James M, Haldar S. Seismic vulnerability of jacket supported large offshore wind
turbine considering multidirectional ground motions. Structures 2022;43:407-23.
Mroczek MM, Arwade SR, Lackner MA. Design optimization of offshore wind
jacket piles by assessing support structure orientation relative to metocean
conditions. Wind Energy Sci 2023;8(5):807-17, URL https://wes.copernicus.org/
articles/8/807/2023/.

Vorpahl F, Popko W, Kaufer D. Description of a basic model of the “UpWind
reference jacket” for code comparison in the OC4 project under IEA Wind
Annex XXX. Fraunhofer Institute for Wind Energy and Energy System Technology
(IWES), Germany 450; 2011.

Jonkman J, Musial W. Offshore code comparison collaboration (OC3) for IEA
Wind Task 23 offshore wind technology and deployment. 2010.

IEC. 61400-3-1:2021 wind energy generation systems - Part 3-1: Design re-
quirements for fixed offshore wind turbines. International Electrotechnical
Commission; 2021.

DNV. Loads and site conditions for wind
DNV-ST-0437. DetNorske Veritas AS; 2016.
Zhang Q, Zheng XY. Offshore earthquake ground motions: Distinct fea-
tures and influence on the seismic design of marine structures. Mar Struct
2019;65:291-307.

Pacific Earthquake Engineering Research Center (PEER)2022. NGA-West2 Ground
Motion Database. 2022, Available online: ngawest2.berkeley.edu/. [Accessed on
20 November 2022].

National Research Institute for Earth Science and Disaster Resilience (K-
NET)2022. Strong-motion seismograph networks. 2022, Available online: https:
//www.kyoshin.bosai.go.jp/. [Accessed on 20 November 2022].

ISO 19901-2. International Organization for Standardization. ISO 19901-2:2022
Petroleum and natural gas industries — Specific requirements for offshore
structures — Part 2: Seismic design procedures and criteria. 2022.

Damiani R, Jonkman J, Hayman G. SubDyn user’s guide and theory manual.
Technical report, National Renewable Energy Lab.(NREL), Golden, CO (United
States); 2015.

Clough RW, Penzien J. Dynamics of structures. 3rd ed.. Computers & Structures;
1995.

Romero-Sanchez C, Padrén LA. An implementation of multi-support input motion
into openfast for the earthquake analysis of offshore wind turbines. Eccomas
Proceedia COMPDYN 2023;172-85, URL https://www.eccomasproceedia.org/
conferences/thematic-conferences/compdyn-2023/10396.

Carbonari S, Morici M, Dezi F, Leoni G. A lumped parameter model for
time-domain inertial soil-structure interaction analysis of structures on pile
foundations. Earthq Eng Struct Dyn 2018;47(11):2147-71.

Romero-Sanchez C, Padr6n LA. Implementation of ground input motion and
dynamic soil-structure interaction into openfast for the seismic analysis of
offshore wind turbines. In: Congress on numerical methods in engineering.
International Center for Numerical Methods in Engineering (CIMNE); 2022.

25

turbines. Offshore standard



2 PUBLICATIONS

C. Romero-Sdnchez and L.A. Padrén Engineering Structures 300 (2024) 117191

[49] Chopra AK. Dynamics of structures. Theory and applications to earthquake [51] Dobry R, Idriss IM, Ng E. Duration characteristics of horizontal components of
engineering. 7th ed.. Pearson; 2017. strong-motion earthquake records. Bull Seismol Soc Am 1978;68(5):1487-520.

[50] Alamo GM, Bordén JDR, Aznarez JJ. On the application of the beam model for [52] Arias A, Hansen R. Seismic design for nuclear power plants. Measure Earthq
linear dynamic analysis of pile and suction caisson foundations for offshore wind Intensity 1970;438-83.

turbines. Comput Geotech 2021;134:104107.

26 Advances in the dynamic and seismic anabysis of jacket structures for the support of OWT



PUBLICATIONS 2

2.2 Second publication: Romero-Sanchez and Padron, 2024,
Seismic response of jacket-supported offshore wind
turbines for different operational modes considering
earthquake directionality, Ocean Engineering.

Table 2.2. Second publication data.

Title Seismic response of jacket-supported
offshore wind turbines for different
operational modes considering
earthquake directionality

Authors C. Romero-Sanchez and L.A. Padron
Journal Ocean Engineering
DOI 10.1016/j.0ceaneng.2024.118798
ISSN 0029-8018
Impact factor 4.6
CiteScore 7.3
Category ENGINEERING, MARINE
Quartile Q1
Publisher ELSEVIER SCI LTD
Volume 311, Part 1
Date November 2024

Instituto Universitario SIANI 27



2 PUBLICATIONS

Ocean Engineering 311 (2024) 118798

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

Contents lists available at ScienceDirect

Ocean Engineering

OCEAN
ENGINEERING

Research paper

Seismic response of jacket-supported offshore wind turbines for different
operational modes considering earthquake directionality

Carlos Romero-Sanchez *, Luis A. Padrén

Instituto Universitario de Sistemas Inteligentes y Aplicaciones Numéricas en Ingenieria (SIANI), Universidad de Las Palmas de Gran Canaria (ULPGC), Las Palmas

de Gran Canaria, 35017, Spain

ARTICLE INFO ABSTRACT

Keywords: This study aims to analyse how jacket-supported OWTs functioning in three different operational modes (power

Offshore wind turbines production, emergency shutdown and parked mode) respond to seismic actions when subject to different

JaCkEt‘ incoming wind directions and ground motion shaking directions. To do so, the seismic response of the NREL

gperz;t;osl}al modes 5MW OWT founded on the OC4 jacket substructure is simulated using an OpenFAST model that includes
pen:

multi-support seismic input, soil-structure interaction and kinematic interaction. The impact of the working
conditions and of the directionality of the loads on the jacket substructure is analysed and discussed. The
tower top accelerations and displacements are examined for different sets of cases, and the seismic response
of the jacket is studied in terms of internal forces and von Mises stresses along the different levels of the
substructure. The results show, and quantify, the relevance of considering the different operational modes for
a correct design of the substructure and of the foundation. The maximum structural stresses within the jacket
substructure appear almost always in power production, with the exception of the top part of the legs, where

Ground motion directionality
Soil-structure interaction

higher stresses arise during emergency shutdown in several cases.

1. Introduction

Offshore wind technology is an increasingly cost-competitive and
reliable source of renewable energies in constant expansion (Global
Wind Energy Council, 2023). This expansion is boosting the interest
for planning new offshore wind farms at greater sea depths, which
encourages the use of jackets as support structures for fixed-bottom
Offshore Wind Turbines (OWTs). In fact, for future proposed projects,
there is a growing trend towards using jackets due to the increase in
maximum water depths for fixed-bottom offshore wind energy (Musial
et al., 2023). In recent years, projects with fixed-bottom offshore wind
turbines at water depths of more than 60 and 70 metres have been
announced (Musial et al., 2023).

Seismic-prone regions are also being increasingly considered for
new offshore wind farms, which adds earthquake loads as a potentially
critical design aspect. Thus, in such locations, structural design shall
take into account the influence of damages caused by a combination
of seismic and environmental loads. To do so, the standards (IEC,
2020; DNV, 2014) contemplate different operational modes for the
wind turbine. More precisely, three typical operational modes are
considered in the seismic response analysis (power production, parked
mode and emergency shutdown). In the case of power production,
the wind turbine continues to be in operation when an earthquake is

* Corresponding author.

detected. In the second operating state, the turbine is in a standstill
or an idling condition. In the third scenario, emergency shutdown, the
system rapidly disconnects the generator upon detecting a seismic load.

Two different approaches are generally considered when evaluating
the seismic response of OWTs: nonlinear simulations in time domain
or the response spectrum method (IEC, 2020). The combined effect
of aerodynamic and seismic loadings considering the different oper-
ational modes should be computed in time domain analyses. Recent
studies assume this approach for analysing the dynamic response of
monopile-supported offshore wind turbines subjected to an earthquake
event (Katsanos et al., 2017; Zuo et al., 2018; Asareh et al., 2016;
Padrén et al., 2022; Zuo et al., 2019; Yang et al., 2019; Xi et al., 2023).
On the basis of the results of the three typical operating scenarios, a
fragility analysis was performed in monopiles substructures by Katsanos
et al. (2017), highlighting the relevance of the earthquake excitations
for the design of offshore wind turbines. Using a 3D FEM Abaqus
model, and considering a specific case, Zuo et al. (2018) concluded
that the maximum displacements at the top of the tower when the
wind turbine rotates are larger than those when the wind turbine is
in parked condition, although opposite conclusions were found, for
instance, by Alati et al. (2015) and Yang et al. (2019) for similar
problems. Padrén et al. (2022) analysed the seismic behaviour of
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monopile-supported OWTs of different rated powers and found that the
way in which operational mode and dynamic soil-structure interaction
influence the seismic response of the OWT depends on the size and
rated power of the turbine, among other aspects. Zuo et al. (2019)
investigated the dynamic behaviours of OWTs subjected to combined
environmental and earthquake excitations in the power production
and parked modes, considering offshore and onshore seismic motions.
They concluded that, compared to the offshore earthquake ground
motions, using onshore seismic motions as inputs in the analysis may
underestimate the response of the OWTs in both modes of operation.

Another relevant factor in the study of the seismic response of
OWTs under different operational modes is the environmental and
ground motion directions. Yang et al. (2019) stated that the relative
orientation of the ground motion with respect to the wind direction
causes significant differences in the structural behaviour, highlighting
the impact of the misalignment between the direction of the ground
motion and of the environmental loads. In this regard, the effect of the
different misalignments between wind and shaking on the combined
seismic and aerodynamic loads for different operational scenarios has
not been investigated in detail. Mo et al. (2021) performed a seismic
fragility analysis of a monopile-supported OWT under different oper-
ational scenarios considering the ground motion directionality. They
noted that the aerodynamic damping amplified the effect of shaking
directionality in normal operation and suggested that the directionality
of the ground motion, the wind and waves loads, and the aerodynamic
damping should be taken into account in seismic analysis for OWTs.
Additionally, Ishihara et al. (2024) studied the effects of combined
seismic and aerodynamic loads for different operational modes. Here,
the effect of the misalignment between loads is studied for a gravity
foundation supporting the OWT, case for which it is found that the
maximum tower base moments are obtained in power production.

The influence of the different operational modes of the turbine
on the seismic response of the system in the case of jacket support
structures has been explored in significantly less studies than for the
monopile configuration. The dynamic behaviour of the jacket consid-
ering the wind and wave directions was studied by Cheng et al. (2023),
who found that the emergency shutdown and parked modes played
a significant role in the computed fragilities of severe damage states
of the tower and the jacket substructure. Similarly, Alati et al. (2015)
presented a study on the seismic response of jacket substructures under
combined wind-wave-earthquake loadings for different load cases and
found that structural stress demands are highly influenced by the oper-
ational mode. Ju and Huang (2019) studied the NREL 5 MW jacket-type
OWT and concluded that the combination of seismic and environmental
loads during power production often control the structural design in a
jacket substructure. In addition, James and Haldar (2022) analysed the
utilization of tubular members of the jackets in terms of yield stress
considering multidirectional ground motion. They showed the need of
considering higher modes and multidirectional ground motion on the
seismic analysis of OWTs. The top and bottom sections of the jacket leg
were found to be the most critical elements.

The analysis of the body of research outlined above reveals that
there exists a clear influence of the different operational modes and
of the misalignment between wind and ground motion direction on
the dynamic response of the substructures. It is also clear that the
response of jacked support structures is not as well studied as that
of its monopile counterpart. For these reasons, this study aims to
analyse the effects of the different operational scenarios on the struc-
tural response of jacket-supported offshore wind turbines considering
wind and seismic ground motion directionality. For monopiles, the
substructure is cylindrically symmetrical. However, this is not the case
for jackets, so the loads directionality may be more relevant. The
seismic response of the OWT under power production was studied in a
previous paper (Romero-Sanchez and Padrén, 2024) that showed that
load combinations with aligned wind and ground motion directions
are never the worst-case scenario in terms of internal forces in the
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Table 1

Main characteristics of the OWT.
Rating [MW] 5
Rotor diameter [m] 126
RNA mass [ton] 350
Hub height [m] 90.55
Rated wind speed [m/s] (V,) 11.4
Cut-out wind speed [m/s] (V,,) 25.0
Tower top height from mean sea level (HT‘,F) [m] 88.15
Tower base height from mean sea level [m] 20.15
Tower top thickness [mm] 30
Tower base thickness [mm] 32
Tower top diameter [m] 4.00
Tower base diameter [m] 5.60
Water depth (W) [m] 50.00
Jacket height (Hj,q,) [m] 70.15
Top leg spacing [m] 8.00
Base leg spacing [m] 12.00
Number of bracing levels 4
Number of legs 4
Pile diameter [m] 2.082
Pile thickness [mm] 60.00
Pile depth (Lp;,) [m] 34.00

Table 2

Soil profile properties.
Soil profile Layered
Type of soil sand
Poisson’s ratio, v, [-] 0.35
Density, p, [kg/m’] 2000

Shear modulus, G, [MPa] 426 (0<z<5m)
61.9 (5<z<14m)
87.4 (l4<z< )
1459 (0<z<5m)
175.9 (5<z < 14m)
209.0 (14 <z < )
Damping, &, [-] 0.05

Shear wave velocity, v, [m/s]

substructure. In this case, the influence of the different operational
modes on a four-legged jacket-supported OWT is analysed.

The paper is organized in five sections. The problem definition is
described in Section 2, where the jacket substructure for the NREL
5 MW OWT, the pile foundations, the characteristics of the stratified
soil, the seismic signals and the set of cases for the analysis, are
specified. Section 3 summarizes the numerical model employed for the
parametric analysis, a modified OpenFAST model that includes soil-
structure interaction, kinematic interaction and multi-support seismic
input motion. The dynamic structural behaviour of the jacket substruc-
ture and the comparative analysis of the different operational modes
are presented and discussed in Section 4, while the conclusions from
the study are presented in Section 5.

2. Problem definition
2.1. Offshore wind turbine properties

The reference NREL 5 MW three-bladed turbine, as described in
Jonkman et al. (2009), is assumed to be installed on the four-legged
jacket substructure detailed in the OC4 project (Vorpahl et al., 2011).
Vertical piles with a diameter of 2.082m and a length of 34m are
assumed as foundation under each leg. Steel material properties are:
Young’s modulus 210GPa, shear modulus 80.8 GPa, mass density
7850kg/m> and damping ratio 2%. Table 1 summarizes the main
characteristics of the system. The jacket consists of numerous tubular
elements joined together, and organized in 4 bracing levels. Fig. 1
illustrates the levels of the jacket substructure and the different loads
considered in the study. The soil profile properties, defined according
to the parameters of the three layer sandy soil used in Jonkman and
Musial (2010), Lgken and Kaynia (2019), are shown in Table 2.
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Fig. 1. Representation of the jacket-supported OWT subjected to wind, wave and earthquake loads.

2.2. Operational conditions

In this paper, the dynamic response of the OWT considering dy-
namic soil-structure interaction is studied for the different operational
modes: power production (PP), emergency shutdown (ES) and parked
mode (PM). According to IEC61400-1 (IEC, 2020), the earthquake load-
ing shall be superposed with operational loading equal to the higher of:
(a) earthquake with power production during normal operation (V,);
(b) loads during emergency stop at rated wind speed (V,); and (c) loads
during idling or parked condition at the cut-out wind speed (V).

For the power production scenario, when the earthquake arrives,
the wind turbine is assumed to continue in operation. Environmental
loads are defined according to IEC 61400-3 (IEC, 2021). The turbulent
wind fields (Kaimal spectrum) are computed using Turbsim (Jonkman,
2009) for a mean wind speed at hub ¥, = 11.4 m/s, assuming Normal
Turbulent Model (NTM (IEC, 2020)) and Category B turbulent wind
fields. The aerodynamic forces on blades and tower are computed using
the Blade Element Mode (BEM) theory in the AeroDyn module (Mori-
arty and Hansen, 2005). The hub is positioned according to the wind
direction. The Hydrodyn module is employed to compute the hydro-
dynamic loads considering regular and irregular waves (JONSWAP
spectrum). The significant height and peak spectra period are defined
in Table 4. The wind and waves loads act in alignment based on design
guidelines (IEC, 2020; DNV, 2014).

For the power production and the emergency shutdown scenarios,
the wind loads are generated based on the same rated wind speed (V).
In the case of emergency shutdown, the generator is disconnected and
the blades are pitched to feather with a pitching rate of 8 deg/s when
the first significant peak of the earthquake strikes the OWT. The wave

peak-spectral period and significant wave height are 10 s and 8 m,
respectively.

In the case of the parked mode, the mean wind velocity at hub is
assumed to coincide with the cut-out wind speed (V,,,), i.e., 25 m/s. The
significant height of the incident waves is 10 m. Regular and irregular
waves are included. In this mode, blade pitch angle is set to 90°, so the
aerodynamic load is insignificant compared with the other loads.

2.3. Ground motion selection

The system is assumed to be excited by vertically propagating shear
waves (S-waves). Four different accelerograms are used to obtain the
seismic response in the OWT. The acceleration signals are extracted
from two different databases, PEER Ground Motion Database (Pa-
cific Earthquake Engineering Research Center (PEER), 2022), and K-
NET (National Research Institute for Earth Science and Disaster Re-
silience (K-NET), 2022). A recording from an offshore station is ex-
tracted from this last database. The earthquakes have been selected
according to the average shear waves velocity V3, measured at the
recording location so that its value is similar to the range of V; 5, of the
soil profile considered in this study. Table 3 shows the main informa-
tion of the selected accelerograms: name and year of the earthquake
event, name of the station and maximum ground acceleration (@ pax)-

For the purpose of comparing the response to different accelero-
grams, the ground motion signals were linearly scaled to a Peak
Ground Acceleration (PGA) of 0.16g. This value is representative of
a moderate seismic hazard, consistent with the hypothesis of linear
structural behaviour and with the recommended recurrence period of
475 years (IEC, 2020) for a site within the seismic zone 2 (structure’s
exposure level L2 and Seismic Risk Category SRC2) defined by the
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Table 3
Details of the accelerograms used in the study (before scaling).
No. Event name Station name Ay ax(8) Database Observations
1 Imperial Valley-06, 1979 Niland Fire Station 0.11 PEER Onshore (RSN:186, Dir: 90°)
2 Superstition Hills-02, 1987 El Centro Imp. Co. Cent. 0.36 PEER Onshore (RSN:721, Dir: 0°)
3 Loma Prieta, 1984 Hollister City Hall 0.22 PEER Onshore (RSN:777, Dir: 180°)
4 Miyakejima, 07/30/2000 Hiratsuka-ST1 0.19 K-NET Offshore (33.97N,139.40E, Dir: N-S)

—— Imperial Valley
| —— Superstition Hill
‘ ——Loma Prieta
‘ Miyakejima

PSA (g)

\ M‘\W.“\MM

|
|

|

i

|

|
i
| A
v‘\“”v‘r‘l‘g‘\“\“w‘ \\-““\ e
AR 14| RO
| [|"

I TR

|

|

|

|

|

|

|

|

~<—— Emergency Shutdown

20 40 60 0 20 40 60
t(s) t(s)

Fig. 2. Normalized pseudo-spectral accelerations (PSA) and ground acceleration (a,) of the selected seismic signals. The vertical dashed lines mark the time at which ES is triggered

in each case.

ISO 19901-2 (ISO 19901-2, 2022). The recurrence period corresponds
to a probability of occurrence of 10% in 50 years, which is the
one established by Eurcode 8 - Part 5 (2018) for performing seismic
verifications. Fig. 2 represents the normalized acceleration spectra and
the ground acceleration of the seismic records considered.

2.4. Environmental and earthquake loads combinations

In order to analyse the effects of the operational modes and of
the misalignment between environmental and earthquake loads on the
seismic response of the jacket substructure, different combinations of
these parameters are studied. Different wind directions are established
from 6,, = 0° to 6, = 90° (46,, = 15°), while the ground motions are
rotated from 6, = 0° to 6, = 180° with intervals of 46, = 15°. Fig. 3
shows a graphical overview of the different load combinations used
in the analysis, and Table 4 presents a summary of the combinations
analysed, resulting in a total of 1113 different simulations. Note that
the hub is always oriented in the direction of the wind. The turbine
is simulated in the three operational modes (power production, emer-
gency shutdown and parked mode) mentioned above, as described in
IEC-61400-1 (IEC, 2020) and DNV-ST-0437 (DNV, 2016) for seismic
analysis. The simulation duration is 300 s in each case. In all cases, the
ground motion was applied at the start of the 200 s in order to avoid
the primary transient behaviour of the system.

3. Methodology
3.1. Numerical model

The seismic response of the system is computed through the code
OpenFAST (National Renewable Energy Laboratory, 2024). OpenFAST

is a multi-physics tool for simulating the coupled dynamic response of
wind turbines. It consists of different computational modules (AeroDyn,

Instituto Universitario SIANI

HydroDyn, ServoDyn, ElastoDyn and SubDyn) that enable coupled non-
linear aero-hydro-servo-elastic simulation in time domain. The Open-
FAST framework employs a modular approach, wherein the models
that simulate different aspects of the system are programmed into
modules that interact in a loosely coupled time-integration scheme
through a glue code that controls and coordinates the simulation,
transferring data among modules at each time step. Each module
integrates its equations through its own solver. In order to be able to
address the seismic analysis of the jacket-supported OWTs, the SubDyn
module (Damiani et al., 2015) (that models the dynamic response
of the substructure) was modified to include dynamic soil-structure
interaction and multi-support ground input motion. This modification
allows to consider horizontal, vertical and rotational foundation input
motion on multi-support substructures. The elements in the jacket
substructure are modelled as Euler-Bernoulli three-dimensional beams.
The Craig-Bampton method is used to reduce the number of the in-
ternal generalized degrees of freedom of the substructure. The results
obtained in OpenFAST are post-processed to obtain the internal forces
along the entire length of the elements.

The equation of motion is described in Eq. (1), where the motion
vectors have been partitioned to separate the response quantities from
the input (Clough and Penzien, 1995). Thus, the motion vectors include
the degrees of freedom of the structure, u(¢), and the components of
the foundation input motions at each support, u,(#). The global mass,
damping and stiffness matrices have been partitioned accordingly. The
matrices related to the forces arising from the motions of the supports
are denoted with the subindex g. F(r) represents the external forces
acting at each degree of freedom of the substructure.

Mii(r) + Cia() + Ku(r) = F(1) - My iy (1) — C, i, (1) — Kg (1) @

The equations are rearranged into a state-space type formulation
for time-domain resolution and for coupling with the rest of modules.
During each subsequent time step, SubDyn is coupled to ElastoDyn
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Fig. 3. Definitions of the wind and ground motion directions considered in the study.

Table 4
Summary of the set of cases considered.

Operational mode Wind loads

Wave loads

Earthquakes Cases

Power production Wind speed = 11.4 m/s

0° <0, <90° (40, = 15°)
Emergency shutdown Wind speed = 11.4 m/s
0° <0, <90° (40, = 15°)
Parked mode Wind speed = 25.0 m/s
0° <6, <90° (46, = 15°)

Significant wave height = 8 m
Peak-spectral period = 10 s

Significant wave height = 8 m
Peak-spectral period = 10 s

Significant wave height = 10 m
Peak-spectral period = 10 s

4 earthquakes

0° <0, < 180° (46, = 15°) 371
or no earthquake

4 earthquakes

0° <0, <90° (40, = 15°) 371
or no earthquake

4 earthquakes

0° <0, <90° (46, = 15°) 371
or no earthquake

(through the interaction forces between tower and substructure) and
HydroDyn (through the hydrodynamics forces) modules. More details
about the implementation into the Subdyn module and about the
verification of the proposed approach are presented in Romero-Sanchez
and Padrén (2023), where the modified version was validated by
comparison with the results obtained from a finite-element beam model
of a four-legged jacket-supported OWT.

3.2. Soil-structure interaction modelling

The foundation response, including its interaction with the sur-
rounding soil, is represented by impedance functions and kinematic
interaction factors (KIFs) which are computed through a previously
developed continuum model for the dynamic analysis of pile founda-
tions in layered soils (Alamo et al., 2016). Such continuum model is
based on the integral expression of the reciprocity theorem and on
specific Green’s functions to represent the dynamic response of the
layered half space used to model the soil. This model avoids the need
to discretize any boundary, which reduces significantly the computa-
tional requirements and the numerical errors derived from the surface
meshing. The model can be applied to study soils whose properties vary
continuously with depth by modelling the continuous non-homogeneity
through multiple zone-homogeneous horizontal layers. The lateral I,,(w)
and rotational I,(w) KIFs, complex-valued frequency-domain factors,
are defined as the ratio between the pile head displacement or rotation
and the free-field motion. The earthquake record is filtered using
the standard Frequency Domain Method of response (Chopra, 2017)
according to the KIFs. The substructuring procedure is schematically
described in Fig. 4.

The soil-foundation subsystem is modelled in SubDyn through a
Lumped Parameter Model (LPM) developed and validated by Carbonari

et al. (2018) that is introduced in the finite elements model of the
substructure as an additional element at mudline level (see Fig. 4).
The LPM is fitted to the results of the advanced coupled model of
boundary elements and finite elements (BEM-FEM model) described
above (Alamo et al., 2016, 2021). This model allows to introduce the
most relevant aspects of the dynamic response of the foundation into
the OpenFAST time-domain simulation. The details about its imple-
mentation into SubDyn can be found in Romero-Sénchez and Padrén
(2022).

3.3. Post-processing of results in terms of peak and root mean square
functions

The structural seismic response for displacements, accelerations,
shear forces and bending moments is computed as:

X(t) = 1/ X (07 + X,(1? (2)

where X, (1) and X, (r) are the time histories of the responses along
fore-aft and side-to-side directions, respectively.

The average peak and root mean square internal forces and stresses
at a particular point are computed as:

N

T = 3 2 > (x0)| @

Ny

N
(max (1X,01) 5 Rems = 5 X
i=1 i=1

where i = 1,2,,Ng; Ny = 4 is the total number of accelerograms
considered; j = 1,2, .,D; D represents the total number of values during
the common significant duration (D,s_g5); and X, and X, represent
the average of the peak and root mean square values, respectively.

32 Advances in the dynamic and seismic anadysis of jacket structures for the support of OWT



C. Romero-Sdnchez and L.A. Padrén

PUBLICATIONS 2

Ocean Engineering 311 (2024) 118798

Kinematic Input Motions

PO, Yy

KHEU’)

Impedance Functions
Ky (@)

(@),

K p(®)

L1 L1

et al. (2018)

ha, Romero-Sanchez and
' Padrén (2023) ‘

Fig. 4. Schematic soil-structure interaction modelling.

Analysing the results in terms of both peak and root mean square
values is crucial to understand whether the trends obtained are consis-
tent across all time responses, rather than just representative of isolated
peaks. In this study, root mean square values were computed along
the significant duration of each seismic signal. The common D,5_gs
significant duration (Dobry et al., 1978) is considered, which is defined
as the time interval between 5%-95% of the Arias intensity (Arias and
Hansen, 1970).

4. Results and discussion

4.1. Displacements, accelerations and internal forces at the tower experi-
enced for the different operational modes

In this section, displacements and accelerations at the tower are
analysed for the different operational modes. The displacements are
useful for investigating the dynamic behaviour and the magnitude
of the response. The tower top accelerations affect the rotor nacelle
assembly (RNA), leading to serviceability limitations and influencing
the operational lifetime of the wind turbine. In addition, the internal
forces obtained at the tower base are analysed.

Fig. 5 presents the tower top displacements of the wind turbine
computed for the three different operational modes considered in this
study and for a specific illustrative case in which the wind direction
considered is 6,, = 0° and the earthquake (Imperial Valley in this case,
chosen for illustration purposes) acts in two different directions, the
fore-aft (FA), 6, = 0°, and side-to-side (SS), 6, = 90°. The displace-
ments along the fore-aft and side-to-side directions are shown. In the
second 200 (earthquake starting), there is a significant increase in the
response when the seismic load is applied, highlighting its importance
in absolute terms compared to the environmental loads. As expected,
the effect of the emergency stop protocol is evident from the history
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of the tower top displacements along the FA direction. On the other
hand, the much smaller relevance of the aeroelastic damping along the
SS direction can be clearly seen in Fig. 5(b), as the responses for the
three operational modes are very similar to each other and show much
less damping that along the FA direction.

Fig. 6 shows the tower top accelerations computed for the same
cases considered for Fig. 5. The peak values obtained for each op-
erational mode are highlighted with circles. When the seismic load
is considered, the peak acceleration in power production is 5 times
higher than that of the reference case without seismic loads. The
emergency shutdown scenario presents the highest acceleration in both
directions. In contrast, the smallest maximum acceleration is obtained,
as expected, for the power production mode when the earthquake
acts along the FA direction. This is due to the higher aerodynamic
damping, which has a beneficial effect by reducing the magnitude of
the vibrations induced by the earthquake (Alati et al., 2015; Meng et al.,
2020).

Fig. 7 shows the envelopes of the maximum accelerations along
the tower for the FA and SS directions, considering the same cases
described above. The maximum accelerations are observed at approxi-
mately 70% of the tower height. The accelerations envelopes obtained
for the different operational modes differ by up to 90% along the FA
direction due to the influence of the aerodynamic damping. Conversely,
similar envelopes are observed for the SS direction. Emergency shut-
down is the mode that produces the maximum accelerations along the
tower in both directions.

The influence of the different load scenarios described in Section 2
can be seen in terms of accelerations in Fig. 8, where the average peak
(ﬁT;k) and root mean square (EE;ES) accelerations at tower top are shown
for the thirteen different ground motion directions and seven wind
directions considered in the study. Instead of presenting the results for
each individual earthquake, the average values obtained for all seismic
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the different operational modes. 6,, = 0°. Imperial Valley. 6, = 0° and 6, = 90°.

loads are presented, as defined in Section 3.3. The results are depicted
in polar plot. The accelerations corresponding to the different wind
directions (from 0 to 90°) are represented by different colour lines.
Two different operational modes, power production (in solid lines) and
emergency shutdown (in dashed lines) are shown.

As already observed in Fig. 6, the maximum accelerations at the
tower top are obtained for the emergency shutdown scenario. The
average peak accelerations obtained for the parked mode (not shown)
are lower than those obtained for the power production. At the same
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time, the highest maximum root mean square accelerations observed
during power production are found when shaking occurs along the
side-to-side direction. This can be clearly seen when the acceleration
is presented in terms of root mean square values. For instance, when
6, = 0°, the maximum response when the turbine is functioning in
power production is found at 6, = 90°, while for 6,, = 90°, the
maximum responses are found for 6, = 0° and 180°. At the same
time, the curves of these two cases (6, = 0° and 6,, = 90°) cross
each other at around 6; = 45° and 135° when the turbine is working
in such mode. Additionally, for any particular 6, the magnitude of
the resulting response is clearly ordered from maximum to minimum
response when the angle between ground shaking and incoming wind
directions change from 0° to +90°. These trends are due to the vari-
ations in the aeroelastic damping (Mo et al., 2021; Romero-Sanchez
and Padrén, 2024). However, such tendencies, that are very clear in
power production, are not so identifiable under emergency shutdown
or parked modes, for which the relevance of the aeroelastic damping is
much lower than in power production.

The time histories of the tower base shear force and bending mo-
ment for the different operational modes for the case when wind and
shaking (Imperial Valley) act along FA direction are shown in Fig. 9.
The wind loads exert a significant effect on the structural response in
terms of internal forces at the tower base. The maximum internal forces
in this particular case are obtained during power production.

4.2. Effect of wind and ground motion relative directions on the substructure
under different operational modes

The influence of the three different operational modes and of the
ground motion directionality on the seismic response of the four-legged
jacket-supported OWT is analysed in this section. The response during
power production (PP) is studied in Section 4.2.1, during emergency
shutdown (ES) in Section 4.2.2 and in parked mode (PM) in Sec-
tion 4.2.3. In addition, a comparison of the effect of the wind and
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ground motion relative directions on von Mises stresses and inter-
nal forces at the substructure in each operational mode is shown in
Section 4.2.4.

4.2.1. Power production

In this section, the peak internal forces and von Mises stresses at
the members of the substructure are computed under power production
mode. In addition, the effect of the misalignment between wind and
ground shaking is analysed for each leg and bracing level of the jacket.
To do so, Fig. 10 presents the average peak shear and axial forces
obtained at any point of the jacket structure for each combination of
wind and ground shaking direction. The points represented in Fig. 10
are located at the connection between leg and transition piece (V;ﬁak),
and at the joint between leg and pile (N;e‘ak), respectively.

The highest average peak shear and axial forces are obtained when
the ground shaking acts along one of the diagonals of the jacket (see
for instance James and Haldar, 2022), and always arise along sections
L4 and L1 (see Fig. 1) of the legs, respectively. The maximum values
obtained for both forces are much more dependent on ground shaking
direction than on incoming wind direction. In fact, the maximum aver-
age peak shear and axil forces vary up to 16% and 25%, respectively,
as a function of 6, but only up to 4% and 13% as a function of 6,,.
Maximum average axial forces are obtained when the earthquake acts
within the ranges 30° < 6; < 60° and 120° < 6, < 150°. The results are
similar to those obtained for the shear forces, although the influence of
wind direction is more relevant than in shear forces.

After having studied the impact of wind and seismic shaking di-
rections (in absolute terms) on the evolution of average peak internal
forces in the jacket substructure, it is relevant to analyse their influence
in terms of misalignment between ground motion and wind directions

Instituto Universitario SIANI

(4=6,—-06,). Todo so, Fig. 11 presents the average peak shear and axial
forces in bar plot format as a function of the misalignment between
loads.

Computed maximum shear forces (see Fig. 11a) are essentially iden-
tical for all misalignment angles although, for a given 4, the values vary
for each particular 6, and the absolute maximum in each case is always
obtained when the earthquake acts diagonally. This phenomenon can
be clearly observed, for instance, when 4 = 0° and 6,, = 45°, when
A =45° and 6, = 0° (0, = 45°) or when 6,, = 90° (6, = 135°). On the
other hand, the absolute maximum of the computed average axial peak
forces (see Fig. 11b) decreases as the angle of misalignment increases.
At the same time, the dispersion decreases and the average value for
the different 6,, decreases slightly. Thus, the maximum and minimum
mean peak axial force values are both obtained for 4 = 0°. In summary,
the internal forces in the four-legged jacket are more influenced by the
shaking direction than by the misalignment between wind and shaking
direction, although the results show that aligned shaking and wind
directions (4 = 0°) can produce slightly higher maximum axial forces
in the substructure.

The behaviour of the jacket for different misalignment angles can
also be analysed in terms of amplification ratios defined as:

S (Ko (04 +04,)] /1
miny [ZLI [X,,,,S <9w‘,A + ()wi)] /n]

where X, represents root mean square values of the different internal
forces (axial forces N, (0,,0,), shear forces V,,.(0,.0,) or bending
moments M, (6, 6,)) for the different combinations of ground motion
and wind directions within the range —90° < 4 < 90°. Each ratio for
any given 4 is computed with a combination of seven cases (n = 7).
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Fig. 10. Average peak response values in terms of shear and axial forces at leg levels 4 and 1, respectively, for the different wind and shaking directions during power production.
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Fig. 12. Amplification ratios for axial forces, shear forces and bending moments at leg levels 1, 4 and pile head, respectively, for the different misalignment angles between wind

and ground motion directions during power production.

This amplification factors provide information on how the root mean
square 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. Note
that these values are computed for the common significant duration.

Fig. 12 shows the amplification ratios for the three internal forces
considered, computed at the points where the peak values are observed,
and for each of the earthquakes considered in the analysis. These
amplification ratios correspond to the connection between legs and pile
in the case of axial forces and bending moments, and to the connection
between legs and transition piece in the case of shear forces. The mean
response value (orange line) is also shown.

The highest amplification ratios are found for —15° < 4 < -30° in
the case of axial forces, and for 45° < |4| < 75° in the case of shear
forces. The variability of the ratios between different earthquakes in
axial forces is higher than in shear forces. The amplification ratio in

axial forces reaches a maximum of 16%. For the bending moments, the
highest amplification ratios are obtained within the —75° < 4 < —60°
range. It is important to note the variability between the peak ratios
between each of the earthquakes used in the study, despite the use
of a common PGA. The maximum mean amplification ratio (11%) is
obtained in axial forces.

After analysing the seismic response in terms of internal forces,
the behaviour of the jacket is analysed in terms of von Mises stresses,
computed as oyy = (62 + 72)!/2, where o is the meridional stress and
7 is the planar shear stress (Eurocode 3 - Part 1-6, 2007). Fig. 13
presents, for each of the levels of the jacket, the average peak von Mises
stresses for all wind and seismic directions. The results corresponding
to each one of the levels is shown in a different subplot that presents
the average of the maximum values obtained at the point along the
element of that level where the maximum stresses appear. The von
Mises stresses at the legs and at the bracings elements are represented
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Fig. 13. Average peak response in terms of von Mises stress in the substructure for the different wind and shaking directions during power production. Colour bars are used for
stresses in leg members, and grey bars for stresses in the bracing elements (6, according to the position).

separately by colour and grey bars, respectively. The sets of bars are
ordered for increasing wind directions (6,,) and, within each set, the
bars are ordered for increasing shaking directions (6,) from 0° to 180°.

The maximum average stresses arise at level 4 of the leg, at the
point where the highest shear forces are obtained, the connection of
the leg to the transition piece. In all cases, the jacket zones with the
highest stresses are located at the levels 1 and 4 of the main leg, as also
found in James and Haldar (2022). Depending on the loads direction,
the maximum stresses are found at different legs, but in the same
section of the element. Maximum stresses appear when the earthquake
direction acts diagonally to the jacket position (30° < [6,| < 60° and
120° < 16| < 150°), for all wind directions. These ranges coincide with
those in which the maximum internal forces are obtained, as shown in
Fig. 10. The importance of the aeroelastic damping in the state of power
production is observed, for instance, in 6,, = 0°. Similar peak stresses
are obtained when the earthquake acts at 6, = 0° and 6, = 180°, but
the stress increases when it acts in the side-to-side direction (6,, = 0°
and 6; = 90°). Note that the von Mises stresses at levels 2 and 3 are
higher in the bracing elements (grey bars) than in the legs. The bracing
elements presents similar stresses at all the different levels, in contrast
to the legs.

4.2.2. Emergency shutdown

Fig. 14 shows the average peak shear and axial forces obtained
at any point of the jacket substructure for all different wind and
shaking directions considered in this study. Each colour line represents
a different wind direction and the axis of the polar figure represents
the shaking direction.

Similarly to what was observed for power production mode, the
maximum average shear forces occur when the shaking direction acts
along the diagonal of the jacket substructure, specifically within the
ranges 30° < 6, < 60° and 120° < 6, < 150°. The maximum axial
forces are found for 120° < 6, < 150°. It can be noted that the lowest
forces arise when the shaking direction is midway between two legs,
6, = 0°,90° or 180° (see Fig. 3). Wind load directionality (6,,) presents a
greater influence on the axial forces than on the shear forces, in fact, the
shear forces are almost independent of the wind direction, depending
almost exclusively of the shaking direction (6,).

Fig. 15 represents the amplification ratios for the three internal
forces considering emergency shutdown, computed at the points where
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the peak values of each of the internal forces is observed, and for
each of the earthquakes considered in the analysis. Similar trends to
those observed in the power production case are obtained, but with
lower axial and shear forces amplification ratios. The importance of the
misalignment is much lower than that observed in power production
mode. This is due to the smaller wind loads arising after the emergency
stop, as they decrease as the blades pitch to feather. In the cases of
axial and shear forces, the range of the worst-case scenario is 30° <
|4] < 60° and the maximum value is around 5%. In the bending
moments, the highest ratios are obtained for —75° < 4 < —60° and
the mean amplification is higher (8%) than during power production.
The maximum amplification ratios vary significantly between different
earthquakes for bending moments (10%), but not for shear forces.

Fig. 16 presents the average peak von Mises stresses corresponding
to the emergency stop situation for all wind and seismic directions.
Considering that the emergency shutdown is beneficial in terms of
stresses is not clear (see Fig. 13). Despite the lower aerodynamic load
on the system, the legs present similar stresses to those obtained in
power production mode. The highest values are obtained when the
shaking acts along the diagonal direction of the jacket, 30° < 0, < 60°
and 120° < 6, < 150°. These ranges coincide with those obtained during
power production. Von Mises stresses are similar or higher than during
power production at the level 4 of the main leg, the level with the
highest peak stress. In the emergency shutdown mode, the bracing level
with the highest von Mises stresses is the level 3.

4.2.3. Parked mode

Fig. 17 presents the average peak shear and axial forces obtained
at any point at the jacket substructure, considering the seven differ-
ent wind directions and thirteen shaking directions. The angle of the
wind direction is represented by different colour lines and the shaking
direction is shown in the axis of the polar plot.

The maximum shear and axial forces are found at the legs, specif-
ically at the level 4 and 1, respectively. The influence of the aerody-
namic damping is not relevant in parked mode, The variation of the
wind direction has practically no influence. The results obtained are
very similar in fore-aft (6, = 0) or side-to-side (6, = 90) directions. The
parked mode presents peak internal forces lower than those obtained
during power production and emergency shutdown. The highest axial

37



2 PUBLICATIONS

C. Romero-Sdnchez and L.A. Padrén

Ocean Engineering 311 (2024) 118798

‘_"L =020 =15 >0 =30 B0 =45 <0 =60 570 =75+ =90

105° 90 75" 105° 90 75°
120° 60" 0 120° 60°
9 S
s o
135
150° 30° 150° 30°
165° 15" 165" 15°
180" — 0" 180" _ : <1 0’
L4 L1
Viear (MN) 4 NEL . (MN) 0 15 20 25

Fig. 14. Average peak response values in terms of bending moments and axial forces at leg levels 4 and 1, respectively, for the different wind and shaking directions considering

emergency shutdown.
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Fig. 15. Amplification ratios for axial forces, shear forces and bending moments at leg levels 1, 4 and pile head, respectively, for the different misalignment angles between wind

and ground motion directions considering emergency shutdown.
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Fig. 16. Average peak response in terms of von Mises stress in the substructure for the different wind and shaking directions considering emergency shutdown. Colour bars are
used for stresses in leg members, and grey bars for stresses in the bracing elements (6, according to the position).

and shear forces are obtained when earthquake loads act along the
diagonal direction. In short, significant differences in the peak forces
are only observed with the change of the shaking direction.

Fig. 18 presents the amplification ratios for the three internal forces
considered, computed at the points where the peak values are observed
in the jacket substructure, and for the four seismic loads considered.

The orange line represents the mean response value of the different
accelerograms.

In this working condition, the amplification ratios are lower than
during power production in terms of axial and shear forces, but the
values are similar to those obtained in emergency shutdown mode. The
lowest ratios are obtained when the misalignment between wind and
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Fig. 17. Average peak response values in terms of shear and axial forces at leg levels 4 and 1, respectively, for the different wind and shaking directions in parked mode.
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Fig. 18. Amplification ratios for axial forces, shear forces and bending moments at leg levels 1, 4 and pile head, respectively, for the different misalignment angles between wind
and ground motion directions in parked mode.
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Fig. 19. Average peak response in terms of von Mises stress in the substructure for the different wind and shaking directions in parked mode. Colour bars are used for stresses
in leg members, and grey bars for stresses in the bracing elements (¢, according to the position).

shaking directions is 0°. The worst-case scenarios in terms of axial and Fig. 19 shows the average peak von Mises stresses in the different
shear amplification ratios are found for 30° < |4] < 60°. It is important levels of the jacket (considering legs and bracings). In contrast to power
to note that the highest bending moments ratios are obtained in parked production, the maximum values in each wind direction are quite
mode. The highest bending moments ratios are found when the range similar. Unlike in the emergency shutdown and the power production
is 60° < |4] < 90°. modes, the increase in peak response when the earthquake acts along
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Fig. 20. Maximum average peak von Mises stresses at levels 4 (a) and 2 (b) of the
legs for different operational modes among all the wind and shaking directions in the
study.

the side-to-side direction is not observed. For instance, when 6,, = 0°,
similar stresses are observed when the shaking direction (¢,) is 0°, 90°
or 180°. The von Mises stresses are lower than those obtained during
power production. The parked mode is beneficial in terms of stresses
at the bracing and leg elements of the jacket.

4.2.4. Comparison between operational modes

A comparison among the maximum average peak von Mises stresses
obtained at levels 4 (6;‘21() and 2 (6;231() of the legs for the different
operational scenarios is shown in Fig. 20 for all the wind directions
considered in the study. More precisely, the maximum value of those
obtained among all ground shaking directions (max{G.(6,) : 6, =
0,15..90°}) is presented in the figure for levels 2 and 4 and for each
operational mode and wind direction.

The power production and the emergency stop modes are the oper-
ational modes that produce the highest average stress at the upper part
of the legs. The reason why the emergency stop situation is sometimes
the worst-case scenario can be understood by the fact that, although
emergency stop is executed from the instant the first peak of the
earthquake is noticed (with the largest shocks arriving later) and the
influence of the wind load is vanishes gradually, the disconnection
of the rotor causes a transitory increase in the peak internal forces
within the jacket substructure. On the other hand, the greatest stress
relative variations between the different operational modes arise along
the central part of the legs, where the stress are the lowest. In this case,
the power production mode is the one that produces always the highest
average peak stresses. The lowest stresses along the whole length of
the legs, are obtained, as expected, for the parked mode, situation
at which the effect of the aerodynamic loads is minimal. In fact, the
assumption of the parked mode for the structural design would lead to
an underestimation of 6% at the top and 28% at the central levels of
the legs, in terms of von Mises stress.

Figs. 21 shows the average von Mises stresses of the leg and bracing
elements separately, at the points where the maximum stresses are
obtained for the different levels of the substructure (points a to e,
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Table 5
Variations of average peak von Mises stress at legs for the different operational modes.
Point 0, =0° 0, =45° 0, =90°
61:57}’}’ 6l’M*l’l“ 5!:5*}’}’ 6PM*P}" 6]:'57}’}’ 6l’M*l’I”
a -0.2% 1.2% —2.4% 1.3% 6.6% 10.5%
b 9.9% 23.8% 5.0% 21.2% 11.6% 24.6%
c 9.6% 22.7% 9.8% 24.9% 20.1% 37.7%
d 10.3% 9.0% 26.9% 9.5% 3.8% 9.7%
e 6.1% 3.1% 2.2% 1.3% 7.9% 9.6%

whose locations are depicted in the figure using red dots). The results
presented in the figure correspond to 6,, = 0°, and to different shaking
directions (6, = 0°,45°,90°). The three different modes of operation in
this study are represented with three different colours and symbols. In
parallel, Table 5 presents the percentage variations between the aver-
age peak von Mises stresses obtained during emergency stop compared
to those obtained in power production (6gs_pp), and obtained in parked
mode compared to those obtained in power production (6py_pp), at the
five key points a to e along the legs mentioned above.

As already mentioned, the most stressed parts of the support struc-
ture are the sections of the legs connected to the transition piece and
to the pile, as evidenced by the significantly higher stress levels at
the top and bottom compared to the central levels of the jacket. The
smallest average stresses in the legs are obtained when the shaking acts
along the fore-aft direction (0, = 0°, left plots of the figure), while
the largest stresses are obtained when the earthquake acts along the
diagonal direction of the jacket (6, = 45°). At the points of highest
stresses (top and bottom of the legs) the variations in stresses for the
different modes tend to be small (< 10% in most cases), but in the
intermediate parts of the legs, where the stresses are lower, the average
peak von Mises stresses can vary up to 38% when comparing power
production with parked mode, and up to 27% when comparing power
production with emergency shutdown. A quite similar trend is observed
in the bracing levels between each of them, but with the highest von
Mises stresses arising at the level 3 in this case. As expected, the parked
mode provides the lowest stresses in all cases. An interesting fact is
that the highest average peak stresses are not always obtained for the
same operational mode, as discussed above, depending of the wind and
shaking directionality.

Finally, in order to make a comparison between the internal forces
obtained at the pile head for different operational modes, Fig. 22
presents the average peak of bending moments and axial forces at the
pile head as function as the misalignment between wind and shaking
direction (4). The bending moments of the jacket substructure, for all
cases considered in this work, reach their maximum value at the pile
head.

The results show that in terms of bending moments, the worst-
case scenario corresponds to the parked mode, specifically to the case
when the shaking acts along the side-to-side direction, i.e., 4 = 90°,
although the difference with respect to the power production mode
is only of 1.5%. Focusing on the misalignment between wind and
shaking directions, the highest values are obtained for 75° < 4 < 90°.
Nevertheless, these ranges do not correspond to those observed for
maximum axial forces. The highest axial forces at the pile head are
found for 0° < A < 30° during power production. In particular, the
peak axial force is obtained for 4 = 0°. The difference with respect to
the parked mode in this case is 6.3%. The results show that the average
peak internal forces change by up to 4% in magnitude depending on
the alignment between environmental and seismic loads, while the
variability between operational modes reaches 8%.

5. Conclusions

This study outlined the main conclusions drawn from an analysis
of the influence of the different operational modes (power production,
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Fig. 21. Average peak von Mises stress at legs and bracings at the different levels of the substructure, for the different operational modes, for 6,, = 0° and for different shaking
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Fig. 22. Average peak bending moments and axial forces at the pile head for different operational modes considering the misalignment (4) between wind and shaking directions

in this study.

emergency shutdown and parked mode) and of the effect of the wind
and seismic shaking directionality on the seismic structural response
of the NREL 5 MW offshore wind turbine founded on the OC4-project
jacket support structure. The set of cases included thirteen different
seismic ground motion directions, seven wind directions, and four
different earthquake records, resulting in a total of 1113 time-domain
simulations performed using a modified OpenFAST model that includes
soil-structure interaction, kinematic interaction and multi-support in-
put motion. Based on the results, the following conclusions can be
drawn:

» Emergency shutdown is not necessarily beneficial in terms of
reducing peak accelerations at the nacelle. The maximum acceler-
ations in this case are 30% higher than during power production.
On the other hand, the smallest peak accelerations are obtained
for the power production mode when the earthquake acts along
the fore-aft direction. This is due to the higher aerodynamic
damping, which has a beneficial effect by reducing the magni-
tude of the vibrations induced by the earthquake. Emergency
shutdown is also the mode that tends to produce the largest
oscillations in displacements at the tower top.

Instituto Universitario SIANI
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» Due to the geometry of the four-legged jacket-supported OWT,
the maximum internal forces and von Mises stresses are usually
found when the ground shaking acts along one of the diagonals
of the jacket structure and not aligned with the wind direction in
the three operational modes. The shaking direction tends to have
a larger influence on the peak internal forces than wind direc-
tionality. A greater influence of the misalignment between wind
and shaking directions on the stresses at the jacket is observed in
power production mode than in emergency shutdown and parked
modes.

The relative differences in the structural response in terms of
maximum internal forces and stresses in the jacket structural
members, when the turbine is working in the different opera-
tional modes, tend to be smaller than the differences in terms of
accelerations at tower top.

At the points of highest stresses (top and bottom of the legs) the
percentage variations of the average peak von Mises stress for the
different modes tend to be relatively small (<10% in most cases).
On the contrary, along the intermediate parts of the legs, where
the stresses are the lowest, the average peak von Mises stresses
can vary up to 38% when comparing power production with

1
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parked mode, and up to 27% when comparing power production
with emergency shutdown.

The maximum stresses appear almost always in the case of power
production, with the exception of the top part of the legs, where
higher stresses arise during emergency shutdown in several cases.
The highest bending moments at the pile head are obtained when
the shaking acts in side-to-side direction for the three modes. In
this case, the maximum is obtained in parked mode. However,
the maximum axial forces are observed when the misaligment
between wind and shaking directions is 0° during power produc-
tion. For emergency shutdown and parked modes, the maximum
axial forces arise when the misaligment is 90°. In any case, the
differences between the peak internal forces obtained for the
different modes of operation, at the pile head, are below 8%.

In short, the results show that the structural response of the jacket
is, under the occurrence of an earthquake, significantly influenced by
the operational mode of the turbine at the time of arrival of the seismic
waves, and by the misalignment between environmental and seismic
loads. The magnitude of these influences has been quantified for the
particular cases studied in this paper.
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Abstract: This study investigates the impact of soil-structure interaction (SSI) and foundation-soil-
foundation interaction (FSFI) on the dynamic behaviour of jacket substructures founded on buckets
for offshore wind turbines. A parametric analysis was conducted, focusing on critical load cases
for conservative foundation design. Different load configurations were examined: collinear wind
and wave (fluid-structure interaction) loads, along with misaligned configurations at 45° and 90°,
to assess the impact of different loading directions. The dynamic response was evaluated through
key structural parameters, including axial forces, shear forces, bending moments, and stresses on
the jacket. Simulations employed the National Renewable Energy Laboratory (NREL) SMW offshore
wind turbine mounted on the OC4 project jacket founded on suction buckets. An additional optimised
jacket design was also studied for comparison. An OpenFAST model incorporating SSI and FSFI
considering a homogeneous soil profile was employed for the dynamic analysis. The results highlight
the significant role of the FSFI on the dynamic behaviour of multi-supported jacket substructure,
affecting the natural frequency, acceleration responses, and internal forces.

Keywords: offshore wind turbines; jacket; bucket foundations; suction caisson; soil-structure
interaction; foundation-soil-foundation interaction; OpenFAST; structural response

1. Introduction

In recent years, offshore wind energy has emerged as a crucial element in the expansion
of renewable energy around the globe. Nowadays, most offshore wind turbines (OWTs) are
installed in regions where sea depths allow for fixed-base units. Among these installations,
monopiles constitute the most widely used substructure [1]. Nevertheless, the increasing
deployment of wind farms in deeper waters has driven a significant rise in the adoption
of multi-support substructures, such as jackets and tripods supported on piles or suctions
caissons [2].

Determining the natural frequency of an offshore wind turbine is a critical aspect of
the design process, as it helps to avoid resonance phenomena that could lead to structural
failure or long-term deterioration due to fatigue. Consequently, it is essential to ensure that
the system’s fundamental frequency does not coincide with the rotor’s operational speed
range (1P) or the rotor blades’ transition frequency (3P). Various studies have examined
the influence of soil-structure interaction (SSI) on the natural frequencies of offshore wind
turbines supported by monopiles [3-7] and jacket substructures [8-10], with significant
effects observed.

The influence of SSI on the natural frequencies can be determined by using a com-
plete soil-foundation—structure model, or by including the dynamic stiffnesses of the
soil-foundation subsystem in the superstructure model. In order to determine the static
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and dynamic stiffnesses, researchers have traditionally employed analytical methods ap-
plied to fundamental problems, such as the widely studied circular footing, which often
yield closed-form solutions or methodologies that are both simple and of considerable
practical utility, offering valuable physical insight [11,12]. While numerical methods like
the Finite Element Method (FEM) and the Boundary Element Method (BEM) enable the
analysis of more complex, general problems [13-15], the development of such models
requires significant expertise and can be time-intensive. A relevant case is the application
of this methodology to the calculation of stiffnesses and impedances of bucket foundations
(see e.g., [16-19]). Consequently, considerable effort has been directed towards deriving
closed-form expressions and stiffness charts based on numerical results. Some of these
results [20,21] have been incorporated into various design codes, including the offshore
standard DNV-OS-J101 [22].

Conversely, in comparison to the study of isolated foundations, the topic of the
interaction between foundations has garnered less attention [23-27]. Some authors ex-
plore the dynamic interaction between rigid foundations on viscoelastic soils, using a 3D
Boundary Element Method (BEM) and focusing on foundation-soil-foundation interaction
(FSFI) [28-31], i.e., the effects of interaction through the soil between two or more founda-
tions. This interaction results in a change in the stiffness of each element within the group
when compared to the corresponding stiffness of the single foundation.

Thus, the volume of research focused on analysing the dynamic behaviour of OWT
jackets founded on buckets including FSFI (or group effect) is small when compared with
the number of studies conducted on monopod suction caissons. Furthermore, there is a
significantly greater body of literature addressing jackets on piles compared to jackets on
bucket foundations. For jackets on piles, SSI is typically modelled using approaches such
as linear or nonlinear springs and dashpots [12,32-36]. In all of these studies, the dynamic
characteristics of the foundation are critical to the overall dynamic response of the support
structure. However, research focusing on jackets supported by suction caissons remains
limited [16,37—43], despite their widespread use in current projects. Bhattacharya et al. [37]
demonstrated that the fundamental eigenfrequency of vibration for offshore wind turbines
(OWTs) supported by multiple shallow foundations (e.g., jackets mounted on three or four
suction caissons) is primarily associated with low-frequency rocking modes of vibration
about the principal axes. Jalbi et al. [38] demonstrated that a low vertical foundation
stiffness, coupled with a low aspect ratio, facilitates the onset of a rocking mode of vibration
in jacket-supported offshore wind turbines. Additionally, Cheng et al. [41] investigated
the dynamic behaviour of the jacket structure under varying wind and wave directions,
revealing that the parked mode significantly influenced the calculated fragilities associated
with critical damage conditions in both the tower and the jacket structure. A contribution to
the field of buckets is the work of Bordén et al. [44]. The authors propose a methodology for
incorporating the foundation-soil-foundation interaction effects into the stiffness matrices
of foundations of shallow and bucket foundations, and demonstrate its influence on the
natural frequencies and stiffness of a jacket structure.

Several of the aforementioned studies primarily focus on the structural properties
of OWTs using simplified models. However, the dynamic properties of these support
structures play a crucial role in the system’s design, and the distinctive characteristics of the
OWTs including the specific nature of loads, the system’s variable geometry due to blade
rotation, and the continuous influence of the control system, suggest that specific tools, able
to adequately model the various subsystems, should be used in structural and dynamic
response analyses. For this reason, many authors analyse the dynamic response of OWTs by
considering the combined effects of aerodynamic and wave loadings [45-48]. Time-domain
analyses, incorporating nonlinear aero-hydro-servo-elastic simulations [32,34,35,49], are
essential for accurately capturing the turbine’s dynamic behaviour across different opera-
tional modes.

Thus, the review of the existing literature highlights the significant influence of SSI
on the dynamic response of OWT jackets founded on buckets. Additionally, it highlights
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the importance of considering various operating modes and the misalignment between
wind and wave directions in assessing the dynamic behaviour of substructures. As a
continuation in this line of research, this study evaluates the influence of the foundation—
soil-foundation interaction on the dynamic response of jacket substructures for OWTs,
founded on suction buckets. To do so, time-domain coupled analysis in OpenFAST will
be used. Specifically, the paper analyses the structural response of the OC4 project four-
legged jacket substructure for the NREL 5MW OWT subjected to different design load
cases. The results obtained for an optimised jacket substructure are also presented.

2. Problem Definition
2.1. Offshore Wind Turbine Properties

The NREL 5 MW three-bladed turbine [50] is employed in this study. The main
parameters of the OWT are given in Table 1. The support structure considered is the
jacket support substructure designed for the phase I of the OC4 project, described by
Vorpahl et al. [51]. Figure 1 provides an illustration of the main characteristics of the jacket
structure for the OWT and Figure 2 details the geometry of the jacket. The properties of
the steel material are as follows: shear modulus 80.8 GPa, Young’s modulus 210 GPa, mass
density 7850 kg/m3, and damping ratio 2%. Bucket foundations are considered, with the
characteristics provided by Salem et al. [52] for this structure. Thus, a diameter of 4.0 m and
length of 4.0 m are considered. A homogeneous linear elastic half-space with a Poisson’s
ratio v = 0.28 and shear modulus y = 15.625 MPa is assumed.

Htop

I_Ij acket

I
I
I
I
—

D
s
Figure 1. Representation of the NREL 5MW OWT mounted on a jacket founded on buckets.

Table 1. Key parameters of the offshore wind turbine.

Parameter Value
Rotor diameter [m] 126
RNA mass [ton] 350
Rated wind speed [m/s] (V) 114
Hub height [m] 90.55
Tower top height from mean sea level [m] (Hiop) 88.15
Tower base height from mean sea level [m] 20.15
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Table 1. Cont.

Parameter Value
Thickness at the top of the tower [m] 30
Thickness at the tower base [m] 32
Tower top diameter [m] 4.00
Tower base diameter [m] 5.60
Water depth [m] (W) 50.00
Jacket height [m] (Hjacket) 70.15
Top leg spacing [m] (stop) 8.00
Base leg spacing [m] (s) 12.00
Number of bracing levels 4
Number of legs 4
Stop = 8.000 m
—_—
L4 91200% 35
B4 280020 hy=11772m
L3 61200% 35
B 080020 h3 =13.300 m
L, 91200% 35
B, 680020 hy =15.692 m
L1 61200%50
B, 9800%20 h1 =20.886 m
Buckets
D=4m s/D=12/4=3
L=4m
—_—
5 =12.000 m

Figure 2. Geometry of the OC4 jacket with buckets. The diameter and thickness of each leg level L;
and bracings B; are provided at the left of the figure in millimetres.

2.2. Load Cases

Wind turbines are exposed structures that must withstand a range of external influ-
ences, with the ability to operate under medium to high wind speeds being a fundamental
requirement. Factors such as steady winds and turbulence serve as significant contributors
to the overall loading experienced by wind turbines. The load analysis entails assessing the
structural integrity of the system by evaluating a set of design load cases (DLCs). These
DLCs are established in accordance with guidelines set by DNV [53].
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Typically, design codes [53,54] describe hundreds of load cases for the design of
offshore wind turbines, aimed at ensuring a service life of 25-30 years. However, not all
these cases are pertinent to foundation design. For this study, the load cases outlined in
Table 2 have been identified as the most relevant for performing a conservative analysis of
the foundations, as described in Jalbi et al. [55] for jacket structures.

Table 2. Load scenarios.

SSI Fixed Base SSI without FSFI SSI with FSFI
Operational Modes Power Production Parked Mode
ID Case Wind Model Wave Model
. Normal Turbulence
E-1 Normal Operational Model (NTM) at the 1-Year Extreme Sea

Conditions States (ESS)

rated wind speed (V;)

Extreme Wave Load Extreme Turbulence

E-2 Model (ETM) at the 50-Year Extreme

Scenario rated wind speed (V) Wave Height (EWH)
. Extreme Operating
E3 Extrer;lcee;\ggi Load Gust (EOG) at the 1-Ye§ZiEﬁttrfénV3P\/I\)fave
rated wind speed (V;) &
Collinear 0° Misalignment 90° Misalignment 45° Collinear 45°
(C0) (M90) (M45) (C45)

The wind farm is situated at a location on the boundary waters between Dutch and
British, with an average water depth of 50 m. Metocean conditions for this site are publicly
accessible through the Dutch National Institute for Coastal and Marine Management.
Extreme sea conditions, including Extreme Sea States (ESS) and Extreme Wave Height
(EWH), are calculated as defined by DNVGL-ST-0437 [53], which classifies them into
different categories based on wave height and frequency over specific periods. One-Year
ESS and One-Year EWH correspond to extreme waves within a 1 year return period,
with ESS determined by the average significant wave height (Hs ;) and EWH by the
maximum recorded wave height (H,, 1). Similarly, 50-Year models pertain to a 50 year
return period, where 50-year EWH is based on the Extreme Wave Height (H,, 50).

A summary of the metocean data is provided in Table 3. The wave loads in OpenFAST
are computed through the module HydroDyn, where the wave kinematics model is chosen
and defined. For the irregular waves, the JONSWAP spectrum was used since the sea state
is considered developing when there are high wind speeds blowing on the wind turbine.
The significant wave height and spectral wave period were detailed in accordance with the
specified load case.

Table 3. Metocean data.

Parameter Value
1-Year Significant Wave Height (Hg 1) [m] 6.6
1-Year Significant Wave Period (Ts 1) [s] 9.1
1-Year Maximum Wave Height (H,, 1) [m] 8.27
1-Year Maximum Wave Period (T, 1) [s] 10.97
50-Year Maximum Wave Height (H,, 50) [m] 15.33
50-Year Maximum Wave Period (T, 50) [s] 13.86

The turbulent wind fields, following the Kaimal spectrum, are generated in TurbSim
for a hub-height mean wind speed of V; = 11.4 m/s. This includes simulations under the
Normal Turbulence Model (NTM), Extreme Turbulence Model (ETM), and Extreme Operat-
ing Gust (EOG), as well as Category B turbulent wind conditions [54]. The aerodynamic
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forces acting on the blades and tower are calculated using the Blade Element Mode theory
through the AeroDyn module.

The impacts of the operational modes and of the directionality of the loads on the
jacket substructure have been previously analysed and discussed in [56]. The authors
concluded that load combinations involving aligned wind and ground motion directions
do not necessarily represent the worst-case scenario. The dynamic behaviour of the jacket,
considering both wind and wave directions, was investigated by Cheng et al. [41], and they
highlight the significant role of considering the parked mode in the computed fragilities
of severe damage states for the tower and jacket structure. This effect is attributed to
the increased aerodynamic damping, which helps mitigate the magnitude of vibrations
induced by wind loads [32,57]. The analysis of the previous studies highlighted above
reveals a clear influence of different operating modes and the misalignment between wave
and wind directions on the dynamic response of the jacket.

In this paper, the dynamic response of the OWT is studied for two different operational
modes: power production and parked modes, to compare the influence of the working
conditions on the internal forces at the jacket substructure, considering bucket foundations.
In addition, four potential loading scenarios can be considered: (C0) wind and wave loads
are collinear, (M90) wind and wave loads are misaligned by 90°, (M45) wind and wave
loads are misaligned by 45°, and (C45) wind and wave loads act at 45° relative to the
structure. The hub is consistently oriented in the wind direction. Each of these scenarios
must be evaluated against the load cases presented in Table 2. Figure 3 shows a graphical
overview of the different load combinations used in the analysis.

Co M90 M45 C45 —» Wind
—> Waves

oS

Figure 3. Plan view illustrating the loading direction on the OWT.

The analysis comprised a total of 144 distinct simulations. Each simulation lasted for
400 s, and the analysis was initiated at 150 s to mitigate the influence of the primary transient
behaviour of the system. All load case combinations were simulated under three different
conditions: fixed-based (No SSI), taking into account the foundation-soil-foundation inter-
action (SSI with FSFI), and considering the SSI using the corresponding stiffnesses to the
single foundations without considering FSFI (SSI without FSFI).

3. Methodology

The incorporation of bucket—soil-bucket interaction effects into an OpenFAST model
of a jacket-supported OWT requires the use of a model of this phenomenon formulated in
such a way that it is compatible with the OpenFAST framework, without adding excessive
complexity. With this idea in mind, bucket-soil-bucket interaction effects are herein
incorporated through the alteration of the stiffness functions that define the response
of each individual foundation. Such expressions are provided in closed-form format by
Bordén et al. [44]. At the same time, and in order to be able to incorporate this information
into OpenFAST, the SubDyn module was modified with the introduction of a stiffness
matrix to represent the bucket foundations embedded in the homogeneous soils and
with the ability to consider the foundation—soil-foundation interaction in multi-supported
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structures. The OpenFAST model is employed to simulate the dynamic response of the
OWTs considering different load cases. The primary practical contribution lies in its
application to the time-domain analysis of polygonal configurations of multi-bucket jacket
foundations for OWTs.

3.1. Soil-Structure Interaction

The formulation of a closed-form static stiffness matrix for bucket foundations and a
set of formulas for correcting the stiffnesses obtained from single-foundation formulation
are proposed by Bordén et al. [44,58]. A rigorous numerical model based on the Boundary
Element Method (BEM) [17] is used to compute the stiffnesses of single foundations,
and foundations as part of a group acting in a particular mode (vertical, horizontal, rocking,
and torsion). The primary components consist of the stiffness parameters for the single
foundation and the Green'’s function, which relates to the applied loads (including point
forces and moments) and the observed responses (such as displacements and rotations) at
the free surface.

These stiffness matrices can be readily incorporated into a superstructure finite element
model to account for soil-structure interaction, including foundation—soil-foundation effects.

3.1.1. Simplified Stiffness Matrix

The stiffness matrix is derived in closed form from existing results pertaining to single
foundations. The stiffness matrix attached to each jacket leg contains the six degrees of
freedom and can be written as follows:

Ky 0 0 0 —Keg
0 Ky 0 Ksg O
0 0 Ky 0 0
0 Ksg 0 Ksg O
~Keg 0O 0 0 Kg
0 0 0 0 0  Kgr

no-int _
Kj =

@

O O O OO

where Ky, Ky, Kg, Ksr, and Kr are the horizontal, vertical, rocking, coupled sway-rocking,
and torsional stiffnesses. Specifically, the closed-form formulas for stiffness of rigid cylindri-
cal foundations in homogeneous linear elastic half-space with depth L (0 < L/D < 6) and
diameter D, perfectly bonded to the surrounding homogeneous soil with Poisson’s ratio
(v) (0 < v £0.5) and shear modulus y, are employed in the present study. These formulas
were derived for single foundations, which were used to fit enriched equations similar to
those presented by Gazetas [20] and Wolf [59], leading to the following expressions:

Ky = ZﬂDlln_(B»Z; Ol P 1.08(1 — 0.76v) (g)o'sz} @)
Ky = ;Z‘% 14 1.85(%)0'75 3
Kp = 3(’1‘7_0) 147.7(1—12v) (%) +10(1 - 0.7v) <1LD>2‘T @)
Kog = 4(1151%]31270) 1-2v+9.7(1— 1.13v) (%) +11.2(1 - 0.82v) <g)1'75] 5)
Ky = 2”7133 1 +5.26<%>0% ©)

3.1.2. Foundation-Soil-Foundation Interaction

A practical way of incorporating the foundation-soil-foundation interaction into the
computation of the stiffness of multi-bucket foundations is presented in [44], introducing a

Instituto Universitario SIANI 51



2

J. Mar. Sci. Eng. 2024, 12, 2089

PUBLICATIONS

8 of 23

52

set of closed-form correction factors to the common simplified stiffness matrix built from
the already known stiffnesses of individual single buckets. The closed-form formulae
were obtained for tripod and tetrapod arrangements of buckets in homogeneous and
non-homogeneous soils.

Group effects are sensitive mainly to spacing (§ = s/ D), Poisson’s ratio (v), foundation
shape ratio (L/D), diameter (D), and the number of foundations (N = 4). To quantify the
magnitude of the foundation-soil-foundation interaction within the entire foundation
system, the following group effect stiffness correction factors can be defined:

KF]SFI
M=% @)
(]
where the subindex [ | = HVR,SR,T denotes any of the stiffness components. They re-
late stiffnesses including interaction and stiffnesses not including it. These group effect
stiffness correction factors for multi-bucket foundations in homogeneous soil for tetrapod
arrangements are approximated as follows:

- - )
W T (=0 (1+v2/4)ky) /5
1+ (pr1ky)/s
= 9
T = T ik /5 + (92k3) /5 ©)
TR = L+ (pokr/kv) /8 + (pakg) /8 + (pski /kv) /5° + (pekg) /5° (10)
K7 (U4 (pkr/kv) /82) (1 + (q1kv) /5 + (q3kr) /2 + (qakrKy) /5% (q6k%) /3 + (47K3kv) /57)

_ [y 301 =2v) KuKy

Ysr = |1+ or  jKsk (11)
~2 ~3

o 1+ (p2kr/kn)/5 + (pskr) /3 1)

(1+ (pakr /kp) /82) (1 + (g1km) /5 + (93kT) /3% + (qakmkr) /54)

where ky = Ky /(7tuD) is the dimensionless vertical stiffness; ky = Ky /(muD) = is the
dimensionless horizontal stiffness; kg = Kg/(7muD?) is the dimensionless rocking stiffness;
and kr = Ky /(7tuD?) is the dimensionless torsional stiffness. Each p and g coefficient is
defined in Bordon et al. [44].

The previously defined correction factors allow a partial introduction of founda-
tion-soil-foundation interaction effects, which is only valid when the global response of
the rigidly connected foundation system is required. This applies specifically to the jacket
structures examined in this study, which include a tie beam.

Finally, the aforementioned is incorporated into a stiffness matrix KFSFI, which con-
siders the foundation—soil-foundation interaction effects and, similarly to (1), is expressed
as follows:

FSFI FSFI
KE 0 0 0 —K& 0
0o  KpP oo KET 0 0
FSFI 0 00 K0 0 0
Ky™ = 0 KEF o KESHI 0 0 (13)
FSFI FSFI
—KE 0 0 0 K& 0
0 0.0 0 0 0 KESH

Table 4 shows the values of the single stiffnesses (no-int) and considering the foundation—
soil-foundation interaction (FSFI) employed in the study.
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Table 4. Stiffness values computed for the single bucket foundations (K""t) and for the bucket

foundations as part of a group, including FSFI (KFS),
Kﬁ)'mt 'Y[ 1 KF?FI
Vertical 3.3181x 108 [N/m] 0.6525 2.1651x108 [N/m]
Horizontal 41424 %108 [N/m] 0.5567 2.3061x108 [N/m]
Rocking 6.5522x10° [Nm] 1.0062 6.5928x10° [Nm]
Sway-rocking 1.0540x10° [N] 0.6176 6.5100x 108 [N]
Torsional 4.1733x10° [Nm] 0.9819 4.0978x10° [Nm]

3.2. Numerical Model

The numerical tool employed in this study is built upon OpenFAST [60], an advanced
open-source multi-physics and multi-fidelity platform developed in Fortran 95, designed for
simulating the coupled dynamic behaviour of wind turbines in the time domain. Managed
by the National Renewable Energy Laboratory, OpenFAST is not merely a standalone
program but rather a comprehensive framework that integrates various computational
modules. These modules interact through a loosely coupled time-integration scheme,
where a glue code facilitates data exchange between them at each time step.

All time-domain simulations analysed in this study were carried out considering the
following features: aerodynamic loads on the blades and tower were computed using
the AeroDyn module [61], which incorporates rotor wake and induction effects, blade
airfoil aerodynamics, tower influence on fluid behaviour near the blade nodes, and tower
drag. Wind input files were generated by TurbSim [62]. The structural dynamic responses
of the rotor, drivetrain, nacelle, and tower were modelled with the ElastoDyn module.
ServoDyn module is employed for the modelling of the wind turbine’s control and elec-
trical subsystems. Wave loads and fluid-structure interaction effects were captured using
the HydroDyn module [63], which utilises the potential flow theory, strip theory, or a
combination of both to calculate hydrodynamic loads on the submerged portions of the
substructure. The structural dynamic response of the substructure, from the transition
piece to the foundation, was modelled using the SubDyn module [64], based on a linear
frame finite element beam discretisation. Further details on each module can be found in
the OpenFAST documentation [60].

In this study, the soil-structure interaction within OpenFAST is modelled using a
substructuring approach. The SSI is represented by linear springs connected to the base
of the jacket legs. The considered linear spring stiffnesses (see Table 4) represent the main
mechanical behaviour of a foundation system of four buckets founded on a homogeneous
linear elastic half-space. Such a simple model is reasonable for a first approach to the
problem given the small displacements and low frequencies associated with the dynamic
response of the system at hand. Other phenomena such as material and radiation damping,
soil nonlinearities, soil degradation, and added mass from the foundation system are
neglected from the dynamic analysis. If the considered model based on first principles
reveals that the FSFI effects are relevant enough, refinements such as these mentioned
should be included in future studies.

4. Results
4.1. Frequency Response

Figure 4 presents the fore-aft Power Spectral Densities (PSDs) of the OWT, obtained
from fore-aft accelerations measured at the tower top under parked mode conditions and
subjected to environmental loads. Results are presented for the three different approaches
considered in this study: (a) fixed-base model (labelled No SSI), (b) compliant-base model,
without considering FSFI (SSI without FSFI), and (c) compliant-base model, considering
FSFI (SSI with FSFI).

The fundamental frequency is 0.31 Hz for the fixed-base scenario, 0.23 Hz when
considering SSI without FSFI, and 0.21 Hz when FSFI is taken into account. FSFI plays a
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Acceleration at tower top
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significant role in the reduction of the fundamental frequency, causing approximately a
35% reduction in the fore-aft direction compared to the fixed-base case. These values are
in close alignment with those reported by Salem et al. [52] for same the reference jacket
structure. It can therefore be assumed that the OpenFAST model accurately represents the
dynamic response of the system considering SSI and FSFI. The reduction of the fundamental
frequency when considering FSFI may require a refinement of the design to accommodate
an additional safety margin, in accordance with DNVGL [65] guidelines.

No SSI 4
— SSl without FSFI
SSI with FSFI

|
N
o
T

Power/frequency (dB/Hz)
5 4
o o

|
o]
[=]

T

L

Frequency (Hz)

Figure 4. Power Spectral Densities in the fore-aft direction obtained from the response of the 5
MW OWT on the OC4 jacket in parked conditions, under fixed, SSI without FSFI, and SSI with
FSFI hypotheses.

4.2. Time History Accelerations

To illustrate the influence of the SSI on the dynamic behaviour of the systems, Figure 5
presents a representative example of the time histories for fore-aft accelerations (0°) at
the tower top of the OWT during power production mode. This scenario is subjected to
environmental loads aligned with the fore-aft (FA) direction, specifically defined for load
cases E-1 and E-2. This variable is relevant because the maximum accelerations in the
rotor nacelle assembly (RNA) are limited due to serviceability constraints, and the average
amplitude is related to the operational lifespan of the wind turbine.

E1 ) E2

——No SSI
— S8l without FSFI
SSI with FSFI

210

220 230 240 250 260 200 210 220 230 240 250 260

t(s) t(s)

Figure 5. Time history responses corresponding to accelerations at the tower top subjected to
environmental loads in the fore-aft direction during power production.

Advances in the dynamic and seismic analysis of jacket structures for the support of OWT



J. Mar. Sci. Eng. 2024, 12, 2089

PUBLICATIONS 2

11 0f 23

The added flexibility introduced by the foundation leads to amplified peak responses.
SSl is critical for the dynamic behaviour of the tower top due to the increased acceler-
ations and displacements observed in this region, particularly when FSFI is taken into
account. This highlights the essential role of integrating FSFI to ensure a precise and robust
evaluation of wind turbine design. These trends will be explored in more detail in the
following subsections.

4.3. Structural Response

The influence of the three different SSI hypotheses in the different load cases is anal-
ysed in this section in terms of internal forces in the jacket. In all cases, responses for any
given variable are computed as follows:

X(5) = X1+ Xy (12 (14)

where X, (t) and X, (t) are the time histories of the responses along the fore-aft and side-to-
side directions, respectively. The results are analysed in terms of peak values and also of
root mean squared (RMS) values, which is crucial for determining whether the observed
trends are consistent throughout the entire time response, rather than just representative
of isolated peaks. A detailed comparison of the results is conducted in terms of bending
moments and shear forces at the base of the legs, which connects the foundation to the
jacket, specifically at the leg where the maximum force value is obtained, and the tower
top accelerations.

Figure 6 illustrates the peak values obtained for each load case and load alignment
during power production. Each row shows the accelerations at the top of the tower,
the shear forces and the bending moments at the base of the leg, while each column shows
the three load cases with their respective load direction configurations. In addition, each
coloured bar represents a different SSI hypothesis. As anticipated from Figure 5, accounting
for SSI in the system leads to higher peak accelerations at the top of the tower due to the
increased flexibility of the system. Increases in peak acceleration of up to 60% are observed
between the fixed and SSI with FSFI hypotheses. FSFI reduces peak shear forces while,
at the same time, increases peak bending moments. In terms of internal forces, the highest
peak values are observed in load case E-2, particularly in scenarios where wave and wind
loads are misaligned. The extreme wave loading scenario generates the most significant
peak responses in the jacket substructure. However, the maximum acceleration values
at the tower top are recorded in load case E-3, corresponding to the extreme wind load
scenario. To determine whether the observed trends are consistent throughout the entire
time response, Figure 7 presents the shear forces and bending moments at the base of the
legs in terms of RMS values, following the same labelling as Figure 6.

The trends in terms of RMS shear forces are similar to those observed for peak shear
forces. In terms of bending moments, the RMS values clearly show higher magnitudes
when foundation—soil-foundation interaction is considered. This trend is not as evident
when bending moments peak values are analysed, where, in some cases, higher values are
observed in the fixed-base scenario.

The results indicate that, in terms of RMS values, the internal forces are greater when
FSFlI is considered, which may have a more significant impact in terms of fatigue. However,
when individually analysing each internal force peak value, it can be concluded that the
consideration of the FSFI can be either beneficial in terms of shear forces or detrimental
in terms of bending moments at the base of the leg. For bending moments, the analysed
values correspond to the maximums obtained in the substructure.

After analysing the accelerations and stresses in both peak and RMS values, Figure 8
presents the spectral analysis of the accelerations at the top of the tower, as well as of the
shear forces and bending moments obtained at the base of the leg in the load case E-2,
specifically when the load directions are aligned at 45 degrees (C45). Each line colour repre-
sents the different SSI hypotheses considered in the study. Focusing on the accelerations, it
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is clearly observed that the peak value of the first mode decreases when SSI with FSFI is
considered, highlighting the significant effect of considering FSFI on the system. Regarding
the bending moment, its amplitude is notably affected. Furthermore, while the third mode
is observed under fixed-base conditions, it vanishes when SSI and FSFI are taken into
account. It is also worth noting that FSFI influences the response of the system along a
narrow frequency band that expands, approximately, only between 0.1 and 0.8 Hz. In this
range, the response of the model that includes FSFI tends to be slightly higher. However,
above this frequency, SSI modifies the response of the compliant system if compared with
the fixed-base counterpart, but the additional effect of FSFI is negligible.
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Figure 6. Peak response in terms of accelerations at the tower top, shear forces, and bending moments
at the base of the legs for all load cases and SSI hypotheses, during power production. OC4 jacket.
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Figure 7. RMS response in terms of shear forces and bending moments at the base of the legs for all
load cases and SSI hypotheses, during power production. OC4 jacket.
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Figure 8. Frequency response for accelerations at the tower top, shear forces, and bending moments
at the base of the leg obtained from the OWT on the OC4 jacket in power production, under fixed, SSI
without FSFI, and SSI with FSFI hypotheses. Load case E-2. Load direction C45.

4.3.1. Influence of Operational Mode

To evaluate the impact of operational modes on the dynamic behaviour of the jacket
supported by buckets, Figure 9 presents the RMS responses of shear forces and bending
moments at the base of the legs for the different load cases considered in the study during
power production and parked mode conditions. Each row corresponds to a distinct load
state, while the vertical axes indicate the load alignments. Square markers denote power
production, whereas triangular markers represent the parked mode.
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Figure 9. RMS response in terms of shear force and bending moment at the OC4 jacket during both
power production and parked modes.

The response computed when FSFI (red markers) is considered tends to generate the
highest internal forces, particularly under power production mode in terms of bending
moments. However, for shear forces, this trend is less clear, as it varies depending on the
specific case and the alignment of the loads. In certain instances, the highest shear forces are
recorded when the fixed-base scenario is assumed. In the E-2 load state, smaller differences
are observed between the values obtained in the different operational modes, as this
scenario is designed to represent an extreme wave load in which aerodynamic influences
are less significant. The power production mode is consistently the most unfavourable
condition for the internal forces.
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4.3.2. Stress Response

This section presents a comparative analysis of the von Mises stresses obtained at the
substructure by considering the different SSI hypotheses. Stresses have been evaluated in
the critical elements of the jacket, covering the different levels of the structure, including
leg and bracing elements.

Figure 10 shows the peak and RMS values (different rows) at the four levels of the
jacket (different columns) obtained for case E-2, in which the highest stresses were recorded
compared to the other scenarios analysed. The von Mises stresses at the bracing and leg
elements are displayed independently, with coloured and grey bars, respectively. Stress
values were extracted at different levels of the jacket, allowing for an accurate assessment
of the most structurally critical areas and elements. The most unfavourable case, in terms
of von Mises stresses, is identified in load case E-2, specifically when the loads are aligned
at 45 degrees relative to the position of the jacket.

Level 2

Level 3 Level 4

o ssI

Il ss! without FSFI
I ss! with FSFI
[ Bracings

co M45  M90  C45 co M45  M90  C45 Cco M45  M90  C45

CO M45 MO0 C45 CO M45 MO0 C45 CO M45 MO0 C45

Figure 10. Peak and RMS von Mises stress responses in the OC4 jacket for the different load cases
and SSI hypotheses under power production. Coloured bars are used to represent stresses in leg
members, and grey bars for stresses in bracing elements.

The areas of the jacket with the highest stresses are located at level 1 of the leg. It is
noteworthy that the von Mises stresses at level 2 are similar between the bracing elements
and the legs, especially in the fixed-base configuration. Additionally, the bracing elements
exhibit relatively uniform stresses across all levels, in contrast to the legs, where significant
variations are observed.

The foundation-soil-foundation interaction is clearly significant in terms of von Mises
stresses. Unlike what happens in terms of internal forces, in most cases, the maximum
stresses occur when the group effect is considered, underscoring its relevance in the
dynamic response analysis of jackets. This phenomenon is observed not only in peak
responses but also in RMS values. In particular, in terms of peak values, a difference of up
to 31% has been recorded when comparing cases that consider SSI with FSFI against those
that do not, and a 13% difference between the fixed-base model and the model considering
SSI without FSFI at the leg (level 1).
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4.4. Impact of Jacket Design on Group Effect Influence in the Dynamic Response

The results presented above demonstrated that the structural responses of a specific
jacket, including accelerations, internal forces, and stresses, vary significantly with the
characteristics of soil-structure interaction. However, an important question arises: how
do structural responses change if the jacket design is modified while external conditions
remain constant?

To address this question, the response of a slightly different jacket structure is now
analysed. To do so, the optimised structure computed by Couceiro et al. [66] is considered.
Figure 11 shows the geometry of the optimised jacket. This choice enables a detailed
comparison with the reference jacket, evaluating how variations in the SSI modelling
affect structural responses under the same loading conditions. Furthermore, an analysis
of the variations between both jackets will be included, highlighting the differences and
similarities in structural behaviour, thus providing a comprehensive understanding of the
effects of changing the jacket design.

Stop =9.153 m
A
_ A WS
N
A\ Ly 0563%14.1
by 11772 m ‘ By 9500%10.3
L3 0616x15.2
h3 =13.300 m B 9500%9.9
hp =15.692 m L, 6778%16.6
B, 6500x11.7
L1 9500%22.5
Iy =20.886 m B, 050015

s/D=139/4=3.5

Buckets
D=4m
e — L=4m
s=13.862m
Figure 11. Geometry of the optimised jacket with buckets. The diameter and thickness of each leg
level L; and bracings B; are provided at the right of the figure in millimetres.

Figure 12 shows the fore-aft PSDs of the offshore wind turbine mounted on the
two different jackets, obtained from fore-aft accelerations measured at the tower top under
parked conditions and environmental loads in the three different SSI scenarios.
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The fundamental frequencies obtained for the optimised jacket are consistent with
those presented by Couceiro et al. [66]. Table 5 summarises the fundamental frequency
of the system under the three different modelling approaches. The consideration of FSFI
significantly reduces the values of the first three natural frequencies, with reductions of
approximately 35% and 20% in the fore-aft fundamental frequency for the original and
optimised jackets, respectively.

It is important to highlight that the optimised structure was designed neglecting SSI,
with a natural frequency closely aligned with the 1P frequency. As such, this design may
be unsuitable for the proposed bucket foundation and soil parameters.

OC4 Jacket Optimized Jacket

No SSI 4
~— SSl without FSFI
SSI with FSFI

05 1 15 2 0 05 1 15 2
Frequency (Hz) Frequency (Hz)

Figure 12. Power Spectral Densities in the fore-aft direction obtained from the response of the SMW
OWT on the OC4 jacket and of the optimised jacket in parked conditions, under fixed, SSI without
FSFI, and SSI with FSFI hypotheses.

Table 5. OWT fundamental frequencies.

Reference Jacket Optimised Jacket
No SSI, fore-aft 0.314 Hz (3.18 s) 0.222 Hz (4.50 s)
SSI without FSFI, fore-aft 0.228 Hz (4.39 5) 0.220 Hz (4.55 5)
SSI with FSFI, fore-aft 0.205 Hz (4.88 s) 0.180 Hz (5.56 s)

Figure 13 shows the peak values of accelerations at the tower top, as well as the
shear forces and bending moments at the base of the legs for the optimised jacket. These
values are provided for the different SSI configurations and for each load case and load
alignment considered. Each coloured bar represents the results obtained for the models that
consider fixed-base condition (no SSI), SSI using the corresponding stiffnesses to the single
foundations (SSI without FSFI), and FSFI (SSI with FSFI). On the other hand, Figure 14
displays the RMS values for shear forces and bending moments, thus enabling a comparison
with the peak values and an assessment of the consistency of the observed trends.

The trends in accelerations and bending moments are similar to those observed in
the original jacket, where the highest peak values occur when SSI is included, particularly
when FSFI is considered. However, the trends in shear forces exhibit an increase towards
the FSFI, particularly in E-2 and E-3, in contrast to the original OC4 jacket. In addition,
in comparison to the original jacket, the RMS values present a correlation between the
trends in both internal forces, although the differences in RMS shear forces values in the
different SSI hypotheses are less pronounced.
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Figure 13. Peak response in terms of accelerations at the tower top, shear forces, and bending
moments at the base of the legs for all load cases and SSI hypotheses, during power production.
Optimised jacket.
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Figure 14. RMS response in terms of shear forces and bending moments at the base of the legs for all
load cases and SSI hypotheses, during power production. Optimised jacket.

It is crucial to emphasise that the optimised jacket experiences higher peak accelera-
tions, shear forces, and bending moments when soil-structure interaction (either consider-
ing FSFI or not) is considered, compared to the fixed-base scenario. This trend is consistent
across all analysed cases. However, this behaviour is not observed in the shear forces of the
reference jacket.

Finally, Figure 15 presents the peak and RMS response in terms of von Mises stresses
at the different levels of the jacket substructure, for the E-2 case. The von Mises stresses are
shown with coloured bars for the legs and grey bars for the bracing elements.

The results are largely similar to those obtained in the reference jacket. The highest
peak stress areas are located at levels 1 and 4 of the leg. Additionally, the bracing elements
demonstrate relatively uniform stresses across all levels, in contrast to the legs, where
significant variations are observed. The maximum stresses occur when wind and waves
loads are aligned at 45°. The difference in peak values is approximately 8% higher when
comparing SSI with FSFI to SSI without FSFI. In contrast, for the OC4 jacket, this difference
is notably larger, at approximately 21% when FSFI is considered. However, in the optimised
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jacket, smaller differences in RMS values are observed when considering the different SSI
hypotheses, in contrast to the reference jacket, where the FSFI notably increased the RMS
values. Moreover, with regard to the RMS values, von Mises stresses across the different
leg levels are more similar. It is noteworthy that the maximum RMS value is not observed
at level 1, as in the original jacket. This highlights the significance of the different SSIs
on each jacket individually, indicating that the influence of FSFI in each jacket must be
thoroughly analysed.

It is important to emphasise that the optimised jacket was designed assuming fixed-
base hypothesis [66]. However, when considering soil-structure interaction, the observed
reduction in natural frequency and the increase in von Mises stresses indicate that the jacket
structure becomes unsuitable for the loading conditions analysed in this study.

After comparing the influence of considering the bucket—soil-bucket interaction in
different substructures, distinct behaviours are observed in both jackets. In terms of
individual internal forces, the SSI exhibits variable behaviours depending on the jacket,
highlighting the importance of analysing SSI in the performance of each substructure for
the same wind turbine. This effect significantly depends on the natural frequencies of the
system and the dynamic loads. Therefore, the relevance of studying the effects of SSI on
the dynamic behaviour of each specific jacket becomes evident.

Level 2 Level 3 Level 4
co M45 MO0 C45 co M45 M90  C45 co M45 M90 C45
co M45 M90 C45 co M45 M90 C45 co M45 M90 C45

Figure 15. Peak and RMS von Mises stress responses in the optimised jacket for the different load
cases and SSI hypotheses under power production. Coloured bars are used to represent stresses in
leg members, and grey bars for stresses in bracing elements.

5. Discussion

Foundation-soil-foundation interaction (FSFI) has been shown to produce signifi-
cant effects on the dynamic response of the system. First, the influence of soil-structure
interaction (SSI) is more pronounced in the reference jacket, where a 35% reduction in
natural frequency is noted. In contrast, in the optimised jacket, the reduction is significantly
less pronounced as a consequence of the increased flexibility of the system. Nevertheless,
in both cases, the incorporation of the FSFI leads to a decrease in natural frequency, which
is consistent with previous studies, such as those by Salem et al. [52] and Bordén et al. [44].
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Moreover, in the optimised jacket, whose natural frequency is already close to the 1P rotor
frequency, the additional reduction caused by SSI leads to the natural frequency falling
to values unsuitable for the wind turbine design. Consequently, it can be concluded that
incorporating the SSI effect in the design and optimisation process of jackets is essential to
ensure adequate structural performance and prevent resonance issues.

In regard to accelerations and displacements, the consideration of SSI and FSFI results
in an increase in peak values. This increase can have significant implications for the nacelle
components, potentially affecting the service life of the OWT. The increase in accelerations
results in higher dynamic demands on the structure, which could accelerate fatigue pro-
cesses in critical components, further highlighting the importance of incorporating these
effects in the design and analysis of the OWT jacket.

SSIinduces significant variations in the different internal forces analysed at the foun-
dation. The authors can conclude that SSI and FSFI can have both positive and negative
impacts on the analysis of internal forces in the jacket structure. Therefore, it is crucial to
conduct a detailed SSI analysis for each jacket design, as the structural behaviour can vary
significantly depending on the specific conditions.

Based on the results obtained by comparing different operating modes, the power
production mode is consistently the most unfavourable condition for the internal forces in
the substructure. However, in some of the analysed load cases, the obtained results showed
smaller differences. Therefore, it is recommended that the dynamic response be analysed
on a case-by-case basis.

Considering FSFI produces the most unfavourable results in terms of stresses, particu-
larly when the stresses align at 45° relative to the jacket’s orientation. This behaviour is not
explicitly detailed in current standards, which is understandable in the case of monopiles
due to their cylindrical symmetry. However, in jacket substructures, this effect causes a sig-
nificant increase in stresses, highlighting the importance of considering this phenomenon
in foundation design. The highest stresses consistently concentrate in the lower part of the
jacket, specifically at level 1, particularly in the legs. This behaviour is observed across all
load conditions and for both jackets analysed.

6. Conclusions

This study has investigated the influence of foundation-soil-foundation interaction
on the dynamic behaviour of jacket substructures founded on buckets for offshore wind
turbines. A parametric analysis was conducted, incorporating critical load cases identified
for conservative foundation design, as outlined by Jalbi et al. [55] for jacket structures.
The study considered four different load configurations, including collinear wind and wave
loads, as well as misaligned cases at 45° and 90°, providing a comprehensive assessment
of the varying loading directions. The dynamic response of the system was evaluated in
terms of key structural parameters, such as, bending moments, shear forces, and stresses on
the jacket substructure. In order to evaluate the influence of FSFI on different substructure
configurations, simulations were performed considering the NREL 5MW OWT mounted on
the jacket defined in the OC4 project, and a comparative analysis employed an optimised
jacket. The dynamic response was analysed with an OpenFAST model that incorporated
soil-structure interaction and accounted for the presence of multi-bucket foundations for a
homogeneous soil profile.

It was found that foundation-soil-foundation interaction can play a role in increasing
the magnitude of the structural response in terms not only of accelerations but, more impor-
tantly, in terms of shear forces, bending moments, and stresses in many different situations.
In other words, ignoring the influence of the interaction between nearby foundations
(as is usually assumed in the analysis of this systems) may contribute to underestimat-
ing the structural response of the jacket. One of the reasons that explains this influence
of foundation-soil-foundation interaction over the structural response is the changes
produced in the fundamental frequency of the structure: foundation-soil-foundation inter-
action modifies the stiffnesses of each individual foundation in the group (the well-known
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group effect of the foundations) and, given that the modes and natural frequencies of the
whole system depend on such stiffnesses, they are also modified. In turn, if modes and
natural frequencies change, the structural response of every element is also affected.
Therefore, even though additional future work is still needed for the development
of more elaborated models that include the aspects that have been disregarded in this
first study, the authors recommend considering the effects of foundation-soil-foundation
interaction in the analysis and design processes of jacket support structures for OWTs.
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Abbreviations

The following abbreviations are used in this manuscript:

OWT Offshore wind turbine

SSI Soil-structure interaction

FSFI Foundation-soil-foundation interaction
FEM Finite Element Method

BEM Boundary Element Method

D Diameter of the bucket

L Length of the bucket

v Poisson’s ratio of the soil

u Shear modulus of the soil

Kio=it  Gtiffness matrix without considering foundation-soil-foundation interaction
Ké’” Stiffness matrix considering foundation-soil-foundation interaction

5 Dimensionless spacing (distance) between closest foundations (polygonal arrangement)
% Group effect stiffness correction factor

Vv, Rated wind speed

Hjaket  Height jacket

Hiop Height hub from mean sea level

w Height water

Stop Spacing jacket top

s Spacing jacket bottom

DLCs Design Load Cases

NTM Normal Turbulence Model
ETM Extreme Turbulence Model
EOG Extreme Operating Gust

ESS Extreme Sea States
EWH Extreme Wave Height
Co Wind and waves loads are collinear (0°)
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M990 Wind and waves loads are misalignment by 90°
M45 Wind and waves loads are misalignment by 45°
C45 Wind and waves loads act at 45° relative to the structure
Hg Significant wave height
Ts Significant wave period
Hy, Maximum wave height
T Maximum wave period
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3.1 Summary and conclusions

The present dissertation focuses on the dynamic and seismic structural analysis of
jacket substructures for offshore wind turbines using advanced numerical modelling.
The study integrates multiple subsystems and nonlinear phenomena while accounting
for the effects of dynamic soil-structure interaction in multi-supported substructures.
In addition, this research explores foundation-soil-foundation interaction phenomena
in multi-supported structures and examines the influence of kinematic interaction on
the seismic behaviour of the system.

The research presented combines advanced dynamic soil-structure interaction mod-
els, developed by the research group, with an aero-hydro-servo-elastic code for wind
turbines, enabling detailed modelling of their dynamic response. This dissertation de-
velops the formulation required to implement multi-support seismic input motions into
the open-source software OpenFAST, with the aim of facilitating the use of this tool
for the dynamic and seismic analysis of wind turbines. Lumped parameter models
(LPMs) are employed as an effective approach to incorporate soil-structure interaction
into the simulation framework. This methodology not only accounts for the static
stiffness of the foundation but also approximates its impedance, dynamic stiffness and
damping characteristics. The LPM approached employed in this work enables the
simultaneous modelling and fitting of translational, rotational, and coupled horizontal-
rocking complex-valued impedance functions, while vertical and torsional impedances
are represented using a spring-damper model [57]. Furthermore, this approach facil-
itates the integration of key aspects of these frequency-domain impedance functions
into the time-domain simulation of the complete system in OpenFAST. The impedance
functions and kinematic interaction factors are computed using the numerical model
previously developed by the research group, described by Alamo et al. [17] or by Bor-
dom et al. [18], for the dynamic analysis of pile and bucket foundations in complex soil
conditions.

In addition, the incorporation of foundation—soil-foundation interaction effects into
an OpenFAST model of a jacket-supported offshore wind turbine requires a formulation
compatible with the OpenFAST framework. To achieve this, bucket—soil-bucket inter-
action effects are incorporated by modifying the stiffness functions that characterize
the response of individual foundations. These expressions, presented in closed-form by
Bordén et al. [58], enable efficient implementation. Soil-structure interaction within
the OpenFAST environment is modelled using a substructuring approach, where linear
springs are attached to the base of the jacket legs.

After verification of the proposed models, in the present dissertation different prob-
lems involving jacket substructures on piles and suction buckets have been considered:

First, in order to explore the dynamic and seismic behaviour of the jacket sub-
structure, an interesting factor to consider is the influence of wind and seismic ground
motion directionality on the dynamic response of four-legged jacket-supported OW'Ts.
It was observed that, due to aeroelastic damping (which is significantly higher in the
fore-aft direction than in the side-to-side direction), the vibration amplitude is con-
siderably more pronounced when seismic shaking occurs in the side-to-side direction,
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compared to when it acts along the fore-aft direction. However, the situation differs
when considering internal forces. In this case, maximum internal forces are typically
observed when the ground motion is aligned with the diagonal direction of the jacket
structure, rather than with the wind direction. Additionally, the direction of seis-
mic shaking generally exerts a greater influence on peak internal forces than the wind
direction. In any case, it is evident that load combinations assuming aligned wind
and ground motion directions are often not the the worst-case scenario. On the other
hand, the seismic response of the considered substructures varies with different earth-
quakes signals. Therefore, a sufficiently comprehensive set of seismic signals (ideally
including data from offshore stations) and combinations of ground motion and wind
directions must be considered during the detailed design phase of jacket substructures
for offshore wind turbines in areas with a high seismic risk. The combinations that
result in the maximum peak values vary within these ranges depending on the specific
characteristics of different earthquakes.

Secondly, the study also focuses on the influence of operational modes on the seismic
response of jacket substructures. Emergency shutdown is not necessarily beneficial
in terms of reducing peak accelerations at the nacelle. In contrast, the lowest peak
accelerations are observed during power production mode when the earthquake acts in
the fore—aft direction. This is due to the higher aerodynamic damping, which helps
reduce the magnitude of vibrations induced by the earthquake. However, emergency
shutdown tends to produce the largest oscillations in displacement at the tower top. At
locations of maximum stress, such as the top and bottom of the legs, the variations in
average peak von Mises stress across different modes are generally small. Conversely,
along the intermediate sections of the legs, where stresses are lower, the average peak
von Mises stresses can vary significantly between operational modes. Maximum stresses
typically occur during power production, except at the top of the legs, where higher
stresses are observed during emergency shutdown in several cases.

Lastly, the dissertation studies the foundation—soil-foundation interaction effects
on the dynamic response of offshore wind turbine supported by jackets. It was found
that foundation—soil-foundation interaction can significantly increase the magnitude
of the structural response, not only in terms of accelerations but, more notably, in
terms of shear forces, bending moments, and stresses across a variety of scenarios. In
other words, neglecting the influence of interactions between nearby foundations (a
common assumption in the analysis of these systems) may lead to an underestimation
of the jacket’s structural response. One key reason for this impact of foundation—soil-
foundation interaction on the structural response is the alteration of the fundamental
frequency of the system. This interaction changes the stiffness of each individual foun-
dation within the group (known as the group effect), which in turn modifies the modes
and natural frequencies of the entire system. As the modes and frequencies are altered,
the structural response of each element is also affected.

Additionally, the influence of kinematic interaction on the seismic response of jacket-
supported offshore wind turbines is analysed. For monopile substructures, rotational
motion significantly influences accelerations and shear forces, while the effect of the
translational filtered signal is comparatively minor. Regarding bending moments, the
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differences in responses with and without kinematic interaction are notably smaller
than those observed for accelerations and shear forces. In contrast, for jacket substruc-
tures, the impact of rotational motion is less substantial. Accounting for kinematic
interaction factors in these substructures results in a slight increase in accelerations
and internal forces, but the effect remains much less significant compared to an OWT
supported by a monopile.

A comprehensive analysis of each of these problems, along with more detailed con-
clusions, can be found in the respective publications.

3.2 Future research directions

This section outlines several potential avenues for future research, identified based on
the insights and knowledge gained throughout the course of this study. The suggested
directions are intended to address unanswered questions, expand upon the findings,
and explore new perspectives that emerged during the research process. The proposed
lines of research are expected to contribute significantly to the advancement of the
field, building on the original work presented in this thesis. The following sections
provide a detailed overview of the proposed research lines:

Use of the developed advanced models:

o This research work has focused on four-legged jackets. It would be beneficial to
conduct comparative studies with other types of multi-supported substructures
to ascertain whether the conclusions drawn in this study are consistent. This
could include jackets with different numbers of supports, such as three or five
legs, as well as other types of multi-supported substructures, such as tripods.

o The rapid advancement of wind energy in recent years has led to the develop-
ment of novel wind turbines with greater capacities, requiring the construction of
larger towers and rotor-nacelle assembly. As a result, analysing the seismic dy-
namic response of jacket substructures as support structures of these larger wind
turbines may produce results that differ significantly from those observed for
smaller models. Given the observed trend in monopile-supported OW'Ts, where
SSI tends to have a beneficial effect with increasing turbine size [35], it is crucial
to perform a detailed assessment of SSI in jacket substructures.

o The methodology developed may be applied to the design of jacket substructures
to specific locations in the Canary Islands and Europe with high wind potential
and moderate seabed depths. The objective is to conduct a comprehensive assess-
ment of the potential influence of design factors, including structural typology,
foundation type and the feasibility of fixed-bottom technologies, in these regions.

o The model proposed in this dissertation have been used to conduct different
parametric analysed of the seismic analysis of multi-supported on pile groups
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and subjected to vertically incident plane shear S waves. The application of
this code, which allows to stablish different input motions at each support, can
be employed for future studies where inclined seismic incidence is considered.
In addition, different types of seismic waves (P,S and Rayleigh waves) could be
analysed [59-61].

Enhancement of the models:

o The models developed in this thesis were verified using numerical models from

the scientific literature. An interesting option is to perform comparative analyses
with established experimental models, with the aim of refining the numerical
model in accordance with the insights gained. In this way, the results obtained
from the advanced model considering soil-structure interaction and foundation-
soil-foundation interaction could be compared with shaking table tests [62,63],
or with experimental data from installed OW'Ts.

A future avenue of research involves the development and implementation of non-
linear pile-soil interaction models, based on the Beam-On-Nonlinear-Winkler-
Foundation (BNWF') approach [64—66], into OpenFAST, to analyse pile founda-
tions under time-dependent loads or earthquakes. Particular attention should be
given to the influence of soil and structural non-linearity [44,67-69], including
potential plastic behaviour, on the overall system response. In this context, the
use of macro-elements that efficiently reproduce the essential features of soil—
foundation interaction represents a valuable approach [45,70,71].

Advances in the dynamic and seismic analysis of jacket structures for the support of OWT
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Abstract. The development of offshore wind energy is expected to contribute signifi-
cantly to the decarbonization of the electrical energy production sector, and the number
of offshore wind farms is growing fast due to the maturity of the technology, the reduc-
tion in costs, and the increase in size and power of the turbines. Floating offshore wind
is developing fast, but offshore wind turbines (OWTs) founded to the sea floor are still
the dominant technology, with different types of support structures (monopiles, jackets,
tripods) depending on the sea depth and the conditions of the location. The dynamic prop-
erties of these support structures are a key factor in the design of the system from a civil
engineering point of view, and the distinctive features of OWTs (including the nature of
the loads and the variable geometry of the system due to the rotation of the blades and
the continuous actions of the control system) suggest that specific tools, able to adequately
model the different subsystems, should be used in structural and seismic analyses. For
this reason, input ground motion and dynamic soil-structure interaction capabilities have
been implemented in OpenFAST, an open-source nonlinear aero—hydro—servo—elastic code
for the simulation of wind turbines, in which the environmental loads and the response of
all the main elements are taken into account through specific models and modules. This
paper presents the equations of motion and the specific procedure followed to implement
input ground motion and soil-structure interaction into the SubDyn module, and presents
validation results to illustrate the applicability of the approach.
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1 INTRODUCTION

Geopolitical instabilites and military tensions with Russia, added to the current Climate
Emergency situation, show once again that Europe needs to move fast towards energy
independence based on renewable energies with the lowest possible environmental impact.
Among the renewable energy sources of these characteristics available in Europe, and in
which Europe can be independent to a large extent, we can mention offshore wind energy,
whose potential is much greater than of onshore energy. Most of the offshore wind turbines
installed in Europe are located in places where the depth of the sea allows founding them
directely to the seabed. Floating wind turbines is growing in the last years, however, in
Europe monopiles remain the preferred choice of developers, 80.5% new installation in
2020 and 19% on jackets [1].

With the expansion in the number of wind farms comes the need of placing new off-
shore wind turbines in locations with worse geotechnical properties, greater depths and
increasing seismic risk. Therefore, there exists the need for numerical tools to study the
seismic response of offshore wind turbines, regardless of their structural typology, and
including the phenomena of soil-structure interaction and kinematic interaction between
foundations and incident seismic waves. There are many models with different levels of
simplification to do this for offshore wind turbines, but it is ideal to have an advanced
tool that can take into account the different subsystems that composed a wind turbine.
In this regard, an interesting option is OpenFAST [2], which is a multi-physics, multi-
fidelity tool for simulating the coupled dynamic response of wind turbines. It is open-
source, is programmed in Fortran 95, and it might be considered not as a single program,
but as a framework that couples computational modules for aerodynamics, hydrodynam-
ics for offshore structures, control and electrical system (servo) dynamics, and structural
dynamics to enable coupled nonlinear aero-hydro-servo-elastic simulation in the time do-
main. The main modules regarding the dynamic response of the system are: BeamDyn
for modelling the dynamic behaviour of the blades; ServoDyn for modelling the generator
and the control system; ElastoDyn for modelling the dynamic response of the tower in
the fore-aft and side-to-side directions, and based on a modal approach that takes into ac-
count only the first two vibration modes in each direction; and SubDyn for modelling the
dynamic response of the substructure, from the Transition Piece (TP) at the base of the
structure to the base. In this work, the proposed modifications will be implemented in this
last module, SubDyn. The different modules interact in a loosely coupled time-integration
scheme, where a glue-code transfers data among modules 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. Each module inputs
and outputs relevant information. For more information, OpenFAST documentation [2].
Thus, this paper presents the implementation of seismic input motions and dynamic soil—
structure interaction into OpenFAST. The first item includes not only horizontal ground
input motions, but translational, vertical and rotational foundation input motions, while
the second aspect is introduced through a simplified lumped parameter model that is
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previously fitted to represent the dynamic response of the foundation. The use of lumped
parameter models is considered here as a tool to introduce dynamic soil-structure in-
teraction into the model because, contrary to a static stiffness matrix, this approach
allows to take into account, not only the static stiffness of the foundation, but an ap-
proximation to its impedance, i.e., the dynamic stiffness and damping functions. This
damping, arising not only from material damping but most importantly from radiation
damping, can be relevant in the dynamic response of the structure. These capabilities
have been implemented in OpenFAST, version 2.2.0, and the code can be downloaded
here: https://github.com/CarlosRomeroSanchez/openfast_2.2.0_seismic .

This paper presents, firstly, a general overview of the original formulation implemented
in the SubDyn module. Then, the proposed formulation is presented and verified by
comparison against a different simplified model for some specific verification cases. Finally,
results of a specific illustration example are presented.

2 GENERAL OVERVIEW OF THE FINITE ELEMENTS METHOD FOR-
MULATION IMPLEMENTED IN SUBDYN.

This section presents a general overview of SubDyn [3]. The module integrates its equa-
tions through its own solver. The main steps are: discretization of the substructuring
following the strategies of classical linear beam Finite Elements motion equations, ap-
plication of Craig-Bampton modal reduction and rearrangement of the equations into
State-Space type formulation for time-domain resolution and coupling with the rest of
modules.

2.1 Dynamic System of Equations

The structure is discretized with the following simplifying assumptions: Two-noded Euler-
Bernoulli or Timoshenko three-dimensional beams with 12 degrees of freedom, linear
response and rigid joints, leading to a classical equation of motion of the type:

Mii(t) + Cu(t) + Ku(t) = F(t) (1)

Mgr Mgy (U n Crr CRL UR n Krr KrgrL ug \ _ ( Fr
Mpr Mip ur, Crr CrLr ur, Krr Kirp ur Fr,
@)
where M, C and K are the global mass, damping and stiffness matrices, u and F are the
displacements and external forces along all of the DOFs of the assembled system. The

subindex R identifies the boundary nodes (at the base and at the Transition Piece) and
L identifies the rest of nodes (interior nodes).

2.2 Craig-Bampton modal reduction

The Craig-Bampton method reduces the number of the internal generalized degrees of
freedom of the substructure, using a subset ¢, (m < L). Equation (3) relates physical
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DOFs and generalized DOF's (¢p,):

L=l o o {0} 3)

where I is the identity matrix; ® (matrix) represents the physical displacements of the
interior nodes for static, rigid body motion at the boundary and ®; (matrix) represents
the internal eigenmodes. The Craig-Bampton transformation is therefore represented by:

(ot =1ae o {00} (@

where ®,, is the matrix that represents the truncated set of ®;. Premultiplying both
sides by equation (2) yields:

Mpp Mpm UR " Cse  Chm UR
MmB 1 qm CmB QCQm Qm

el (e)-(5) o

where:

Mpp = Mg + Mpp®g + @My + LM ®r (6)
Cpg = Crr+ CrrPp + PLCLr + PRCLL PR (7)
Kpp = Krr + KrrLPr (8)
My =@ Mg+ ®F M Pr 9)
Cpp = ®LOpp + L O ®R (10)
Mpm = MSLB, Cpm = C’I"”Zr—‘lB (11)

Fp = Fr+ dLF; (12)

Fy = ®},Fp, (13)

After modal decomposition, this superposition is made not with all modes, but with only
a few (m modes), as usual in this kind of strategies, leading to a significant decrease in
the number of degrees of freedom of the system. Introducing this idea into the FEM
equations, and concentrating the motions at the boundary in the Transition Piece of the
OWT (joint between tower and substructure) the equations are written as:

]\:433 Mg Ugp n C:'BB Chm Up
RBB 0 Ugp . ﬁ;ﬁp
e () - (k) o

where the overhead bar here and below denotes matrices/vectors after the fixed-bottom
boundary conditions are applied. wuy, is the 6 DOF's of the rigid transition piece.
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2.3 State-space formulation

To arrange variables in sets of inputs and outputs that can communicate with the rest of
modules, the equations are cast in state-space formulation, defining z = 2(t) = (¢ Gm)”
as the states; u = (Urp Urp Urp Fr. Fgre)" as the inputs from other modules;
Y1 =Yi(t) = —Frp as outputs to tower (ElastoDyn); Yo = Y3(¢) as outputs to HydroDyn
(motion of the substructure).

Then, equation 14 can be cast into state equation form as:

# = Az + Bu+ F, (15)
=Y, =Ciz+ Dyu+ Fy, (16)
Yé = CQ.T + DQU + Fy2 (17)

where A, B, F,,Cy,Cy, D1, Do, F; and F);; are arrays and matrices of constant coefficients
that are computed only, at initialization.

3 IMPLEMENTATION OF UNIFORM BASE INPUT MOTION AND SOIL-
STRUCTURE INTERACTION MODEL INTO SUBDYN MODULE
3.1 Generic equation of motion

Equation (1) assumes fixed-base, taking into account prescribed displacement in the base,
the main equations of motion describing the dynamic response of the substructure can be
written as:

Mii'(t) + Cu(t) + Ku(t) = F(t) (18)

where now u and u! represent relative and total displacements. If kinematic input motion
at time ¢, taking into account the presence of the foundation and its interaction with the
incident seismic field, is denoted by vector uy(t) (u, = U, V,0), the relationship between
displacements can be written as:

u(t) = u'(t) — Auy(t) (19)

where A is a matrix composed by Ay, Ay and Ay, which the influence vectors (Chopra
[4]) representing the displacement of the different degrees of freedom as a consequence
of the static application of unitary lateral, vertical or rotational ground displacements,
respectively. Writing the equation of motion in absolute terms yield:

Miit (1) + Cuit(t) + Ku'(t) = F(t) + Chuiy(t) + KAuy(t) (20)

After the assembly, the system of equation can be written as:
Mgrr Mgy in ' " Crr CRL ur ' n Krr Krgr ug ' _
Mir Mpp U, Cir CrLi ur, Kir Kir uy,

(FR>+[CRR CRL]<AR>U. _|_|:KRR KRL]
Fy, Crr Cri Ap )" Krr Kip
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where Fr = Fr+ Frg, with Fr . being external loads from other modules, the hydrody-
namic forces over the boundary nodes and the forces transfered to and from ElastoDyn
through the Transition Piece; and g stands for the gravity loads.

The interior degrees of freedom are hence transformed from physical DOFs to modal
DOF's, and pre-multiplying by Craig-Bampton transformation (equation 4) both sides of
equation of motion, can be rewritten as:

Mpg Mgpm UR t+ Cgg, CBm, UR t+ Kps 0 ur \'

Fp+ ®LF; n Cpa, CBm; Agr i+ Kgg 0 Ag u
T Fy, Crng; Coumy + 202 |\ Ay )7 0 2 [\ A, )"
(22)

where the damping matrix is composed of the structural damping (2¢(2,,) and damping
terms related to the LPM foundation model (C). On the other hand, A,, is obtained as
the truncation of Ay as:

AL =OpAr+ DA (23)

A, =Ap (24)

3.2 Equation of motion with lateral, vertical and rotational foundation input
motion

The vector of displacements at the boundary nodes contains the displacement at the
interface node with the tower (u;) and the displacements at base nodes, which would
move following the ground motion according to the relevant portion A of the influence
vector:

B ( AUy + Aoy + AV, )
Ur —

Uur

(25)

where U, is the lateral kinematic input motion, V}, is the vertical kinematic input motion
and 6, is the rotational kinematic input motion. Accordingly, the matrices of related to
the boundary nodes can be decompose as:

| My, My , | My, ] | My
Mpp = [Mn, MBB] i Mpy, = |:MBm:| i Mpp = [ MmB:| (26)

where b is base nodes and [ is interface nodes. The overhead bar here and below denotes
matrices/vectors after the fixed-bottom boundary condition are applied.
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MBB MBm ﬂ/tp t+ CjBBf Cijf utp t+ KBB 0 Utp ' _
MmB 1 Qm Cme Cmmf + QCQm Qm 0 Q?n dm

Fr+ ®LFy OBBf OBmf Ar .
< oL Fy, * éme Crrnr + 2¢80, A it

K 0 A M .
55 | () [ i e

The interfaces nodes and the Transition Piece (that is assumed as a rigid body) are
considered as rigidly connected, so that the following relationships hold:

ur = T]Utp (28)

F, =Tl Fg (29)

where 17 is a simple transformation matrix depending on the differences between the
locations between both points. Taking these two relations into account, eq. (27) can be
written as:

]\:433 Mg, Uty t+ C?BBf Chm, Ut t+ Kgg 0 Utp t:
MmB I qm C(mB Cmm + 2CQm qm 0 an m,

Ftp Fresk—u Froso—v | 7 Frosv—u | 7
~ + Uy(t) + Uy(t) — Up(t
( F ) { Fuysisk—u } o(t) [ Fyrsiso—u ] o(t) [ Fuysisv—u ] o(t)

+[ Froisic—v }v;,(t>+ [ Frsiso-v }V},(t) _ [ Froisn-v :|%(t>

FMsistV FMsisch FMSiSIV[*V
FIsisK—@ FIsisC—9 ) FIsisM—G n
Oy(t Oy(t) — Oy (t
+ |: F]\/[sisK—G :| b( )+ |: FMsisC—G :| b( ) |: FMsisM—G :| b( )
(30)

where:

Mpp =T} MppT; (31)
Cpp, = T{ Cpp, Ty (32)
Kpp =T] KppTy (33)
Mgy, = Tf Mg, (34)
éBmf = TITCBmf ( )

ﬁtp:Ftp+TITFR,e+TITFR,g+TIT(I)£(FL,.«:+FL,Q) ( )

Fo = @5 (Fpo + FL,) (37)
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Frask-v =T} (KppAu,) (38)
Farsisk—v = Q2 Au,, (39)
Frisc—u =T} (Cps,Av, + Com,Au,,) (40)
Furrsisc—v = Comp vy 4 (Crumy + 200 ) Ay, (41)
Frasm—v =T} MpAy, (42)
Fursisn—v = My, (43)
Frask—o =T} (Kpphg,) (44)
Fusisk—o = Q2 Mg, (45)
Fraisc—o = T1 (Cp, Mo, + Cm, N, (46)
Farsisc—9 = Cmp Moy + (Comy + 2C0) g, (47)
Frsisni—o = T} MpAo, (48)
Farsisv—o = My, (49)
Fraisk—v = T] (KpgAy,) (50)
Fasisk—v = Q2 Ay, (51)
Frsc—v =T (Cpp,Av, + Cpm,Av,, (52)
Fusiso-v = émeAvI + (Crumy +2¢Qm) Ay, (53)
Frasv—v = T} MpAy, (54)
(55)

Frysism—v = My,

3.3 Simplified Lumped Model Parameter Model into SubDyn

The introduction of an LPM can be simply understood as adding one (or several) ad-
ditional elements at the base of the substructure. At this point, the simplified Lumped
Parameter Model proposed by Carbonari et al. [5], depicted in figure 1, is adopted for
the lateral vibrations, while the spring-damper model depicted in figure 2 is adopted for
vertical and torsional vibrations (assuming that their influence on the response of the sys-
tem is, in any case, smaller). These assumptions lead to the following stiffness, damping
and mass matrices:

K. K C, G, 0 0
K — 1 lj ; C — k22 'LJ ; M — 56
[ (sym) Kj; } [ (sym) Cj; ] [ (sym) Mj; ] (56)

where node i is the ground, node j is the base of the substructure, and the submatrices
are defined as follows:

UbT: [ Ugh Uyp Uzb ezb eyb ezb] (57)
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Figure 1. Scheme of the simplified LPM, adopted for lateral vibrations [6]

my Meor
Kv CV Ktor Ctor

Figure 2. Scheme of the mass-spring-damper model, adopted for vertical and torsional vibrations [6]

[ kn + Ky 0 0 0 —kihy 0
kp+k 0 kihy 0 0
k. 0 0 0
Kii bt kb2 00 (58)
k. + k3 0
L ktor i
[ — (K, + k) 0 0 0 kihy 0 ]
0 —(kn+k) 0 — kel 0 0
e T _ 0 0 _kz 0 0 0
Kji=K;= 0 Kby 0 —(ky + k) 0 0
—kihy 0 0 0 —(k, 4+ kh2) 0
L 0 0 O 0 0 _ktor
(59)
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[ cn 4+ 0 0 0 —cihoy 0
Cp, + Ct 0 Cthg 0 0
C, 0 0 0
Cii cr + cih? 0 0 (60)
cr + Cth% 0
L Ctor h
[ —(cn + ) 0 0 0 ciho 0 ]
0 —(cn+c¢) 0O —cihe 0 0
T _ 0 0 —c, 0 0 0
Cii=Cy = 0 ciho 0  —(c, +cthd) 0 0 (61)
*Cthg 0 0 0 _(Cr + Cth/%) 0
L 0 O 0 O 0 —Ctor i
[y, + my 0 0 0 —myhs 0 ]
mp + my 0 mthg 0 0
m, 0 0 0
M = I, +mh3 0 0 (62)
]r + mthg) 0
L Itor i

where the SLPM coefficients are calculated using least squares to be optimaly adapted to
the impedance functions defining the dynamic response of the wind turbine foundation.

3.4 State-space formulation

These equations must be cast in a form useful for implementation into the general frame-
work of OpenFAST and SubDyn, taking into account which are the input variables to
SubDyn and the output variables from SubDyn to other modules. The equations are
written in state-space form. The states are defined as:

4 AT
= (dn, ) (63)
and the input vector are defined as:
. . T
w= (U}, U, U, Fp. Fre) (64)

3.4.1 State equation

Equation (30) is cast into standard linear system state equation of the form:

i=X=Az+Bu+F, (65)
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To do, the second row of equation (30) needs to be written down and solved for Uy. After
doing so, the matrices of the state equation can be found to be:

0 1

0 0 0 0 0
B_[o ~Chp, —Mup OF 0} (67)

Fo=| . 0 . ) (68)
(bmFLg + Zi FMsisK—iub + Zi FMsisC—iub - Zl FMsisM—iub
where I is the identity matrix and i = U, V., 0

3.4.2 Output equation to ElastoDyn

The first output equation computes the interaction forces between tower and substructure
at the Transition Piece.
y=Y = _Ftp (69)

Writting the first row of (30) and solving for Fj,, the output equation can be written as:
*Yl = Clx + Dlﬂ + Fyl (70)

where . . .
Ci=[ —~Mpu2, —Mpu(Com, +2(Q) + Cpmy | (71)

Dy = [ Kgp —Coup,Mpn + Cpp, —MupMpy + Mpp Mp,®% — TF0% —T7 ]
(72)

Fy, = =T] (Fig+ ®pFr,) — Z Frsisk—iup — Z Frsisc—itw + Z Frsisn—itp+
Mg, Z Fvrsisic—ily + Z Fpsiso—ity — Z Fursisnr—itiy + @1 Frg | ;i =U,V,0 (73)

3.4.3 Output equation to HydroDyn

The second output equation gathers all the motions needed by the module HydroDyn to
compute hydrodynamic loads on the substructure.

p=Yo={uf w i i i @) (74)
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ng = CQ.I —+ Dgu + Fy2 (75)
where ~ _
0 0
D, 0
0 0
0 0
—CIDmen —® (Cmmf +2¢Q) ]
[ 7T1 0 0 0 07
OrTy 0 0 0 0
- 0 Ty 0 0 0
D, = 0 ORTy 0 0 0 (77)
0 0~ . i . 0 0
. 0 —(I)mCme ST — ©,,M,.B (I)mtiﬁ 0 |
_ 0 -
0
0
Fyz = 0 (78)
0

L (I)mq)LFLg + (Dm(zz FMsisK—iub + Zl FMsisC—iub - Zi FMsisM—iijfb) |
where i = U,0,V.

4 VERIFICATION RESULTS

The correct implementation into OpenFAST of the input ground motion and the simplified
Lumped Parameter Model at the base of the substructure has been initially verified by
comparison against results obtained from a simplified model written in matlab for this
purpose. Firstly, this model is first briefly described. Afterwards, the cases designed for
verification are presented and the results of the comparison are shown.

4.1 Reference simple model for comparison

The model used for comparison is depicted in figure 3. It can be understood as an inverted
pendulum on a beam comprised of two different parts: the inferior part corresponding to
the substructure with constant properties along height; and the upper part corresponding
to the tower, with varying properties along height. On top, the rotor-nacelle-assembly
(RNA) is modeled as a punctual rigid concentrated inertia. The model can be run as
fixed based or as compliant base.

Again, the equation of motion can be written as:

M ii'(t) + Cu(t) + Ku(t) =0 (79)
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where M, C and K are the mass, damping and stiffness matrices. The beam elements
implemented are identical to those already implemented in SubDyn. Vectors u and u'
represent relative and total (or absolute) displacements at the different DOFs in the
structure. If the input ground displacement at time ¢ is denoted by us(t), and eq. (19) is
taken into account, the equation of motion in relative terms, yields:

Mii(t) + Cu(t) + Ku(t) = —MA iy (t) (80)
Assuming steady—state harmonic response, motions can be written as:
u(t) = U(w)e™! (81)

where w is the circular frecuency of the excitation. Thus, the time-harmonic equation of
motion employed can be written as:

(K +iwC — w*M) U(w) = —~MA Uy(w) = w*MA Uy(w) (82)

As usual, time domain response will be therefore obtained through Frecuency Domain
Analysis [4] making use of the Fast Fourier Transform. This reference simplified model
was implemented in an independent matlab© code.

4.2 Reference Configuration

The reference configuration adopted for this study is the widely used 5MW NREL ref-
erence turbine. More precisely, the base configuration is the one defined for the OC3
(Offshore Code Comparison Collaboration) for the offshore 5SMW NREL reference tur-
bine on a monopile. Specific data can be found in Jonkman and Musial [7]. The main
data for tower and substructure can be found in tables 1 and 2.

4.3 Verification cases

Table 3 lists the main characteristics of the input motions used for the four simplified ver-
ification cases presented herein together with the base configuration (fixed or compliant)
in each case. & denotes the structural tower damping ratio. On the other hand, table 4
presents the parameters obtained for the SLPM from fitting the impedance functions cor-
responding to the foundation of this turbine [7]. The impedance functions were obtained
from detailed boundary elements model [8].

4.4 Verification results

This section presents the validation results described in the previous section. Figure
4 present the comparisons between the results obtained using the modified version of
OpenFAST and those of the reference inverted pendulum matlab code. Motions at the
top of the tower, and at the platform are represented. It is shown that the agreement
is very good in terms of displacements. It is worth highlighting, however, the major
difference between both codes, being the OpenFAST model much more elaborated than
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Parameter Value
Tower-top height above mean sea level (MSL) 87.6 m
Tower base height above mean sea level 10.0 m
Water depth (from mean sea level) 20.0 m
Tower lenght 77.6 m
Water depth (from mean sea level) 20.0 m
Diameter at the base of the tower 6.0 m
Diameter at the top of the tower 3.87 m
Thickness at the base of the tower 0.027
Thickness at the top of the tower 0.019
RNA mass 349389.842 kg
RNA center of mass above tower top 1.96699 m
Second moment of inertia around RNA’s center of mass | I, = 4.37- 10" kg - m

I, =235-10" kg - m

I.=254-10"kg - m

Table 1. Tower and turbine main properties, 5SMW.

RNA:
concentrated

RNA:
concentrated

/inertia /inertia

Tower: Tower:
Bernoulli Bernoulli
beam with beam with
tapered tapered
properties. properties.
(20 elements) (20 elements)
Substructure: Substructure:
Timoshenko Timoshenko
beam. beam.

/(2 elements) /(2 elements)

Foundation:

/ simplified LPM

uy(t)  Bb (t)
U Ub(t) O (t)
Fixed base Compliant base

Figure 3. Depiction of the reference simple model used for comparison

Parameter | Value
Height 30.0 m
Diameter 6.0 m
Thickness 0.60 m

Table 2. Monopile main propeties
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N | Motion | Base configuration | & Input base motion
1 Lateral Fixed base 5% | Quarter of sine (f = 0.1 Hz, A=0.1 m)
2 | Rotational Fixed base 2% | Quarter of sine (f = 0.1 Hz, A = 0.05 m)
3 Lateral Fixed base 2% Chi-Chi earthquake
4 Lateral Compliant base 2% Chi-Chi earthquake
Table 3. Verification cases

KSLPM Value CSLPM Value MSLPM Value

ky, 5.478e+4 Cp, 1.212e+7 | my, 55.92

k, 1.078e+11 | ¢, 3.633e+8 | I, 1.0

ks 2.274e+9 | ¢ 4.966e+7 | my 5.047e+05

k, 4.787e+9 | c, 2.117e+8 | m, 1.0

Ktor 7.13e+10 | cor 4.414e+8 | Iy 8.60e+6

hy -4.794 ho -4.417 hs 0.08194

Table 4. SLPM parameters

the reference model, and being the first one solved in time domain and the second one
in frequency domain. As expected, response on a softer foundation (previously verified
against the matlab reference model) provides a longer period. It also allows to see that the
great influence that the properties of the foundation exert on the system global response.
Table 5 shows the fundamental frequencies as a function of the assumed base condition.

Fundamental frequency
0.2797 Hz (T=3.58 s)
0.2597 Hz (T=3.85 s)

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

Base condition
Fixed base, fore-aft:
Compliant base, fore-aft:

5 ILUSTRATION EXAMPLE

After having verified the implementation of the kinematic input motions for a simplified
inverted pendulum configuration, this section illustrates the use of the code for the anal-
ysis of the seismic response of the offshore wind turbine while the turbine is operating
and is subjected to wind, waves and currents. The NREL 5 MW reference OWT de-
scribed above is considered here too. The simplified Lumped Parameter Model is used
to represent the flexibility of the soil-foundation system (see Figure 5), as stated above.
At the same time, the system is assumed to be subjected to vertically-incident shear
waves. The Chi-Chi earthquake is considered as free-field ground-surface seismic action.
The simulation is allowed to run for 220 seconds before the earthquake shaking arrive,
in order to allow the dissipation of the transient response generated at the beginning of
the simulation. No emergency shutdown is considered. The time-harmonic kinematic
interaction factors corresponding to the monopile foundation were computed through the
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Figure 4. Results corresponding to verification cases
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same boundary element model employed to compute the impedance functions [8]. These
kinematic interaction factors allow to compute the translational and rotational kinematic
input motions (see Figure 6) that are then defined at the base of the SLPM.

Figure 7 presents the computed seismic response in terms of tower top displacements,
tower top accelerations and mudline shear forces and bending moments in the monopile.
Each plot presents the response of the OW'T computed under four different loading sit-
uations: a) only environmental loads (wind, waves and currents); b) taking into account
both translational and rotational foundation input motions; ¢) taking into account only
translational foundation input motion (with zero rotational input motion); and d) consid-
ering the original seismic input motion as translational input motion, i.e., without taking
into account the filtering produced by the pipe pile foundation.

]
M

7 /T/

<« Ub(

A 4 Bng

Figure 5. Ilustration example model

As expected, the seismic action increases the response of the structure in terms of dis-
placements and accelerations at the tower top. Accelerations, in particular, increase by
a factor of 3 due to the arrival of the earthquake. Bending moments and shear forces at
mudline, on the contrary, are less affected by the earthquake, being the environmental
loads the ones that contribute more importantly to the resulting internal efforts. The ro-
tational component of the FIM produces an increase in the seismic response, as observed
from the comparison of the responses computed taking or not into account the rotational
input motion (red and green curves). However, this increase is not very significant when
compared to the oscillations of the response of the system under the rest of loads. Finally,
the difference between considering the original earthquake signal or the filtered earthquake
signal is negligible.
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(b)
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0.01 -
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e

-0.01

-0.02 I I I I
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Figure 6. Lateral FIM (a) and Rotational FIM (b). Obtained from KIF of monopile foundation and
Chi-Chi Earthquake

6 CONCLUSIONS

The paper develops the formulation needed for the implementation of seismic input mo-
tions and new dynamic soil-structure interaction capabilities into the open-source software
OpenFAST, with the aim of facilitating the use of this tool for the seismic analysis of wind
turbines.

Not only horizontal, but also vertical and rotational foundation input motions are con-
sidered. In the ilustration example, horizontal and rotational foundation input motions
are computed taking the monopile kinematic interaction factors into account, and the
relevance of this filtering is also discussed.

On the other hand, the use of lumped parameter models is considered here as a tool to
introduce soil-structure interaction into the model because this approach allows to take
into account, not only the static stiffness of the foundation, but an approximation to its
impedance, i.e., the dynamic stiffness and damping functions.

These capabilities have been implemented in OpenFAST, version 2.2.0, and the code can
be downloaded here: https://github.com/CarlosRomeroSanchez/openfast_2.2.0_seismic .
The authors are now working on the generalization of the formulation to non-uniform
input motions, and its implementation in the latest version of OpenFAST.
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Figure 7. Results corresponding to ilustration example
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1 INTRODUCTION

In recent years, offshore wind energy plays a key role in the development of renewable
energies in Europe. Most of the offshore wind turbines are currently installed in locations where
the depth of the sea allows them to be founded directly to the seabed, with monopiles being the
most common substructures used in this field. However, the use of multi-support substructures,
such as jackets and tripods, has increased considerably due to the greater depth of new wind
farms locations.

Two factors of special importance in the design of these structures are the dynamic behaviour
and the seismic risk. Nowadays, the growth in the number of wind farm installations is due to the
need of placing new offshore wind turbines in locations with worse geotechnical properties and
increased seismic risk. That is why for the correct design of offshore wind turbine substructures
is essential to take into account the seismic response of offshore wind turbines, regardless of
their structural typology.

One of the most widely-used open-source advanced tools available in the literature is Open-
FAST [1], which is a multi-physics and multi-fidelity software for the simulation of the coupled
dynamic response of wind turbines in the time domain. OpenFAST is programmed in Fortran
95, and it might be considered not as a single program, but as a framework that couples com-
putational modules. Aerodynamic loads on blades and tower are computed in AeroDyn, while
HydroDyn determines the hydrodynamics loads (waves, currents...) for offshore structures. In
addition, the ServoDyn module is used for the simulation of control and electrical subsystems
of the wind turbine. ElastoDyn is the module where the structural dynamic responses of ro-
tor, nacelle and tower is calculated and SubDyn is applied for modelling the dynamic response
of the substructure, from the Transition Piece (TP) at the base of the tower to the base. This
framework allows coupled nonlinear aero-hydro-servo-elastic simulation in the time domain.
OpenFAST documentation can be found in [1].

Romero-Sanchez and Padrén [2] developed a formulation for the implementation of uniform
ground input base motion and soil-structure interaction into SubDyn [3]. This paper presents an
implementation of multi-support seismic input motions and dynamic soil-structure interaction
into OpenFAST. The implemented multi-support seismic input motion includes translational,
vertical and rotational foundation input motions at each support, while soil-structure interaction
is introduced through a simplified lumped parameter model that is previously fitted to represent
the dynamic response of the foundation. In this case, the use of lumped parameter models
is considered as a tool to introduce dynamic soil-structure interaction into the model because,
contrary to a static stiffness matrix, this approach allows to take into account the static stiffness
of the foundation and an approximation to its impedance (the dynamic stiffness and damping
functions). These capabilities have been implemented in OpenFAST, version 3.0.0, and the
code can be downloaded at: https://github.com/mmc-siani-es/openfast_3.0.0_multisupport.

In addition, verification results are shown for a reference offshore wind turbine on a jacket
substructure, conducting a number of cases with different seismic signals (translational and
rotational motion). The new modified code allows to analyse the accelerations and internal
forces of offshore wind turbines on multisupport substructures, taking into account seismic
input motion (including input rotation at each individual support) and soil-structure interaction.
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2 IMPLEMENTATION OF MULTI-SUPPORT SEISMIC INPUT MOTION AND SOIL-
STRUCTURE INTERACTION MODEL INTO SUBDYN MODULE

2.1 General overview of SubDyn module

The module integrates its equations through its own solver. SubDyn [3] can be defined in
three different main steps. Discretization of the substructuring following the strategies of clas-
sical linear beam Finite Elements motion equations. The existance of a substructure introduces
a number of new degrees of freedom that can be very large for complex substructures (such
as jackets), but more importantly, the model of a substructure with high natural frequencies
leads to the necessity of smaller time steps in the general time integration framework. For this
reason, the module implements Craig-Bampton modal reduction. Finally, the equations are re-
arranged into State-Space type formulation for time-domain resolution and coupling with the
rest of modules, specifically with the HydroDyn and ElastoDyn modules.

2.2 Generic equation of motion

Uniform base input motion is commonly adopted for the analysis of multi-degree of free-
dom systems subjected to earthquake excitations (see for instance Chopra [4]). This assumption
leads to very easy-to-handle equations where an influence vector (A) is used, representing the
motions of the different degrees of freedom as a consequence of the static aplication of a unit
rigid support displacement or rotation. That was the strategy implemented in [2] for the study
of monopile substructures. However, in the case of multi-support structures subjected to differ-
ential seismic excitations for each support, a more generic approach is needed. For this reason,
in this section the formulation of the equations of motion to allow different prescribed motions
at each support is generalised following the approach presented, for instance, in Clough and
Penzien [5].

The original equation in the SubDyn module assumes a fixed base. The equation of motion
describing the dynamic response of the substructure in partitioned matrix form can be written
as:

'™ Mg]<£i(3)>+[c cg](gg((tt))>+[1< Kg]<;Lg((%>:F(t) M)

where the motion vectors have been partitioned to separate the response quantities from the
input. The motions vectors contains two parts: u(¢) includes the degrees of freedom of the
structure and wu,(¢) 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 to correspond. The coupling matrices that express forces in the
response of degrees of freedom due to motions of the supports are denoted with the subindex
g. F(t) represents the external forces acting at each degree of freedom of the structure. An
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 [5]:

Mii(t) + Cu(t) + Ku(t) = F(t) — Myiiy(t) — Cyug(t) — Kyugy(t) 2)

The beam elements 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
stiffnes and mass matrices. The damping matrix, on the contrary, is not assembled from the el-
ement contribution. This matrix can be specified in three different ways: no damping, Rayleigh
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damping or user defined matrix. After the assembly in SubDyn, as described in equation (1),
the system of equation can be written as:

Mgrr Mgy tir n Crr Cre UR n Krr Krr ur \ _ ( Fr
Mrr Mpp ur, Crr Crr ur, Kir Kip ur, Fy,
3)
where the subindex R identifies the boundary nodes (at the base and at the Transition Piece) and
L identifies the rest of nodes (interior nodes). The applied forces include external forces, the

hydrodynamic forces over the boundary nodes and the forces transfered to and from ElastoDyn
through the Transition Piece. The Craig-Bampton transformation is therefore represented by:

“ﬁ%ﬂééﬂ{ﬁ} @

Pre-multiplying by the Craig-Bampton transformation (eq. (4)), both sides of eq. (3), the
interior degrees of freedom are hence transformed from physical DOFs to modal DOFs.

Mpp Mpy, UR n Cs Chim UR
MmB I (.jm CVmB Cme (jm

(5
+ KBB 0 UR o FB
where:

Mpp = Mpr+ Mp®p + @5 Mg + ORM PR (6)
Cpp = Crr + Crr®p + ®RCLR + PRCLL PR (7
Kpp = Krrp+ Krr®r (8)
Mg = ®F Mg + L My ®r 9)
CmB = ‘I);‘,;LCLR + (I)»Z;LCLL(I)R (10)
MBm = MZ;B7CBm = OTT;;B (11)
Fp = Fp + ®LFy (12)
Fy = o, Fy (13)

Once the general equation of motion after Craig-Bampton reduction is obtained, the matrices
are partitioned as described in equation 2. The vector of displacements at the boundary nodes
contains the displacements at the interface node with the tower (u;) and the displacements at
base nodes, which would move following the ground motion vector (ug):

%=<$> (14)

Accordingly, the mass matrices after Craig-Bampton modal reduction can be decomposed
as:

| My, My ) | My, ) | M
MBB - |: M]b MBB :| ) MBm - |: MBm :| ) MmB - |: \ :| (15)
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On the one hand, subindex b and subindex I represent base and interface nodes, respectively.
On the other hand, the overhead bar here and below denotes matrices/vectors after the fixed-
bottom boundary condition are applied. The same process is applied to the damping (C) and
the stiffness (K) matrices. Finally, the new motion equation can be writting as:

J\ZIBB Mg, iir \' n C:’BB Chm ar \' " Kpg 0 ur \' _
M mB I (jm CmB Cmm qm 0 K mm qm N
(F1+Fjg)+q)£(FL+FLg) _ My | . _ Cn . K
( ®F (FL + Fig) My | Cosy | 7 Ky | (16)

The interface nodes and the Transition Piece (that is assumed as a rigid body) are considered
as rigidly connected.
ur = Truy, (17

F,=T{F; (18)

Where T7 is a simple transformation matrix depending on the differences between the loca-
tions between both points. Including these two relation into eq. (16), one can write

]\:433 Mg, iy t+ C:'BB Cim ug t+ Kgg O us t:
MmB I dm CmB Cmm qm O Kmm qm

EP FIsisM .. FIsisC . FIsisK
( Fm > B |: FMsis]\/I :| Ug(t) B |: FMsisC :| Ug(t) a |: FMsisK :| ug(t)

(19)
These terms can be defined as: R
Mpp =T MppT; (20)
Cpp = TF CppTy (21)
Kpp =T KppT; (22)
Mgy, = T Mgy (23)
Cpm =TF Cpu (24)
Crum = 1, Crr P, 25)
Ky = Q2 (26)
Fyp=Fyp+ T Fre + T Fry+ TFO5(Fp . + Fry,) 27)
Fp =8 (Fpe+ Fry) (28)
Fraisie = T (Kp) (29)
Farsisie = Ko (30)
Frase =T} (C) (31)
Fusisc = Crp (32)
Frasn =T (M) (33)
Fursisnt = My (34)

176
Instituto Universitario SIANI 107



A CONFERENCE PAPERS

where Fr = Fr. + Fr,, with Fp . being the external loads from other modules, the hydrody-
namic forces over the boundary nodes and the forces transfered to and from ElastoDyn through
the Transition Piece; and F'r , consists of the SubDyn gravitational loads.

For the cases studied in this paper, the same input signal has been implemented on all sup-
ports due to the proximity of the foundations and to the nature of the vertically-incident plane
waves assumed in this study. No different Kinematic Input Factors (KIFs) are expected on each
pile if the seismic incidence is vertical. In any case, each pile head rotates independently, as the
base is not considered as rigid body. Figure 1 shows the same input motion in each support.

LLLLLL
LLLL1L

0,0 <0, (1)
A 6, A1)

v Al

Figure 1: Ground input motion at different supports.

2.3 Simplified Lumped Parameter Model into SubDyn

The introduction of an LPM can be simply understood as adding one (or several) additional
elements at the base of the substructure. At this point, the simplified Lumped Parameter Model
proposed by Carbonari et al. [6], is adopted for the lateral vibrations, while the spring-damper
model is adopted for vertical and torsional vibrations. More information related to the intro-
duction of this model into SubDyn can be found at [2]. SLPM coefficients are calculated using
least squares to be optimally adapted to the impedance functions defining the dynamic response
of the wind turbine foundation.

2.4 State-space formulation

Variables are arranged in sets of inputs and outputs that can communicate with the rest of
modules (HydroDyn and ElastoDyn). The equations are written in state-space form. The states
are defined as:
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2= (qm n)" (35)

The input vector are defined as:
u=(Uy Uy Up Fro Fre)' (36)
2.4.1 State equation
Equation (19) is cast into standard linear system state equation of the form:
t=X=Azv+Bu+F, 37)

To do, the second row of equation (19) needs to be written down and solved for U 1. After doing
so, the matrices of the state equation can be found to be:

0 1
A= |: _f(mm _Cmmf - C’mm } (38)
0 0 0 0 0
B= { 0 —Cup, —Mup @ 0 } (39)
Fe= [ 0 } (40)
(P%FL,_(] + FMsisKug + FMsisCi['g - Fl\lsislwug

where the damping matrix is composed of the structural damping (C') and damping terms related
to the LPM foundation model (CY).
2.4.2 OQOutput equation to ElastoDyn

The first output equation computes the interaction forces between tower and substructure at
the Transition Piece.
p=Y1=—-1, (41)

Writting the first row of (19) and solving for F},, the output equation can be written as:

=Y, =Ciz +Du+ F, (42)

where ) i ~ N
C = [ —Mp,n Q2 —MBm(Cmmf + Crum) + Cpm ] (43)

D, = [ Kpp _ém,BfMBm + C’BBf — M, Mpm + Mpp MBm@ﬁ - T/, T/ ]
(44)

Fy1 = _T]T(Flg + éﬂFLg) - FlsisKub - FlsisCub + FIsisM’ub_'_
Mpn, [FMsz’sKub + Fursiscty — Farsisnriiy + ‘PZIFLg] (45)
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2.4.3 Output equation to HydroDyn

The second output equation collects all the motions needed by the HydroDyn module to
compute hydrodynamic loads.

ypo=Yo={U U, U U, U Uy }" (46)
Yy = Cox + Dou + F, 47
where
0 0
d,, 0
0 0
C, = 0 o (48)
0~ 0 :
_(I)mem —o (Cmmf + Cmm)
Ty 0 0 0 0
ORT 0 0 0 0
0 T 0 0 0
D=1 o OuT 0 0 0 “49)
0 0~ ) T . 0 0
0 —(meme OrTr — &,,M,,B @m@ﬁ 0
0
0
0
0

P, D Frg + Py (Farsisc s + Farsiscto — Farsisnriin)
3 VERIFICATION RESULTS

The implementation into OpenFAST of the multi-support input ground motion and the Sim-
plified Lumped Parameter Model at the base of the substructure has been initially verified by
comparison against results obtained from a simplified model written in matlab for this purpose.
To begin with, the verification model is first described. Subsequently, the cases designed for
verification are presented. Lastly, the results obtained from the comparison are evaluated.

3.1 Reference simple model for comparison

The model used for the comparison is a 3D Finite Element Model (FEM) with Timoshenko
beam elements, consisting of two different structures: the inferior part corresponding to the
jacket and the upper part corresponding to the tower, with varying properties along height. On
top, the rotor-nacelle-assembly (RNA) is modeled as a punctual rigid concentrated inertia.

Again, the equation of motion can be written as:

Mu(t) + C u(t) + Ku(t) = —Mb’db(t) - Cbub(t) - Kbub(t) (51)

where the global mass, damping and stiffness matrices is partitioned into two terms. My, Cy,
and K, are the coupling matrices that express forces in the response degrees of freedom due to
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motions of the supports and M, C and K are the remaining terms of global matrices. The input

ground displacement at time ¢ is denoted by u(t), and transfering the inputs terms to the right

hand. The beam elements implemented are identical to those already implemented in SubDyn
Assuming steady—state harmonic response:

u(t) = U(w)e™ (52)

where w is the circular frecuency of the excitation. The time-harmonic equation of motion
employed can be written as:

(K +iwC — w2M) Uw) = (—Kb — iwCy, + w2Mb) Up(w) (53)

This reference simplified model was implemented in an independent matlab® code. As usual,
time domain response will be therefore obtained through Frecuency Domain Analysis [4] mak-
ing use of the Fast Fourier Transform.

3.2 Reference configuration and verification cases

The reference configuration adopted for this study is the widely used SMW NREL (National
Renewable Energy Laboratory) reference turbine. More precisely, the base configuration is
the one defined for the OC4 (Offshore Code Comparison Collaboration) for the offshore SMW
NREL reference turbine on a jacket. Specific data can be found in Popko et al. [7].

Table 1 lists the main characteristics of the foundation input motions (FIM) used for the three
simplified verification cases presented. The model allows the soil-structure interaction (SSI) to
be considered. &; denotes the structural tower damping ratio and Rayleigh damping is used at
jacket substructure (o« = 8 = 2%). Additionally, Table 2 presents the parameters obtained for
the SLPM from fitting the impedance functions corresponding to the foundation of this turbine
[8]. The units of the SLPM parameters are those of the International System, as desribed in [6].
The impedance functions and the time-harmonic kinematic interaction factors corresponding to
the pile foundation were obtained from a finite elements - boundary elements model [9]. These
kinematic interaction factors allow to compute the translational and rotational foundation input

motions
N FIM SSI & Input base motion
1 Lateral X 5%  Quarter of sine (f = 0.1 Hz, A = 0.1 m)
2 Rotational X 2% Quarter of sine (f = 0.1 Hz, A = 0.05 rad)
3 Lateral & Rotational v' 2% Chi-Chi earthquake

Table 1: Verification cases.

3.3 Verification results

This section provides the validation results of the different cases described in Table 1. Figure
2 presents the comparisons between the results obtained using the modified version of Open-
FAST and those of the reference simplified model (matlab code). Motions at the top of the
tower, and at the platform are represented. It is shown that the agreement is very good in terms
of displacements and rotations. It is important to keep in mind the major difference between
both codes, being the OpenFAST model much more elaborated than the reference model, and
being the first one solved in time domain and the second one in frequency domain.
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K, SLPM Value C SLPM Value MSLPM Value

kp, 1.295e+6 ¢y 4.187e+6 my, 1.0

ky 8.952e+9 ¢, 1.226e+7 I, 32.79

ky 9.071e+8 ¢ 1.061e+7 my 1.757e+5
k., 2.679%¢+9 ¢, 7.081e+7 m, 1.0

Kior 7.131e+10 ¢y 4.414e+8 I 8.602e+6
hy -2.488 ho -2.974 hs -0.592

Table 2: SLPM parameters.

Table 3 shows the fundamental frequencies as a function of the assumed base condition. As
expected, the consideration of soil-structure interaction provides a longer period. This phe-
nomenon also allows to see the relevant influence that the properties of the foundation exert on
the system global response.

SSI | Fundamental frequency
X 0.316 Hz (T=3.16 s)
v 0.301 Hz (T=3.32s)

Table 3: Fundamental frequencies in the fore-aft direction obtained for different base conditions

4 ILUSTRATION EXAMPLE

After having verified the implementation of the kinematic input motions for a simplified
model configuration, this section illustrates the use of the code for the analysis of the seis-
mic response of the offshore wind turbine while the turbine is operating and is subjected to
enviromental conditions. The NREL 5 MW reference OWT [7] described above is consid-
ered in the ilustration example. The simplified Lumped Parameter Model is used to represent
the flexibility of the soil-foundation system (see Figure 3). The system is assumed to be sub-
jected to vertically-incident shear waves. The Imperial Valley earthquake (PEER Ground Mo-
tion Database [10], RSN: 192) is considered as free-field ground-surface seismic action. The
simulation is allowed to run for 200 seconds before the earthquake shaking arrive, in order to
allow the dissipation of the transient response generated at the beginning of the simulation.
The wind turbine remains in power production mode when the earthquake occurs. The time-
harmonic kinematic interaction factors corresponding to the pile foundation were computed
through the same boundary element model employed to compute the impedance functions [9].
These kinematic interaction factors allow to compute the translational and rotational foundation
input motions (see Figure 4) that are then defined at the base of the SLPM.

Figure 5 presents the computed seismic response in terms of tower top accelerations and
axial forces and bending moments in the jacket, specifically at the jacket node where the highest
values of axial forces and bending moments occur. Each plot presents the response of the OWT
computed under three different loading situations: a) only environmental loads (wind, waves
and currents); b) taking into account both translational and rotational foundation input motions;
and c) considering the original seismic input motion as translational input motion.

The seismic action increases the response of the structure in terms of accelerations at the
tower top, by a factor of 4. In particular, considering the maximum internal forces without
earthquake loads, in operational mode, the values increase by a factor of 2-3 in axial forces and
4-5 in bending moments, in the studied nodes.
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Figure 2: Results corresponding to verification cases.
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Figure 3: Ilustration Example Jacket.

@ ‘ (b)

02 : : ‘ 0.02

01r 1 0.01f
= g
> o
T 0 g 0

©
01F 1 -001f
0.2 : : : -0.02 : : :
200 210 220 230 240 200 210 220 230 240

t(s) t(s)

Figure 4: Lateral FIM (a) and Rotational FIM (b). Imperial Valley earthquake.

Finally, in this specific ilustration example, the difference between considering the original
earthquake signal or the filtered earthquake signal is negligible in axial forces, and it is not very
relevant in terms of accelerations and bending moments.

5 CONCLUSIONS

The paper develops the formulation needed for an implementation of multi-support seismic
input motions into the open-source software OpenFAST, with the aim of facilitating the use of
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(a) Acceleration at tower top

Acceleration (m/sz)

x10° (b) Axial force at jacket

Only enviromental loads
-15 With lateral and rotational FIM
— With ground input motion
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Figure 5: Results corresponding to ilustration example.

this tool for the seismic analysis of wind turbines. This code allows not only horizontal, but also
vertical and rotational foundation input motions to be considered, on a single-support substruc-
ture (monopile) and with multiple supports (tripods and jackets). In the ilustration example, a
wind turbine on a jacket with piles has been studied. Horizontal and rotational foundation input
motions are computed taking the pile kinematic interaction factors into account.

The use of lumped parameter models is considered here as a tool to introduce soil-structure
interaction into the model because this approach allows to take into account, not only the static
stiffness of the foundation, but an approximation to its impedance, i.e., the dynamic stiffness
and damping functions.

These capabilities have been implemented in OpenFAST, version 3.0.0, and the code can be
downloaded at: https://github.com/mmc-siani-es/openfast_3.0.0_multisupport. The application
of this code, which allows to stablish different input motion in each support, can be relevant for
future studies where inclined seismic incidence is considered.
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Abstract. In the last few years, offshore wind energy has been increasing significantly, being
the energetic potential of this technology much higher than that of other renewables energies.
Most of Offshore Wind Turbines (OWTs) installed in Europe are founded to the sea floor
but, due to the increase in offshore wind turbine installations and the visual impact problem,
new locations are being considered with greater depths and increasing seismic risk. In this field,
jackets substructures are one of the most attractive options. Despite the low natural frequencies
that characterise these systems, the effect of the kinematic interaction can be highly relevant
in OWTs on monopiles. For this reason, the need arises to analyse the importance of the
influence of kinematic interaction on the seismic responses of multi-supported substructures,
such as jackets with deep foundations. This paper presents a comparison of the kinematic
interaction effects on the seismic response of two types of substructures for OWTs. OpenFAST
is used to analyse the dynamic behaviour of OWTs founded either on monopiles or through
jacket substructures on deep foundations, taking soil-structure interaction into account. The
comparative study shows that the influence of kinematic interaction in both cases is notably
different. As expected, in the case of the monopile, the rotational motion has a strong effect on
the accelerations and the internal forces in the structure, although the impact of the translational
filtered signal is small. However, in the jacket, the influence of the rotational motion is less
pronounced.

1. Introduction

Nowadays offshore wind energy has been increasing significantly, being the energetic potential
of this technology much higher than that of other renewables energies. Most of Offshore Wind
Turbines (OWTSs) installed in Europe are founded to the sea floor but, due to the increase
in offshore wind turbine installations and the visual impact problem, new locations are being
considered with greater depths and increasing seismic risk. In this field, jackets substructures
are one of the most attractive options. Despite the low natural frequencies that characterise
these systems, the effect of the kinematic interaction (rotational and horizontal) can be highly
relevant in OWTs on monopiles, as pointed out by Kaynia [1]. For this reason, the need arises
to analyse the importance of the influence of kinematic interaction on the seismic responses of
multi-supported substructures, such as jackets with deep foundations.

Content from this work may be used under the terms of the Creative Commons Attribution 4.0 licence. Any further distribution
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This paper presents a comparison of the kinematic interaction effects on the seismic response
of two types of substructures for OWTs. OpenFAST [2] is used to analyse the dynamic behaviour
of OWTs founded either on monopiles or through jacket substructures on deep foundations,
taking soil-structure interaction into account.

2. Problem definition

2.1. Reference wind turbines and substructures

The reference wind turbine is the NREL 5 MW three-bladed turbine [3]. Two different
substructures are considered in this study to compare the influence of kinematic interaction.
The monopile described in the OC3 project [5] and the jacket used in the OC4 project [6] are
selected for this study. Table 1 and Figure 1 show the main properties of each substructure.

In addition, steel material properties are considered for the substructures: Young’s modulus,
210 GPa, shear modulus, 80.8 GPa, mass density, 8500 kg/m? in the monopile, 7850 kg/m3
in the jacket and damping ratio, 2%. The fundamental frecuencies in the fore-aft direction for
parked conditions are 0.300 Hz for the OWT on jacket substructure and 0.259 Hz for the OWT
on monopile substructure.

Table 1. Key parameters of the considered substructures.

Monopile Jacket

Tower top (Htop) [m] 87.6 88.15
Tower base [m] 10 20.15
Water depth (W)[m)] 20 50
Substructure height (Hgyp) [m] 30 70.15
Pile diameter [m)] 6.0 2.082
Pile thickness [mm] 60 60
Pile depth [m)] 36.0 34.0

2.2. Soil profile
In this study, monopile and piles are assumed to be embedded in a three-layer sandy soil deposit,
as described in [5] and in Table 2.

Table 2. Properties of the soil deposit.
Stratified Soil

Soil profile layered, sand
Poisson’s ratio, v [] 0.35
Density, ps [kg/m?] 2000

Shear wave velocity, vs [m/s] 145.9 (0 < z < 5 m)
175.9 (5 < z < 9 m)
209.0 (9 < 2z < 0o m)
Damping, (5[] 0.05
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T b(t)

Figure 1. Offshore wind turbine on monopile and jacket support.

2.8. Seismic signals

Different accelerograms have been considered to compare the influence of kinematic interaction
on the seismic response of the two proposed systems. In particular, two different acceleration
signals extracted from PEER Ground Motion Database [7] are selected. The choice has been
made on the basis of stations located over soils with average shear wave velocities in a range
close to that of the proposed soil deposit (Vs 30 = 190-200 m/s). Table 3 shows the selected

accelerograms.
Table 3. Main information about the accelerograms [7].
RSN Dir.(?) Event name Year Situation name Vszo(m/s) ay(g)
192 180 Imperial Valley-06 1979 Westmorland Fire Station 194 0.11
T 180 Loma Prieta 1989 Hollister City Hall 199 0.22
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Figure 2 presents the pseudo-spectral accelerations (PSA) and the accelerograms. This
study assumes that these seismic signals, defined at free-field ground surface, are generated by
vertically—incident far-field S-waves that produce the seismic shaking in a particular direction.
Specifically in this paper, the shaking direction is considered to be aligned with the environmental
loads in the fore-aft direction.

RSN:192 RSN:192
0.1r h

0.05

a, (@)

-0.05 -

RSN: 777 RSN: 777

PSA (9)
a, (@)

0 5 10 15 20 25 30 35 40
T@) 1(s)

Figure 2. Pseudo-spectral accelerations (PSA) and ground acceleration (ag4) of the seismic
signal used.

3. Methodology

Firstly, the numerical model is described in section 3.1. The dynamic response of the offshore
wind turbines is modeled using OpenFAST [2], including the impedance of the soil-foundation
subsystem and the ground input motion. Section 3.2 describes the model used to compute the
impedance and the kinematics factors.

3.1. OpenFAST
The numerical tool used in this paper is based on OpenFAST [2], which is a multi-physics
and multi-fidelity tool for simulating the coupled dynamic response of wind turbines, in time
domain. It is open-source, programmed in Fortran 95, it is managed by National Renewable
Energy Lab and it might be considered not as a single program, but as a framework that couples
computational modules. The different modules interact in a loosely coupled time-integration
scheme, where a glue-code transfers data among modules at each time step.

The SubDyn module [4] was modified in order to be able to take into account dynamic soil-
structure interaction and ground input motion. The module integrates its equations through its
own solver. The equation of motion of the substructure is written as:

Mi(t) + Cu(t) + Ku(t) = F(t) — Mg iig(t) — Cg g (t) — Kg ug(t) (1)

where the motion vectors have been partitioned to separate the response quantities from the
input. The motions vectors contain two parts: w(t) includes the degrees of freedom of the
structure and uy(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. The expression for the effective seismic loading is
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obtained by separating the support motion effects from the response quantities and transferring
these input terms to right hand side [8]. For more information, the implementation is described
in Romero-Sénchez and Padrén [9].

3.2. Computation of impedances and kinematic interaction factors

The soil-foundation system response is modelled through impedance functions and kinematic
interaction factors computed with a continuum model [10] for the dynamic analysis of pile
foundations. Thus, linear-elastic behavior is assumed for the whole soil-foundation-structure
system. OpenFAST is a nonlinear aero-hydro-servo code for the simulation of wind turbines
in the time domain. In order to be able to introduce the soil-foundation impedance functions
in the OpenFAST model, Lumped Parameter Models [11] are fitted and implemented. More
information related to the introduction of this model into SubDyn can be found in [12]. The
resulting LPM is introduced in the finite elements model of the substructure as an additional
element at mudline level. The LPM configuration allows to model and fit simultaneously the
traslational, rotational and horizontal-rocking coupled impedance functions, while the spring-
damper model is adopted for vertical and torsional vibrations.

The lateral I,, and rotational Iy kinematic interaction factors quantify the filtering effect due
to the presence of the pile in the soil in terms of the ratio between the pile head displacement or
rotation with respect to the free-field motion. To obtain these parameters, a single pile (without
superstructure) subjected to an incident S-wave is considered. Once the kinematic interaction
factors are obtained, in the frequency domain, the seismic signal is filtered.

4. Results

In order to understand the influence of kinematic interaction on the seismic response of monopile
and jacket supported offshore wind turbines, the response of the turbines is simulated as
operating in power production. The environmental loads are described in the reference projects
[5, 6]. The arrival time of the earthquake ocurrs at t=200s, and each case is simulated during
300s. The results are analysed since the arrival of the earthquake until the end of the simulation.
The time duration of the earthquakes is described in Figure 3. In all cases, all the forces (wind,
waves and seismic loading) are aligned in the fore-aft direction.

Three different cases are considered, as described in the results: a) taking into account both
translational and rotational foundation input motions (With KI); b) taking into account only
translational foundation input motions (Only I,); and c) considering the original seismic input
motion as translational input motion (Without KI).

4.1. Tower top accelerations

Figure 3 shows the time histories of the tower top acceleration for the 5SMW OW'T founded on soil
profile and subjected to the environmental conditions and the seismic input signals considered in
this study. The figure presents the acceleration of the top tower (asp) versus time (¢). Each line
in the figure represents the acceleration of the tower top in the three different cases considered
in the study, also the accelerogram is shown.

In both systems, in this specific case, when only lateral kinematic interaction factor is
considered, no significant increases are observed in the acceleration of the top tower. The relevant
role of the rotational kinematic interaction factors is appreciated in the monopiled system. In
the OWT on the jacket substructure, rotational KIF is noticiable, but not very relevant in terms
of accelerations. On the other hand, the rotational kinematic interaction factor is clearly more
relevant in the RSN:192 earthquake compared to the RSN:777.
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Figure 3. Time histories of the tower top acceleration for the two substructures, monopile and
jacket, subjected to the two seismic signals and environmental conditions.

4.2. Internal forces in the substructures

The bending moments obtained in the substructure of the two systems considered in this
study reach their maximum value at the mudline level, for both the monopile and the jacket.
Furthermore, shear forces are also analised. In the case of the monopile substructure the node
studied is at the mudline level and in the jacket, the internal forces in two different nodes are
obtained. N4 and Np, at the mudline level and the node immediately above it, respectively.
These nodes are marked in Figure 1.

Figures 4 and 5 present the response of the systems in terms of shear forces and bending
moments, respectively. In both figures, the time history presented for the jacket is at the point
Ny.

An important role of the rotational kinematic interaction factors is appreciated in the
monopile substructure in terms of shear forces. In the OW'T on jacket substructure, the influence
of the rotational KIF is appreciable in the peak values of shear forces, although considerably less
than in the monopile. When considering only lateral KIF, the influence on the seismic response
is not very relevant, the behaviour is similar to that obtained for accelerations.

In the case of bending moments, the increase produced in the peak value when comparing
the response between taking into account, or disregarding, kinematic interaction, is lower than
the values obtained for the accelerations and shear forces. In spite of this, a greater influence of
KIFs in terms of internal forces is observed in the monopile compared to the jacket.
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Figure 4. Time histories of the shear forces at mudline level for the two substructures, monopile
and jacket, subjected to the two seismic signal and environmental conditions.

4.3. Discussion

Table 4 and 5 present the peak values of the accelerations at the tower top, and the peak values of
shear forces and bending moments at selected sections, respectively, when both traslational and
rotational kinematic interaction factors are considered. In the case of the monopile, the internal
forces at mudline level are obtained while nodes N4 and Np are considered for the jacket
substructure. The differences between the responses computed taking into account (Rgy), or
disregarding (Ryox1), kinematic interaction, are also presented in both tables for accelerations
(Aagr), shear forces (AVky) and bending moments (AMgy). The equation (2) is used to
compute these porcentages, where R represents the peak values.

Table 4. Peak accelerations at tower top obtained in the cases considered with the kinematic

interaction.
Case Qtop [Hl/SQ} Aakr [%)
M - RSN: 192 2.43 176.67
M - RSN: 777 2.01 52.46
J - RSN: 192 1.12 5.70
J - RSN: 777 4.09 3.91
7
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Figure 5. Time histores of the bending moments at mudline level for the two substructures,
monopile and jacket, subjected to the two seismic signal and environmental conditions.

Table 5. Peaks shear forces and bending moments obtained in the cases considered with the
kinematic interaction.

Case Vinaz[MN] Mo [MNm]  AVgr (%] AMg; [%)
M - RSN: 192 0.225 473.93 81.32 6.22
M - RSN: 777 0.209 849.44 63.2 4.48
J - RSN: 192 (Ng4) 0.303 14.82 3.88 2.46
J - RSN: 777 (Na4) 0.206 34.37 2.39 2.65
J - RSN: 192 (Np) 0.299 13.64 6.81 2.39
J - RSN: 777 (Np) 0.202 31.60 2.59 2.19

ARy = KL= Bnoxr @)

Rkr
When taking kinematic interaction factors into account, significantly higher values are
obtained in terms of accelerations and shear forces, in the case of the monopile. In addition, the
increase in peak values of the bending moment is higher than in the jacket. This indicates that

the influence of kinematic factors in the case of an OWT on a monopile is very relevant.
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On the other hand, the influence of KIFs in the peak values obtained in the jacket is much
lower than those obtained in the monopile, being less than 10% in the accelerations and the
internal forces considered.

5. Conclusions

The comparison of the influence of kinematic interaction on the seismic response of the two
systems studied presents a notable difference. Results are presented in terms of peak response
values of the tower top accelerations, shear forces and bending moments at the mudline level.
In addition, another node of the legs is analysed in the jacket substructure. Each seismic signal
is filtered to obtain three different scenarios: taking both traslational and rotational kinematic
interaction factors into account; taking only the traslational kinematic interaction factor into
account; or disregarding kinematic interaction completely. Environmental loads under normal
operation conditions are considered to be aligned with the seismic excitation.

As expected, in the case of the monopile, the rotational motion has a strong effect on the
accelerations and the shear forces, although the impact of the translational filtered signal is
small. In the case of bending moments, the differences between the responses computed taking
into account, or disregarding, kinematic interaction is significantly lower than for accelerations
and shear forces.

However, in the jacket, the influence of the rotational motion is less pronounced. Considering
the kinematic interaction factors in this type of substructure produces a light increase in the
accelerations and the internal forces considered, but with a considerably smaller importance
than in an OWT on a monopile.
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RESUMEN EN CASTELLANO B

Titulo de la Tesis Doctoral: Avances en el analisis
dinamico y sismico de estructuras tipo jacket para el

soporte de aerogeneradores marinos

B.1 Introduccion

La comunidad internacional se inclina, cada vez con mas claridad, hacia el desarrollo y
utilizacion de tecnologias que permitan el aprovechamiento de energias de origen ren-
ovable con el fin de limitar las emisiones de gases de efecto invernadero. La reduccion
de emisiones de CO2 es una de las lineas prioritarias del Pacto Verde promovido por el
Consejo de Europa y que recoge el compromiso de sus miembros de alcanzar la neutral-
idad climatica en 2050. A corto plazo, los miembros del Consejo se han comprometido
a adaptar sus legislaciones y sistemas productivos para alcanzar una reduccién del 55%
de emisiones en 2030. En el paquete de medidas se incluye como propuesta el aumento
de la cuota de participacion de las fuentes de energia renovables (minimo 40%) en la
combinacion energética global de la Unién Europea.

La energia edlica y, en particular, la edlica marina, es una de las alternativas de fu-
turo mas prometedoras para contribuir a este objetivo, con una expansion muy notable
en los 1ltimos anos, y con proyecciones de potencia instalada global que alcanzan los
380 GW para 2030 [1]. En este ambito, y aunque en los tltimos anos se han producido
avances en el desarrollo de dispositivos flotantes, la mayoria de los aerogeneradores
marinos que se instalan en la actualidad estan cimentados directamente en el lecho
marino. A medida que se instalan aerogeneradores de mayor potencia en profundi-
dades cada vez mayores, la estructura de soporte estd sometida a requerimientos mas
exigentes. De este modo, la expansion de esta tecnologia se encamina al desarrollo de
disenos cada vez mas complejos que permitan cimentar a profundidades mayores y a
mayores distancias de la costa.

El andlisis de la respuesta dindamica estructural de aerogeneradores terrestres y
marinos es un tema de estudio relativamente reciente que, dependiendo del objetivo
perseguido, ha sido abordado utilizando modelos y metodologias de muy diversa in-
dole [2-4]). La interaccién dindmica suelo-estructura es uno de los aspectos que los
modelos integrados deben incorporar, ya que son muchos los estudios han puesto de
manifiesto no solo que dicha interaccién modifica el comportamiento dindmico de dis-
positivos reales [5,7] sino incluso que los efectos de interaccion suelo-estructura pueden
ser perjudiciales para el conjunto y, por tanto, la utilizacién de modelos en base rigida
puede dar lugar a disefios inseguros [9-11].

Incluso cuando incluyen la interaccién suelo-estructura, muchos de los modelos
de anadlisis dindmico disponibles en la bibliografia se basan en modelos sencillos de
subestructuraciéon que consideran resortes y amortiguadores puntuales en la base de
la torre [12,13] cuyos valores se estiman en muchos casos a partir de expresiones o
aproximaciones simplificadas. Sin embargo, se obtienen modelos mas precisos si se
acude a formulaciones més evolucionadas de medio continuo para calcularlos [14-19].
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Por otro lado, es importante destacar que la mayor parte de los estudios publicados
sobre la respuesta dinamica y sismica de aerogeneradores marinos se centran en el
estudio de aerogeneradores monopilotados, mientras que las estructuras tipo jacket
han recibido menos atencién. Los trabajos de Jalbi et al. [20-22], Couceiro et al. [23]
y Abdullahi et al. [24] representan esfuerzos relevantes en los tltimos anos en avanzar
en la comprension de la respuesta y el disefio de este tipo de estructuras.

Desde el punto de vista de las cargas a considerar en el disefio de la estructura de
estos dispositivos, las principales guias y estandares de aplicacién [25,26] se centran
fundamentalmente en las cargas generadas por el viento, las olas, las corrientes y el
hielo; todo ello en condiciones de operacién, arranque, transporte, etc. Las cargas de
origen sismico, por otra parte, han recibido menos atencién, en parte por la percepcion
de tratarse de estructuras intrinsecamente seguras ante terremotos [4] por su elevado
periodo fundamental de vibracion en relacion con las frecuencias caracteristicas de la
mayor parte de los terremotos [27]. Por el contrario, un ntimero significativo de au-
tores han destacado la relevancia de las acciones sismicas en los sistemas estructurales
de los aerogeneradores marinos (ver, entre otros, [8,28,29]). En linea con esta mo-
tivacién, es relevante destacar los resultados presentados por Alati et al. [30]. Para
un caso particular, los autores concluyen que la combinacién de viento, olas y cargas
sismicas es mas desfavorable que las combinaciones de cargas prescritas por el estandar
de referencia para el disefio de estas estructuras. Cheng et al. [31] exploraron co6mo
la respuesta dinamica del jacket se ve influenciada por las direcciones variables del
viento y las olas, destacando el impacto significativo de la parada de emergencia y las
condiciones de estacionamiento en las evaluaciones de fragilidad para los estados de
danos graves en la torre y la subestructura. Ju y Huang [29] examinaron el aerogen-
erador offshore de 5 MW de NREL sobre un jacket, destacando que la combinacion
de cargas sismicas y ambientales durante la produccion de energia suele regir el disenio
estructural de las subestructuras jacket. Ademéds, James y Haldar se centraron en el
comportamiento de las tensiones obtenidas en los elementos tubulares del jacket, in-
corporando el movimiento multidireccional del terreno. Sus conclusiones subrayaron la
importancia de tener en cuenta los efectos de los modos superiores y las fuerzas sismicas
multidireccionales al analizar el comportamiento estructural del sistema, identificando
los segmentos superior e inferior de las patas del jacket como especialmente vulnerables.

Varios de los estudios mencionados se centran principalmente en las propiedades
estructurales de los aerogeneradores utilizando modelos simplificados en el dominio de
la frecuecia. Las propiedades dindmicas de estas estructuras de soporte desempenan un
papel crucial en el disenio del sistema. Las caracteristicas distintivas de los aerogener-
adores marinos, incluida la naturaleza especifica de las cargas, la geometria variable del
sistema debido a la rotacion de las palas y la influencia continua del sistema de control,
sugieren que en los analisis estructurales y de respuesta dindmica se utilicen herramien-
tas especificas, capaces de modelar adecuadamente los distintos subsistemas. Los anali-
sis en el dominio del tiempo, que incorporan simulaciones aero-hidro-servo-elasticas no
lineales, son esenciales para captar con precision el comportamiento dinamico del sis-
tema en los diferentes modos de operacién [29, 33-35].
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B.2 Objetivos

La tesis propuesta pretende avanzar en la comprension de la respuesta estructural
dindmica y sismica de aerogeneradores marinos soportados por estructuras tipo jacket
con apoyos multiples sobre pilotes o cajones de succion. La investigacion tiene como
objetivo contribuir al avance de esta tecnologia, particularmente para aplicaciones en
aguas profundas y ubicaciones con riesgo sismico.

Los objetivos de este trabajo son fundamentalmente dos:

1.

Avanzar en el desarrollo de metodologias, modelos y herramientas para el anali-
sis dinamico y sismico de estructuras soporte tipo jacket para aerogeneradores
offshore cimentados en el fondo marino, incluyendo modelos avanzados de in-
teraccion dinamica suelo-cimentacion-estructura, y teniendo en cuenta las carac-
teristicas del suelo de cimentacion.

Profundizar en dos aspectos poco estudiados y que pueden determinar los disenios
obtenidos en zonas con riesgo sismico relevante:

¢ Fl estudio de los fenémenos de interaccion dindmica cimentacién-suelo-
cimentacién que tienen lugar en las estructuras portantes multiapoyadas.

« El analisis de la influencia de la interaccién cinematica en la respuesta sis-
mica del conjunto.

B.3 Publicaciones derivadas de la tesis doctoral

Las tres primeras contribuciones en revistas JCR que se enumeran a continuacién
constituyen la tesis por compendio.

C. Romero-Sanchez and L.A. Padrén. Influence of wind and seismic ground
motion directionality on the dynamic response of four-legged jacket-supported
Offshore Wind Turbines. Engineering Structures, 300, 117191, 2024.

C. Romero-Sanchez and L.A. Padron. Seismic response of jacket-supported off-
shore wind turbines for different operational modes considering earthquake di-
rectionality. Ocean Engineering, 311 Part 1, 118798, 2024.

C. Romero-Sanchez, J.D.R. Bordon and L.A. Padrén. Influence of Foundation—
Soil-Foundation Interaction on the Dynamic Response of OffshoreWind Turbine

Jackets Founded on Buckets. Journal of Marine Science and Engineering, 12,
2089, 2024.

A. J. Romero-Monzén, C. Romero-Sénchez, G. M. Alamo and L. A. Padrén.
Can a simple static-equivalent model be used to predict major trends in the dy-
namic structural response of monopile offshore wind turbines?. Applied Sciences,
15(3):1633, 2025.
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o« A. M. Kaynia, D. M. Pedersen, H. Askheim and C. Romero-Sanchez. Imple-
mentation of seismic soil-structure interaction in openfast and application to an
offshore wind turbine on jacket structure. Marine Structures, 103:103832, 2025.

Contribuciones en congresos

Se han realizado cuatro contribuciones a congresos, publicando 3 articulos en actas de
congresos que se detallan en el apéndice A.

o C. Romero-Sanchez and L.A. Padron. Implementation of Ground Input Motion
and Dynamic Soil-Structure Interaction into Openfast for the Seismic Analysis of
Offshore Wind Turbines. Congress on Numerical Methods in Engineering, CMN
2022.

o C. Romero-Sanchez and L.A. Padrén. An implementation of multi-support seis-
mic input motion into OpenFast for the earthquake analysis of offshore wind
turbines. 9th International Conference on Computational Methods in Structural

Dynamics and Earthquake Engineering, COMPDYN 2023.

« C. Romero-Sénchez, L.A. Padrén, G.M. Alamo, C. Medina, J.J. Azndrez and O.
Maeso, Comparative study of the influence of kinematic interaction on the seismic
response of monopile and jacket supported offshore wind turbines. J. Phys.: Conf.
Ser. 2647, 112002, 2024. XII International Conference on Structural Dynamics,
EURODYN 2023.

o C. Romero-Sanchez and L.A. Padrén, Dynamic structural response of four-legged
jacket-supported offshore wind turbine considering the effect of wind and seismic
ground motion directionality. 3rd Conference on Structural Dynamics, DinEst
2024.

B.4 Justificacion

La estructura portante de los aerogeneradores marinos se encuentra sometida a solic-
itaciones variables en el tiempo y es necesario, por tanto, plantear su diseno y analisis
desde una perspectiva vinculada a la dinamica estructural. Al mismo tiempo, el disefio
y dimensionamiento de las estructuras tipo jacket es un problema complejo teniendo
en cuenta el elevado nimero de parametros que determinan la respuesta y las abun-
dantes limitaciones y requerimientos que debe verificar la estructura. Por otro lado, los
fenémenos de interaccién dinamica con el fondo marino pueden ser significativos de-
pendiendo de las propiedades de ambos y del tipo de cimentacion empleado. También
debe tenerse en cuenta el caracter no acotado de dicho lecho marino. Por tanto, para el
estudio de este problema se requiere, en general, de modelos de anélisis que representen
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todos los elementos implicados (estructura, cimentacién y fondo marino), sus interac-
ciones mutuas y la especial consideracién del ultimo como un medio semi-infinito y de
naturaleza heterogénea en el caso general.

Inicialmente, se acoplaron modelos avanzados de interaccion dinamica suelo-cimentacion-
estructura desarrollados por el grupo de investigacion con un cédigo hidro-aero-servo-
estructural del aerogenerador capaz de modelar en detalle su respuesta dindmica. En
concreto, el codigo empleado es OpenFAST [36], un cédigo abierto con este propésito
impulsado por el National Renewable Energy Laboratory. Se trata de un cédigo en
desarrollo y con amplia aceptacion entre la comunidad técnica y cientifica pero que no
cuenta aun con modelos avanzados para representar la interaccion dinamica con el suelo
y la cimentacién. Dada la naturaleza no-lineal de la respuesta de algunos subsistemas
del aerogenerador (que constituye ademdas un sistema no invariante), la resolucién de
las ecuaciones que representan el estado del sistema se realiza en el dominio del tiempo,
mediante un esquema paso a paso. Por contra, los modelos avanzados desarrollados por
el grupo han sido formulados en el dominio de la frecuencia [17,18,56], lo que permite
explotar las ventajas que ellos representa en el andlisis dinamico de sistemas. Por esta
razon, se explorard e implementdé las estrategias numéricas necesarias y metodolégicas
para poder acoplar ambos esquemas.

Por otro lado, la verificacién de los modelos obtenidos mediante comparacion con
resultados presentes en la literatura cientifica son presentados en diferentes publica-
ciones [52,53|. Una vez implementado y validado el nuevo modelo, se ha realizado una
serie de estudios relacionados con el comportamiento dindmico de estructuras jackets:

o La influencia de la direccién de las cargas de viento y sacudida sismica en la
respuesta dindmica de un jacket es analizada en la primera publicacién [47]. La
influencia de la direccionalidad del viento y del movimiento del suelo en la re-
spuesta dinamica y sismica de los aerogeneradores marinos soportadas por sube-
structuras tipo jacekt, y la identificacién de la combinaciéon mas exigente, sigue
siendo una cuestion abierta en la literatura cientifica. El articulo discute los ran-
gos especificos del dngulo de desalineacion entre las direcciones del viento y del
movimiento sismico dentro de los cuales se espera encontrar las fuerzas internas
maximas.

o El estudio del impacto de los modos de operacién del aerogenerador en la re-
spuesta sismica de jacket es presentado en la segunda publicacién [48]. El objetivo
de este estudio es analizar como responden a las acciones sismicas los aerogen-
eradors marinos soportadas por jacket que funcionan en tres modos operativos
diferentes (produccién de energia, parada de emergencia y modo estacionado)
cuando estan sometidas a diferentes direcciones de viento entrante y direcciones
de sacudida del movimiento del suelo .

« Finalmente, la tercera publicacion investiga el impacto de la interaccién cimentacion-

suelo-cimentacion, es decir, los efectos de la interaccién a través del suelo entre
dos o méas cimentaciones, en una subestructura jacket cimentada con cajones de
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succion. Se realizé un andlisis paramétrico centrado en los casos criticos de carga
para un diseno conservador de la cimentacién [49)].

Adicionalmente, la influencia de la interaccién cinematica en la respuesta dinamica
y sismica en subestructuras jackets ha sido evaluada [54]. Particularmente, en este
trabajo se presenta una comparacion de los efectos de la interaccion cinematica en la
respuesta sismica de dos tipos de subestructuras para aerogeneradores, monopilotes y
jackets sobre pilotes.

B.5 Conclusiones

La presente tesis se centra en el andlisis estructural dindmico y sismico de subestruc-
turas tipo jacket para aerogeneradores marinos mediante modelado numérico avan-
zado. El estudio integra multiples subsistemas y fenémenos no lineales, considerando
los efectos de la interaccion dindmica suelo-estructura en subestructuras con multiples
apoyos. Ademas, esta investigacién analiza los fenomenos de interaccién cimentacién-
suelo-cimentacion en estructuras con multiples apoyos y examina la influencia de la
interaccion cinematica en el comportamiento sismico de la estructura.

La investigacion presentada combina modelos avanzados de interaccion dinamica
suelo-cimentacion-estructura desarrollados por el grupo solicitante con un cédigo aero-
hidro-servo-estructural del aerogenerador capaz de modelar en detalle su respuesta
dindmica. Tras la verificacién de los modelos propuestos, se han considerado diversos
problemas que involucran subestructuras tipo jacket sobre pilotes y cajones de succion.
Todos estos estudios han sido presentados en las distintas publicaciones descritas en
el documento de tesis doctoral en acceso abierto. En cada una de las publicaciones se
detalla la metodologia utilizada y los distintos problemas estudiados.

En primer lugar, para explorar el comportamiento dinamico y sismico de la sube-
structura tipo jacket, un factor relevante a considerar es la influencia de la direccional-
idad del viento y del movimiento sismico del suelo en la respuesta dinamica de aero-
generadores marinos soportados por jackets. Cabe destacar que las fuerzas internas
maximas suelen encontrarse cuando la sacudida sismica esta alineada con la direccion
de la diagonal de la base del jacket y no alineada con la direccion del viento. Ademas,
la direccién de las sacudidas sismicas tiende a influir més en las fuerzas internas max-
imas que la direccion del viento. En cualquier caso, las combinaciones de carga que
asumen direcciones de viento y movimiento del suelo alineadas a menudo no son el
peor escenario posible. En el estudio se proporciona rangos con un margen relativa-
mente estrecho dentro del cual se puede encontrar la combinacion del peor escenario
posible, aunque no se puede especificar una combinacion concreta para todos los casos.
Esto se debe en parte a que las combinaciones para las que se encuentran los valores
maximos de pico varian, dentro de estos margenes, con los distintos terremotos. Por
consiguiente, durante las fases de disefio detallado de las subestructuras de cubierta
de los aerogeneradores marinos situados en zonas con un nivel de riesgo sismico su-
ficientemente elevado, debe tenerse en cuenta un conjunto suficientemente amplio de
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senales sismicas (que, idealmente, incluya también estaciones offshore) y de diferentes
combinaciones de direcciones sacudidas sismicas y del viento.

En segundo lugar, tras analizar la influencia de los distintos modos de funcionamiento
de un aerogenerador ante la llegada de un sismo sobre una subestructura jacket (pro-
duccién de energia normal, con parada de emergencia o modo estacionado), se han
estraildo una serie de conclusiones. La parada de emergencia no es necesariamente
beneficiosa para reducir las aceleraciones maximas en la géndola. Por otra parte, las
aceleraciones maximas mas bajas se obtienen para el modo de produccion de energia
normal cuando el sismo actia a lo largo de la direccién proa-popa. Esto se debe a la
mayor amortiguaciéon aerodindmica, que tiene un efecto beneficioso al reducir la mag-
nitud de las vibraciones inducidas por el sismo. Debido a la geometria de la estructura
jacket de cuatro apoyos, las tensiones de von Mises maximas suelen encontrarse cuando
las sacudidas del terreno actiian a lo largo de una de las diagonales de la estructura
y no alineadas con la direccién del viento en los tres modos operativos. Ademas, las
tensiones maximas aparecen casi siempre en el caso de la produccion de energia, con la
excepcion de la parte superior de las patas, donde en varios casos aparecen tensiones
mayores durante la parada de emergencia.

Por ultimo, los efectos de la interaccion cimentacién-suelo-cimentacion en el com-
portamiento dindmico de subestructuras tipo jacket cimentadas sobre cajones de suc-
cién para aerogeneradores marinos son analizados. Se observé que la interaccion
cimentacién-suelo-cimentacion puede desempenar un papel en el aumento de la mag-
nitud de la respuesta estructural en términos no sélo de aceleraciones sino, lo que es
mas importante, en términos de esfuerzos cortantes, momentos flectores y tensiones
en muchas situaciones diferentes. En otras palabras, ignorar la influencia de la in-
teraccion entre cimentaciones cercanas (como se suele suponer en el andlisis de estos
sistemas) puede contribuir a subestimar la respuesta estructural del jacket. Una de
las razones que explican esta influencia sobre la respuesta estructural son los cambios
producidos en la frecuencia fundamental de la estructura: la interaccién cimentacion-
suelo-cimentacién modifica las rigideces de cada cimentacion individual del grupo (el
conocido efecto de grupo) y, dado que los modos y frecuencias naturales de todo el
sistema dependen de dichas rigideces, también se modifican. A su vez, si los modos y
las frecuencias naturales cambian, la respuesta estructural de cada elemento también
se ve afectada.

Adicionalmente, la influencia de la interaccién cineméatica en la respuesta sismica
de los sistemas monopilotados o con subestructura jacket ha sido analizada, presen-
tando diferencias notables. En el caso del monopilote, el movimiento rotacional tiene
un fuerte efecto sobre las aceleraciones y los esfuerzos cortantes, aunque el impacto
de la senal filtrada traslacional es pequeno. En el caso de los momentos flectores, las
diferencias entre las respuestas calculadas teniendo en cuenta, o despreciando, la in-
teraccion cinematica son significativamente menores que para las aceleraciones y los
esfuerzos cortantes. Sin embargo, en el jacket, la influencia del movimiento de rotacion
es menos pronunciada. La consideracion de los factores de interaccion cinematica en
este tipo de subestructura produce un ligero aumento de las aceleraciones y las fuerzas
internas consideradas, pero con una importancia considerablemente menor que en un
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aerogenerador sobre un monopilote.
Un anélisis exhaustivo de cada uno de estos problemas, junto con conclusiones més
detalladas, puede encontrarse en las respectivas publicaciones que conforman la tesis.
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