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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) 5MW 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 Bordón 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 ν = 0.28 and shear modulus µ = 15.625 MPa is assumed.

W

Htop

Hjacket

L

D
s

stop

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] (Vr) 11.4
Hub height [m] 90.55

Tower top height from mean sea level [m] (Htop) 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 ø1200×35
B4 ø800×20

L3 ø1200×35
B3 ø800×20

L2 ø1200×35
B2 ø800×20

L1 ø1200×50
B1 ø800×20

h4 = 11.772 m

h3 = 13.300 m

h2 = 15.692 m

h1 = 20.886 m

Buckets
D = 4 m
L = 4 m

s = 12.000 m

s/D =12/4 = 3

Figure 2. Geometry of the OC4 jacket with buckets. The diameter and thickness of each leg level Li

and bracings Bi 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

E-1 Normal Operational
Conditions

Normal Turbulence
Model (NTM) at the

rated wind speed (Vr)

1-Year Extreme Sea
States (ESS)

E-2 Extreme Wave Load
Scenario

Extreme Turbulence
Model (ETM) at the

rated wind speed (Vr)

50-Year Extreme
Wave Height (EWH)

E-3 Extreme Wind Load
Scenario

Extreme Operating
Gust (EOG) at the

rated wind speed (Vr)

1-Year Extreme Wave
Height (EWH)

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,1) and EWH by the
maximum recorded wave height (Hm,1). Similarly, 50-Year models pertain to a 50 year
return period, where 50-year EWH is based on the Extreme Wave Height (Hm,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 (HS,1) [m] 6.6
1-Year Significant Wave Period (TS,1) [s] 9.1

1-Year Maximum Wave Height (Hm,1) [m] 8.27
1-Year Maximum Wave Period (Tm,1) [s] 10.97

50-Year Maximum Wave Height (Hm,50) [m] 15.33
50-Year Maximum Wave Period (Tm,50) [s] 13.86

The turbulent wind fields, following the Kaimal spectrum, are generated in TurbSim
for a hub-height mean wind speed of Vr = 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.

C0 M90 M45 C45 Wind
Waves

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
Bordón 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



J. Mar. Sci. Eng. 2024, 12, 2089 7 of 23

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 Bordón 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:

Kno-int
0 =



KH 0 0 0 −KSR 0
0 KH 0 KSR 0 0
0 0 KV 0 0 0
0 KSR 0 KSR 0 0

−KSR 0 0 0 KR 0
0 0 0 0 0 KKT

 (1)

where KH , KV , KR, KSR, and KT 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
(ν) (0 ≤ ν ≤ 0.5) and shear modulus µ, 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:

KV =
2µD ln(3 − 4ν)

1 − 2v

[
1 + 1.08(1 − 0.76ν)

(
L
D

)0.82
]

(2)

KH =
4µD
2 − ν

[
1 + 1.85

(
L
D

)0.75
]

(3)

KR =
µD3

3(1 − v)

[
1 + 7.7(1 − 1.2ν)

(
L
D

)
+ 10(1 − 0.7ν)

(
L
D

)2.5
]

(4)

KSR =
11µD2

4(15 − 17v)

[
1 − 2ν + 9.7(1 − 1.13ν)

(
L
D

)
+ 11.2(1 − 0.82ν)

(
L
D

)1.75
]

(5)

KT =
2µD3

3

[
1 + 5.26

(
L
D

)0.93
]

(6)

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
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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 (s̃ = s/D), Poisson’s ratio (ν), 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:

γ[ ] =
KFSFI
[ ]

K
[ ]

(7)

where the subindex [ ] = H,V,R,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:

γV =
1

1 + ((1 − ν)(1 +
√

2/4)kV)/s̃
(8)

γH =
1 + (p1kH)/s̃

1 + (q1kH)/s̃ + (q2k2
H)/s̃

(9)

γR =
1 + (p2kR/kV)/s̃2 + (p3kR)/s̃3 + (p5k2

R/kV)/s̃5 + (p6k2
R)/s̃6

(1 + (p2kR/kV)/s̃2)(1 + (q1kV)/s̃ + (q3kR)/s̃3 + (q4kRKV)/s̃4(q6k2
R)/s̃6 + (q7K2

RkV)/s̃7)
(10)

γSR =

[
1 +

3(1 − 2ν)

16π

KHKV
µKSR

]
γH (11)

γT =
1 + (p2kT/kH)/s̃2 + (p3kT)/s̃3

(1 + (p2kT/kH)/s̃2)(1 + (q1kH)/s̃ + (q3kT)/s̃3 + (q4kHkT)/s̃4)
(12)

where kV = KV/(πµD) is the dimensionless vertical stiffness; kH = KH/(πµD) = is the
dimensionless horizontal stiffness; kR = KR/(πµD3) is the dimensionless rocking stiffness;
and kT = KT/(πµD3) is the dimensionless torsional stiffness. Each p and q coefficient is
defined in Bordón 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:

KFSFI
0 =



KFSFI
H 0 0 0 −KFSFI

SR 0
0 KFSFI

H 0 KFSFI
SR 0 0

0 0.0 KFSFI
V 0 0 0

0 KFSFI
SR 0 KFSFI

R 0 0
−KFSFI

SR 0 0 0 KFSFI
R 0

0 0.0 0 0 0 KFSFI
KT

 (13)

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 (Kno-int) and for the bucket
foundations as part of a group, including FSFI (KFSFI).

Kno-int
[ ]

γ[ ] KFSFI
[ ]

Vertical 3.3181× 108 [N/m] 0.6525 2.1651×108 [N/m]
Horizontal 4.1424×108 [N/m] 0.5567 2.3061×108 [N/m]

Rocking 6.5522×109 [Nm] 1.0062 6.5928×109 [Nm]
Sway-rocking 1.0540×109 [N] 0.6176 6.5100×108 [N]

Torsional 4.1733×109 [Nm] 0.9819 4.0978×109 [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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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.

0 0.5 1 1.5 2

Frequency (Hz)

0

P
ow

er
/fr

eq
ue

nc
y 

(d
B

/H
z)

OC4 Jacket

0 0.5 1 1.5 2

Frequency (Hz)

-80

-60

-40

-20

0

Optimised Jacket

No SSI
SSI without FSFI
SSI with FSFI

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.

Figure 5. Time history responses corresponding to accelerations at the tower top subjected to
environmental loads in the fore-aft direction during power production.
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The added flexibility introduced by the foundation leads to amplified peak responses.
SSI 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(t) =
√

Xx(t)2 + Xy(t)2 (14)

where Xx(t) and Xy(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
FSFI 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.
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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

L4 ø563×14.1
B4 ø500×10.3

L3 ø616×15.2
B3 ø500×9.9

L2 ø778×16.6
B2 ø500×11.7

L1 ø500×22.5
B1 ø500×15

h4 = 11.772 m

h3 = 13.300 m

h2 = 15.692 m

h1 = 20.886 m

Buckets
D = 4 m
L = 4 m

s = 13.862 m

s/D =13.9/4 = 3.5

Figure 11. Geometry of the optimised jacket with buckets. The diameter and thickness of each leg
level Li and bracings Bi 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.
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Figure 12. Power Spectral Densities in the fore–aft direction obtained from the response of the 5MW
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 s) 0.220 Hz (4.55 s)

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.
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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 Bordón 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.

SSI induces 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
ν Poisson’s ratio of the soil
µ Shear modulus of the soil
Kno−int

0 Stiffness matrix without considering foundation–soil–foundation interaction
Kint

0 Stiffness matrix considering foundation–soil–foundation interaction
s̃ Dimensionless spacing (distance) between closest foundations (polygonal arrangement)
γ Group effect stiffness correction factor
Vr Rated wind speed
Hjacket Height jacket
Htop 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
C0 Wind and waves loads are collinear (0◦)
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M90 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
HS Significant wave height
TS Significant wave period
Hm Maximum wave height
Tm Maximum wave period
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