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ARTICLE INFO ABSTRACT
Keywords: This paper presents a boundary element-finite element model for the seismic analysis of jacket-based
BEM-FEM coupling Offshore Wind Turbines (OWTs). Unlike traditional substructuring methods that rely on simplified spring-
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based foundations, this study proposes an elastodynamic formulation in the frequency domain that treats the
structure and the soil as a single coupled system. By using Green’s functions for a layered viscoelastic half-space,
this model captures the full spatial nature of seismic excitation and energy radiation without requiring soil
mesh discretization. This direct approach provides an advanced and natural representation of Soil-Structure
Interaction (SSI). A comparative study is performed to evaluate the response of OWTs using the proposed
model against fixed base and simplified engineering SSI approaches. The study assesses three- and four-legged
jackets at both 20 m and 50 m water depths, using pile and suction caisson foundations in homogeneous
and non-homogeneous soils. The results quantify SSI effects such as the reduction of natural frequencies and
the increase in system damping. Findings indicate that while simplified spring-dashpot models from existing
literature are easy to incorporate, they can be unreliable for complex configurations. This emphasizes that a
direct approach is essential for robust seismic design and analysis of multi-supported offshore wind structures.

1. Introduction single vertical element connecting the wind turbine to the foundation,
or it can be an arrangement of resistant elements with varying degrees

Offshore wind energy is one of the most promising and accessible of complexity (jacket, tripods), usually founded on piles or suction
sources of renewable energy in the short term [1]. Offshore wind caissons (see e.g. [3,4]). In practice, most current offshore wind farms
farms have several significant advantages over onshore ones. From a are installed in shallow waters (up to 30 m deep) and the turbines are
technical point of view, wind resources at sea are of better quality, with mounted on monopiles. However, as more powerful wind turbines are

higher wind speeds, fewer obstacles, and more stable wind direction.
On the other hand, onshore installations have a significant impact on
local communities and occupied areas, which are also limited in their
availability. Thus, 8 GW of offshore wind energy was installed globally
in 2024, giving a total installed operating capacity of over 83 GW [2].
Based on announced and developing projects, it is estimated that total
installed capacity using this technology could reach around 190 GW by
2029 [2].

Despite the offshore wind industry’s interest in floating technology
and its evolution in recent years, most of the Offshore Wind Turbines
(OWTs) currently being installed, and those to be installed in the
coming years, will be fixed directly to the seabed [2]. The support years. . . .
structure used depends on the depth of the sea and the geotechnical When discussing the procedures and tools for analyzing and de-
properties of the site selected for installation. It can be reduced to a signing the support structure of OWTs, research has mainly focused on

installed at greater depths, the use of structures founded on multiple
supports is becoming increasingly common. In fact, this technology
is evolving in the development of structural designs that allow these
devices to be installed at ever greater depths and, as a result, at greater
distances from the coast. Thus, according to the data available to date,
the deepest fixed-bottom OWT in operation is installed on a jacket-type
substructure in waters 58.6 m deep at the Seagreen Project Wind Farm
in Scotland, 27 km off the coast of Angus [2]. At present, everything
indicates that improvements in design and construction techniques will
allow for an expansion of the jacket foundation technique in the coming
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aerodynamic and hydrodynamic subjects, while the study of structural
response to seismic loads has been less addressed in the literature.
However, for some time now, certain aspects of this problem have
begun to attract the attention of analysts: (1) the growing demand for
clean energy and the limited availability of suitable non-seismic sites
not already exploited are driving the expansion of this technology into
seismically active regions in East Asia, Europe, and North America,
where experience in this regard can be considered limited, and (2) the
increasing size of new wind turbines may lead to significant variations
in their responses or in the safety factors of their support structures,
as well as an increase in the potential impact of their collapse. In this
regard, the nominal power of OWT purchase orders in Europe in 2024
was already 14.8 MW [5].

There is abundant literature showing that OWTs, due to their size
and structural morphology, are dynamically sensitive systems in which
Soil-Structure Interaction (SSI) effects have a decisive influence on
their behavior. These interaction phenomena between the soil and the
structure depend on the properties of both and can modify the natural
frequency and damping of the system and, with this, its overall response
to dynamic loads. These are, therefore, effects that cannot be ignored
and have been considered in different ways and with varying degrees of
accuracy, depending on the objective pursued, in many of the models
developed for the analysis of this type of structure [4].

The characteristics, performance, complexity and scope of existing
SSI models vary greatly and, in a very basic classification, depend
mainly on whether or not the seabed behavior is considered linear,
taking into account the problem to be addressed. Non-linear approaches
frequently use Winkler-type models that idealize soil-foundation inter-
action through decoupled springs, usually known as p — y curves for
lateral response (common in monopiles), or  — z and ¢ — z curves
when axial response is the primary concern, as is typical for jacket
foundations. However, for more complex nonlinear effects such as soil
fracture or advanced constitutive behavior, continuous medium models
employing the Finite Element Method (FEM) are typically preferred.
Models that assume linear soil behavior also allow for formulation in
the frequency domain and, depending on the problem, it is common
to use substructure techniques, usually through impedance functions
that concentrate the response of the soil-foundation assembly that
can even be integrated into other available analysis codes. However,
it is also interesting to address direct formulations that allow for a
coupled analysis of all the regions (super-structures, foundations, soils)
involved in the problem. This approach has several advantages, such
as the rigor in considering the geometry of each foundation, their
flexibility, the filtering of incoming waves, and the interaction effects
in multi-supported configurations. These elastodynamic models for SSI,
in their most advanced version, have historically been developed using
boundary integral formulations that have made it possible to deal with
some specific aspects of the problem in a very natural way, such as the
geometry of the half-space, the inherent condition of energy radiation
to infinity, or the spatial nature of the excitation and seismic response
along the soil-foundation interface, all of this even in the case of
non-homogeneous soils. In the numerical treatment of this type of SSI
approach, the pioneering work of Professor Dominguez at MIT [6,7]
using the “new” Boundary Element Method (BEM) and his subsequent
advances with some of his collaborators [8-14] must be highlighted.
The result of all this work has been the development of integrated
dynamic models of increasing complexity that have been applied to a
multitude of problems related to the dynamic characterization of struc-
tures or their seismic response, including, more recently, the problem
that concerns us now in the case of OWTs (see e.g. [15,16]).

Thus, the aim of this paper is to extend these direct elastodynamic
models to the problem of OWTs on jacket substructures subjected to
seismic loading. We therefore present a dynamic model that integrates
all the elements of the system into a coupled analysis: wind turbine,
jacket, foundation (suction caissons or piles) and stratified seabed
with a vertical incident field of shear waves to simulate the seismic
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excitation. The wind turbine and jacket are modeled using Timoshenko
beam finite elements connected through rigid joints, and added masses
for the rotor-nacelle-assembly and transition piece. The water—structure
interaction between the sea water and the jacket is included via added
masses [17]. Each foundation is rigidly connected to the jacket and they
can be modeled via beam finite elements or shell finite elements rep-
resenting either piles or suction caissons depending on their length to
diameter ratio. The SSI between these foundations and the surrounding
soil is included via a boundary element formulation based on a Green’s
function for a horizontally layered viscoelastic half-space [18]. The for-
mulation considered in this paper generalizes previous works [19-21]
and it incorporates soil-beam and soil-shell interaction in stratified
soils without actually needing to discretize any other part of the soil.

While the wind turbine itself is not difficult to define from man-
ufacturer data, the definition of the jacket and foundation requires
establishing many topological and geometrical parameters which are
site-specific. In order to reduce the number of input data to only site
conditions (wind, sea, and soil characterization), wind turbine, type of
jacket and foundation (three- or four-legged jacket on suction caissons
or piles with specified dimensions), an auxiliary semi-automated jacket
preliminary design procedure has also been used [22]. Although the
dynamic model is independent of this auxiliary procedure, it facilitates
a more direct and realistic analysis of the relationship between system
dynamics and site-specific conditions.

The rest of the paper is organized as follows: Section 2 describes the
problem and the proposed integrated soil-structure model. Section 3
uses this model to study the effects of SSI on the seismic response
of a practical OWT application (i.e. displacements, shear, axial forces,
and bending moments), considering different jackets, foundations and
soils, and using more simplified models for reference. Finally, Section 4
presents the paper’s main conclusions and suggests topics for further
research.

2. Methodology

In this section, the proposed model is described in detail. Fig.
1 depicts the physical system under consideration, where the wind
turbine is supported by a partially submerged three- or four-legged
jacket structure founded on suction caissons or piles installed in a
stratified soil.

The model assumes linear elastic and small displacements behavior.
It is formulated in the frequency-domain w, where w = 2zf is the
angular frequency (rad s~') and f is the frequency in (s~! = Hz). For
the sake of brevity, the time factor /' accompanying complex time-
harmonic variables is omitted by default (i = \/—_1 is the imaginary
unit).

Since the focus is put on assessing SSI phenomena, particularly on
its effects on the foundation and main structural members (jacket and
tower), the rotor is considered perfectly balanced and the interaction
between blades and the rest of the system is neglected. Therefore, the
rotor (hub and blades) are reduced to a lumped mass matrix at the
tower top. In a broader picture, this is called a Linear Time-Invariant
(LTI) system. A fully rigorous analysis would require considering not
only the blade elements, which could also be done with the present
model, but also the rotation of hub and blades at a given speed,
which results in what is called a Linear Periodically Time-Varying
(LPTV) system [23-25]. This type of system can be studied through
a more costly time-domain analysis or Floquet modal analysis. The LTI
approach considered in this paper is also used in most of the literature
regarding SSI because it is able to capture most of the relevant physical
phenomena at a reasonable computational cost.
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Fig. 1. Jacket-based Offshore Wind Turbine.

2.1. Structure

A jacket-based OWT is a complex system, but from the struc-
tural point of view, the following main parts can be identified: the
rotor-nacelle assembly, turbine tower, transition piece, jacket, jacket-
foundation connection, and foundation. In the present work, these parts
are entirely modeled using shear-deformable and locking-free finite
elements, i.e. Timoshenko beam finite elements [26] and Reissner—
Mindlin shell finite elements [27], and structural inertia, added mass,
and damping. The shear correction factor for the Timoshenko beam
elements is taken from [28], while in the case of shell elements the
usual 5/6 factor is considered. The primary features and properties of
the models used for each part of the system are detailed in the following
subsections.

2.1.1. Rotor-Nacelle assembly

The Rotor-Nacelle Assembly (RNA) comprises the blades, hub, shaft,
the electromechanical system inside the nacelle, the nacelle itself, and
the bearing. This assembly is a complex electromechanical system rel-
evant for the operation of the wind turbine. However, for the purpose
of general structural dynamic characterization and seismic analysis, it
can be reduced to a lumped mass matrix at the tower top (see Fig. 2).
In a recent research [29], the influence of RNA modeling has been
addressed. It concluded that the type of modeling considered here
is appropriate, although conservative in the upper part of the tower
regarding maximum stresses. Depending on the available data from the
manufacturer or other sources, and the type of analysis, this mass ma-
trix can be formulated with different levels of rigor and completeness.
The nodal degrees of freedom at tower top are its displacements and

rotations: a® = (u,,u,,u,,0,,6,,0,)T. Assuming complete availability
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of data allows to reduce the RNA mass to the tower top node in the
following way:

Mgnao  Mgyai
M, = ’ ’ (€D)]
RNA |: MgNA,l MRNA,2

where Mgya 0> Mrna,1 @and Mgyga o are respectively the standard 3 x 3
matrices containing the zero-, first- and second-order moments of
mass. The most important contribution is that of the mass submatrix

Mgya o
Mgyao = mrnalaxs (2)

which is a diagonal matrix containing the total mass of the RNA and
thus all the translational inertia. The RNA total mass can be further
decomposed as:

MRNA = 3mblacle + Mpyb + Myacelle + mbea:ing = Myotor T Mpacelle + mbearing (3)

where m,, .. contains all the mass of the nacelle and the equipment
contained in it. Second in importance is the mass submatrix Mgy »:

1 roll 0 1 x'z!
Mpna2 = 0 Inichy 0 ©)]
1 ) 0 1. yaw—z'

which is a matrix containing the moments of inertia, i.e. all the RNA
rotational inertia, with respect to the x’, y/, and z’ axes located at the
tower top. Here, it is assumed that the x’ axis located at the tower top
is parallel to the rotor axis x” and the global x axis, and z’ located at
the tower top and z” located at the hub are parallel to the global z
axis. Due to the RNA mass symmetry with respect to the x’z’ plane,
products of inertia /s, and I, are null, and the product of inertia
1., although not null, is typically small when compared to the diagonal
terms. Finally, the mass submatrix Mgy, | appears as a consequence of
the RNA mass center not being coincident with the tower top:

0 -M, 0

Mpyay =| M, 0 M, )
0 -M, 0

where:

Mx = Myotor (xrotor - xtower—top) + mnacelle(xnacelle - xtower—top) ©

Mz = mrolor(Zrolor - Zlower—lop) + mnacelle(znacelle - Zmwer—lop) (7)

producing a coupling between translations and rotations of the tower
top. Again, because the mass center is contained in the x’z’ plane,
i.€. Yiotor = Vnacelle = 0, there is only a partial coupling.

2.1.2. Turbine tower

The turbine tower is a steel tower composed by many cylindrical
shell sections with varying diameter and shell thickness. It starts at
the tower bottom, coincident with the jacket top and the transition
piece plate, with a diameter D¢, _porom and thickness #,,er_portom» and
reaches the tower top with a diameter Dqye_(op and thickness #gyer—iops
having a total height of h,,,,. If available, each tower section j can be
defined through its own height Ay, ;, diameter Dy, ; and thickness
Tower,j» Otherwise an interpolated diameter and thickness are taken from
the top and bottom ones. Given the typical frequency range for global
dynamic and seismic analyses (up to 10 or 20 Hz), the tower can be
modeled as Timoshenko beam elements.

2.1.3. Transition piece

The transition piece is a complex multiple joint connection between
the tower and the jacket. There are many topologies considered in
the literature and in practice. In its own right, it has been subjected
to considerable research, see e.g. [30]. Here, a simple design is con-
sidered, where a triangular (for three-legged jackets) or square (for
four-legged jackets) plate is welded to the legs at the jacket top and to
the tower bottom, see Fig. 3. For simplicity, the plate has a constant
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Fig. 2. Rotor-Nacelle-Assembly idealization.

thickness, which in the present paper is taken as 0.2 m. Diagonal
members connect each leg at the jacket top to the tower at a height
equal to the leg spacing at the top. These members have cross-sections
similar to those of the legs. This transition piece design is not intended
to be completely realistic, but it provides a rigid connection between
jacket and tower and a mass of the same order of magnitude to that
encountered in practice.

2.1.4. Jacket

Jackets are partially submerged lattice structures composed by tubu-
lar members that transfer loads from the base of the wind turbine
tower to the foundation system. They are subjected to complex loading
which depends on the wind turbine and many environmental factors
(wind, water depth, waves and current, soil, and others). With all this
information and the requirements from the wind turbine manufacturer,
client, guidelines and/or regulations, the design of a jacket becomes
quite complex. Many structural topologies have been proposed, and
there is plenty of research and tools devoted to jacket design [32]. In
order to size the jackets to be used in this study, a basic automated
design framework developed by some of the authors according to DNV
and IEC codes was used [22].

2.1.5. Jacket-foundation connection

The connection of the jacket to the foundations is a very important
part of the system since it transfers all loads to the foundation system.
Here, it is performed at the lowest jacket joints, and thus each joint
rigidly connects the leg, two bracing members and the foundation.

2.1.6. Foundation

Two types of foundations are considered: suction caissons and piles.
Piles used in OWTs are steel hollow circular piles, and thus both suction
caissons and piles are topologically similar. The only difference lies on
the length to diameter (L/D) and thickness to diameter (z/D) ratios,
which in the case of piles are higher (L/D > 5, t/D ~ 0.01) that in the
case of suction caissons (L/D < 6, t/D ~ 0.001). The lid of the suction
caisson is considered to be rigid.

From the modeling point of view, it is quite clear that piles can
be modeled with beam elements and short suction caissons have to be
modeled with shell elements (see Fig. 4). However, there is a range
of length to diameter ratios (2 < L/D < 6) where it is questionable
which type of modeling is more appropriate. From the computational
cost point of view, it is always preferable to use a beam-like model,
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even if the foundation is a suction caisson, because the more rigorous
shell model is computationally costlier. This is due to the soil-structure
boundary element/finite element coupled model, and in particular from
the boundary element side (Green’s function evaluation), which is
described in Section 2.3.2. To this end, a comprehensive study was
performed in [33], concluding that the validity of the beam model can
reach down to L/D > 2 depending on the range of frequencies to be
considered. In this study, piles are modeled with beam elements and
suction caissons with shell elements.

2.2. Air and water Fluid-Structure Interaction

The OWT is in contact with air and water, and thus there are
Fluid-Structure Interaction (FSI) phenomena taking place. Since linear
elastic and small amplitude vibrations are assumed, this interaction can
only be considered as acoustic phenomena or as additional mass and
damping.

The air-structure interaction is particularly difficult to assess with
a frequency-domain model. This phenomena mainly introduces ad-
ditional damping through the blades, which depends on the wind
and rotor speeds [34]. Although there are ways of considering it via
additional dampers, no aerodynamic damping is considered here since
its influence in the low frequency response of OWT is usually small
when compared to other factors.

On the other hand, water-structure interaction is quite relevant,
particularly for frequencies beyond the fundamental one, see e.g. [35].
Furthermore, the effects on the structure are relatively easy to intro-
duce. There are two sources of interaction: (1) the confined water inside
submerged members, and (2) the induced motion of the fluid due to the
lateral motion of the member. The first source of interaction is easily in-
troduced by adding the water translational inertia to the beam element
mass matrix, i.e. an added mass per unit length of py 7(D© —2:)? /4,
where D and #(© are the outer diameter and thickness of element. The
second source of interaction can also be described in terms of added
mass and damping [17], although damping is generally negligible. This
added mass is also introduced in the element mass matrix, but only for
the lateral translational inertia. For submerged tubular members, the
added mass per unit length is simply the product of the water density
by the external area of the member, i.e. pyye7 (D(e))2 /4. This simple
approach is effective and is used in practice, but ignores the structure
real geometry since it is obtained from assuming infinitely long and
isolated members interacting with the surrounding fluid.

2.3. Soil and Soil-Structure Interaction

The soil in which the OWT is founded is considered as a hori-
zontally stratified elastic half-space, where each horizontal layer is
homogeneous and isotropic. Each layer j of the N is defined by the
properties: density py ;, shear modulus py ;, Poisson’s ratio v,y ;, and
hysteretic damping &,; ;- As usual, hysteretic damping is introduced via
complex shear modulus gy ; = Re [pyi ;] - (1 +i28,;)- The soil that
can be modeled is thus a quite general one.

The Soil-Structure Interaction is introduced via a rigorous coupled
boundary element-finite element model which generalizes previous
models for piles and suction caissons [19-21]. The proposed coupled
model allows considering beams and/or shells buried in a stratified
soil. It is a development of an earlier version of MultiFEBE [36],
which incorporates BEM formulations that can only deal with regions
of homogeneous nature. In the next sections, this model is described.
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(a) Real picture adapted from [31] (pub-
lic domain image).
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(b) Modeling for three- and four-legged jackets

Fig. 3. Transition piece modeling.

2.3.1. Finite element formulation

From the finite element point of view, the already mentioned Tim-
oshenko beam finite elements [26] and Reissner—-Mindlin shell finite
elements [27] are used for modeling the foundation. The usual element
equilibrium equation for time harmonic analyses can be written in
matrix form as:

(K© - ?M©) 2 — QO = ¢© ®)

where K© and M© respectively are the element stiffness and mass
matrices, a® is the vector of element degrees of freedom, Q© is the
matrix which transforms mid-line or mid-surface distributed forces f©
into equivalent nodal loads, and q© is the element equilibrating loads
vector. More specifically, for an element e with N nodes:

2© — (aaa’ ’a(]?)T = (am), ... )" ©
19 = (£,... ,f}?)T = (1, .. ge0)T 10

and, for a given node n:
T
a® = (ui"),u(y”%ug"),9(;&0;”%.9;”)) (6 DOF beam or shell node) an

T
a” = (ui"), u(y”), U, o™, ﬂ(")) (5 DOF shell node with local rotations)
12)
T
£ = ( o, fy“’), f,@) (beam: forces per unit length;
shell: forces per unit surface) (13)

It is often the case that distributed forces £’ are prescribed, but in the
present model they remain as active degrees of freedom.

2.3.2. Boundary element formulation
The starting point of the Boundary Element Method [37] is the
boundary integral equation:

c;kuL+/17kuk dF=/u;‘ktk dF+/u;‘kbk dQ, Lk=1,23=x,y,z
r r Q
a4

where Einstein summation is implied, and clik is the so-called free-
term [38]. It relates body loads b, throughout the domain £2, displace-
ments u; and tractions 7, = o;n; throughout the boundary I' = 9¢, and
the displacement u, at the collocation point of the point load. The main
ingredient which makes this relation possible is the Green’s function in
terms of displacements u;, and tractions t), = a;”'kjn ;, where the first
index [ is related to the load direction, the second index k is related
to the observation direction, and »; is the outward unit normal at the

observation point (j = 1,2, 3 is a dummy index). In this work, a Green’s
function for a horizontally layered elastic half-space is used [18]. Be-
cause the considered Green’s function already fulfills the traction-free
conditions at the free-surface and the stratigraphy, integrals along I
are null except where these conditions are broken. Therefore, boundary
elements are only needed at suction caisson lids, but given the traction-
free condition at the free surface, the corresponding integral including
1}, is null. While body loads are typically treated as prescribed data, the
present model employs them as active degrees of freedom to represent
soil-structure interaction for buried beams and shells via line or surface
loads. This way, the boundary integral equation can be written as:

i *
clkuk—/ up by dF+/
Tiigs Y,

wi b dY + / i by dIT (15)
beams HMgpenrs

where I,y represents the suction caisson lids, Y,,ms represents the line
loads b, along beams mid-line, and [T, represents the surface loads
b, throughout shells mid-surface.

The discretization of the previous equation follows the usual proce-
dure [37]. Two-dimensional isoparametric Lagrange elements are used
for the lids surface I};4, (boundary elements). Also, two-dimensional
isoparametric Lagrange elements are used for the shells mid-surface
I, (surface load elements). One-dimensional isoparametric Lagrange
elements are used for the beams mid-line Y, (line load elements).
For a given boundary element node n, displacements and tractions can
be written as:

T T
) — (,m ) () () — [ 4n) ((n) (n)

u —(ux suy ) ) ot —(tx Lt ) (16)

For a given line or surface load element node n, displacements and body

loads can be written as:

T T
) — [, ) () ) — (pm) pm) pn)
u”” = (uxr',uy”,uz") , b = (bx",by",bz”) a7

The collocation procedure is the conventional one for the boundary
and surface load elements, where nodal collocation is performed at all
nodes except at nodes located along the boundary of the surface, see
e.g. [21]. For line load elements, a non-nodal collocation procedure is
required, see [19].

The evaluation of the considered Green’s function is computation-
ally expensive. Taking into account that the number of Green’s function
evaluations is proportional to the square number of nodes of the
boundary element discretization and the number of Gauss points in the
numerical integration scheme, the implementation efficiency is crucial.
In order to keep the computational costs as low as possible, an appro-
priate database storing each new evaluation is used. Apart from the
stratigraphy and the frequency, this Green’s function can be formulated
such that it depends on the source depth s, observation point depth
z, and the radial distance r between source and observation point.
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Fig. 4. Exploded view of the Soil and Soil-Structure Interaction modeling approach for piles (left) and suction caissons (right). Example of a four-legged jacket

discretized with quadratic elements.

Therefore, any evaluation request sharing the same (s, z, r) coordinates
can be retrieved from the database at a much lower computational
cost. In order to take advantage of this, the mesh must be as regular
as possible. As seen in Fig. 4, the regularity is very easy to achieve for
line load elements (beam-soil interaction) by simply having the same
discretization for all the foundations. On the other hand, for the case of
surface load elements (shell-soil interaction) not only each foundation
should have the same discretization, but each foundation mesh should
have as much self-repetition as possible, as illustrated in Fig. 4.

2.3.3. Boundary element—finite element coupling

Assuming a conforming mesh between boundary or body load el-
ements and finite elements, a direct coupling between both can be
performed. This means that a node-by-node coupling can be applied.
The coupling equations assumes welded contact conditions via displace-
ment compatibility and equilibrium at the interface:

+ For a boundary element node ng coincident with a finite element

node npg:
(npg) _  (ngg) (npg) (ngg) _
= u, f =0 (18)

where k = 1,2,3 = x,y,z. Then uﬁ{"FE) and ti"BE) remain as the
active degrees of freedom in the linear system of equations. In
the present paper, these are applied to the elements discretizing
the suction caisson lid.

For a body (line or surface) load element node »; i coincident with
a finite element node ngg:

) ) (
ME{"FE) _ u;:LE . fIE"FE + bk”LE) -0 (19)
and then ui"FE) and b;"LE) remain as the active degrees of freedom

in the linear system of equations. In the present paper, these are
applied to the elements discretizing the pile axis, pile shaft or
suction caisson skirt.

2.4. Seismic input

The seismic action is a vertically incident (z-direction) S-wave that
propagates through the stratified soil. Only an excitation in the x-
direction is considered, so that the only non-null displacement at each
layer j is:

WD) () = AV K7 4 BUemik'z (20)

where AY) and BY) are the amplitudes of the incident and reflected
waves, k) = w/c! is the wave number, and ¢! = /tgon;/Psor; iS
the shear wave propagation speed. The amplitudes are obtained from
the one-dimensional wave propagation boundary value problem of a
multilayered half-space.

The seismic action is inserted into the boundary element equations
by decomposing the total field into the free-field and the scattered field:

u;{otal — u;(ree + u;catlered’ k=1,2,3 (21)

and then the scattered field !
integral kernels (see e.g. [37]).

In the case of pure finite element models (such as a rigid base
model), the seismic action is directly introduced by imposing the
prescribed displacements at the jacket bottom nodes.

— uff*® is the one multiplying the

3. Case studies

To illustrate the capabilities of the proposed integrated model,
this section presents its application to a practical OWT case study
under vertically incident S-waves. A comprehensive analysis is con-
ducted considering different jacket configurations, foundations, and soil
conditions. For comparison purposes, simpler models are also used:
rigid base (no SSI) and flexible base using lumped springs/dashpots
macroelements available in the classic literature (simple SSI).

3.1. Description of the analyzed cases

The wind turbine taken for the study is the DTU 10 MW Ref-
erence Wind Turbine, which is fully described in the corresponding
report [39]. The rotor diameter D, is 178.3 m. The RNA mass matrix
and the tower model are obtained from the procedures described above
and the data presented in the report. From the inertial point of view,
only the total mass of the RNA (mpya = 770, 180 kg) is considered for
building the RNA mass matrix. The tower a length of A, = 115.63m
and a varying diameter and thickness, being D yer—pottom = 8.3m
and 7t yer—bottom = 38 mm at the bottom, and D = 55m and
Tower—top = 20 mm at the top.

The jackets used in the study are obtained from the preliminary de-
sign procedure described in [22], providing representative geometries
to evaluate the modeling approach rather than final, practically feasible
designs. As previously mentioned, three- and four-legged jackets are

tower—top
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Fig. 5. Definition of conventions and symbols used across the analyzed cases.

considered. Also, two sites with different water depths (20 and 50 m)
but with the environmental conditions used in [22]. The resulting four
jackets are fully described in Appendix A.

The relative orientation between the wind turbine and the jacket is
shown in Fig. 5(a). The rotor rotation axis x’ is parallel to the global x
axis, and the z axis is located at the mudline level and pointing towards
inside the soil, as shown in Fig. 2.

The soils to be studied correspond to the frontier between C (180 m/s
< €30 < 360,m/s) and D (c,3p < 180,m/s) soils [40], which are
usually the type of soils where OWTs are founded on. In particular,
a homogeneous soil with ¢, = 180m/s (denoted as “hom180”), and a
non-homogeneous soil with the following profile (z > 0):
¢y(z) = 90.5362 - 2°3'2 [m/s] (22)
which also has ¢, 3, = 180,m/s (denoted as “nohom180”) are consid-
ered. Constant density p.; = 1800kg/m?®, Poisson’s ratio v, = 0.35
and hysteretic damping ratio &,; = 5% are assumed for all soils. This
type of profiles is representative of offshore soils considered in several
studies [41-43].

Each jacket is considered to be founded on piles or suction caissons.
The main characteristics of the foundations have been taken from
Sandal et al. [44], where similar jackets were studied. Piles have length
L = 35.1 m, diameter D = 2.59 m, and shaft thickness r = 3.22 cm.
Suction caissons have a length L = 7.57 m, diameter D = 7.57 m, and
skirt thickness 7 = 8.2 cm.

The mechanical properties of the steel, assumed for all OWT com-
ponents, are: density p = 7850 kg/m’, Young’s modulus E = 210
GPa, Poisson’s ratio v = 0.3, and hysteretic damping ratio ¢ = 0.5%
(E* = E - (1 +1i2&).

In addition to the proposed model, which is taken as the refer-
ence since it considers the soil stratigraphy and the complete three-
dimensional SSI (soil-foundation and foundation-soil-foundation in-
teraction), a fixed base model, i.e. no SSI interaction, and a lumped
frequency-independent SSI model are used. The latter model uses
lumped springs/dashpots with frequency-independent stiffnesses and
viscous damping for each individual foundation mode: vertical, hor-
izontal, rocking and torsional. This is a classical modeling approach,
denoted here as “simple SSI”. Only part of the SSI is included as no
foundation—soil-foundation interaction is considered, and the seismic

input filtering produced by the foundation system is neglected. Accord-
ing to the reference system shown in Fig. 4, the following impedance
matrix representing the soil-foundation interaction is introduced at
each jacket leg base node n/:

kp, 0 0 0 —ksgg O
0 ky, 0 kgg O 0
0 k 0 0 0
(np)gng) — v
K%a 0 keg O kg O 0
—ksg O 0 0 kg 0
0 0 0 0 0 kp
u("f)
ch 0 0 0 —cgr O ?nf)
0 ch 0  cgr 0 0 ”{ )
n
) 0 0 ¢ O 0 0 uy”
+ iw (23)
0 csg 0 cp 0 0 o
—CsR 0 0 0 CR 0 0("f)
0 0 0 0 0 ¢ 0{n,)
z

where k are the stiffnesses and ¢ are the viscous damping coefficients
related to the vertical ('), horizontal (H), rocking (R), sway-rocking
(SR), and torsional (T') components. The values of these are adopted
from the available literature as follows. For piles, they are taken
from Novak & El Sharnouby [45]. For suction caissons, stiffnesses are
taken from Doherty et al. [46] and viscous damping coefficients are
taken from Gazetas [47]. The resulting stiffnesses and viscous damping
coefficients are shown in Table 1.

The proposed model is formulated in the frequency domain and
incorporates frequency-dependent matrices from the Boundary Ele-
ment Method (BEM). Consequently, it is not possible to perform a
standard eigenvalue modal analysis, as the system’s properties vary
with the excitation frequency. However, by looking at results in the
frequency-domain it is possible to estimate how the resonant frequen-
cies (especially the lower ones) and damping change between cases
and modeling approaches. The frequency response is analyzed up to
10 Hz, which is the typical range of interest for seismic excitation.
The seismic action is a vertically incident S-wave impinging in the
x-direction (i.e., fore-aft direction, see Fig. 5(b)), and the following
responses are studied:

» Tower top displacement and rotation.
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Fig. 6. Tower top normalized x displacement of OWT founded on piles on homogeneous soil.

Table 1
Summary of stiffnesses and viscous damping coefficients in the simple SSI for
each type of foundation and type of soil.

Foundation Piles Suction caissons

soil hom180 nohom180 hom180 nohom180
ky [GN/m] 2.711 2.090 2.484 2.775
¢y [MN s/m] 36.62 19.94 82.61 62.94
ky [GN/m] 1.271 0.575 2.588 2.152
¢y IMN s/m] 21.78 10.16 49.46 37.68
kg [GN m] 17.77 15.67 126.6 111.0
cg [MN m s] 82.69 61.61 0 0

ksg [GN] 3.302 2.369 10.29 10.83
cgr [MN s] 33.42 20.92 0 0

ky [GN m] 0 0 90.27 57.39
¢ [MN m s] 0 0 0 0

» Tower base shear and bending moment.
» Jacket legs and bracings axial forces.

This is illustrated in Fig. 5(b). At each case, the overall response over
the considered frequency spectrum and the specific response at the
fundamental frequency are separately discussed.

3.2. Tower top kinematic response

In the first place, the kinematic response (fore-aft displacement and
rotation) at the tower top is studied. Figs. 6, 7, 8, 9 show the normalized
absolute value of the x displacement for all the analyzed cases. Fig. 10
shows the normalized absolute value of the y rotation only for the case
of pile foundations on homogeneous soil. Tower top rotation results
for all other analyzed cases are included as supplementary material.
Throughout the figures, normalized displacements and rotations are
given by the following transfer functions:

(tt) (tt)

u
H([[) — X [m/ml], (tt) — y
Ux |u§ree(z =0)| / 2% |u§cree(Z =0)]

[1/m] (24)

The first row of graphs corresponds to 20 m water depth cases, and the
second row corresponds to 50 m water depth cases. The first column of
graphs corresponds to three-legged jackets and the second corresponds
to four-legged jackets. Due to the symmetry of the configuration and
the excitation, the y displacement (side-side) and the z rotation (OWT
torsional response) are both null at the tower top.

3.2.1. Response along the analyzed frequency range

Overall, results presented in Figs. 6 to 10 show that the fundamental
frequency in each case is well-captured even by the rigid base model. A
more detailed analysis at the fundamental frequency is given later. As
expected, SSI becomes more relevant as the frequency increases, and it
produces an important reduction of higher natural frequencies and an
increase of damping, which are two well-known SSI effects.

When comparing the first and second rows of plots in Figs. 6 to 10
(corresponding to OWT for 20 m and 50 m water depths), it is observed
that SSI is less relevant as the substructure height increases. This behav-
ior is reasonable because common individual foundation dimensions
have been assumed, while the spacing between the foundations is larger
in the 50 m depth case and it is known that the foundation system
rocking impedance increases with the squared spacing [48]. Also, the
results in the second row of Figs. 6 to 10 show that the response in all
50 m water depth cases is much more complex, exhibiting additional
resonance peaks and higher modal contributions. This behavior is due
to the presence of jacket local vibration modes related to bracings and
legs. Such a result is reasonable since members of 50 m water depth
jackets are longer than members of 20 m water depth jackets.

From the SSI modeling point of view, it may seem that differences
between SSI modeling approaches shown in Figs. 6 to 10 are small, but
this is only in appearance as ordinates in these graphs are presented
in logarithmic scale. In these figures, it can be observed that simple
SSI models (frequency independent springs/dashpots) work reasonably
well for frequencies below 2 Hz, where the curves for both models
nearly overlap, but beyond this frequency there are important differ-
ences. Simple SSI models for pile and suction caissons in homogeneous
soils work remarkably well within the analyzed frequency window, as
shown respectively in Figs. 6 and 7, although there are several no-
ticeable discrepancies at high frequencies. The discrepancies between
the present model and the simple SSI becomes quite large for the non-
homogeneous cases (Figs. 8 and 9). This may be due to the particular
stiffnesses and viscous damping coefficients taken from the available
literature, and/or due to the limitations behind a spring/dashpot model
with constant parameters. Therefore, it reveals the importance of choos-
ing the appropriate constants from the literature (if available for the
case under study) and the uncertainty behind this selection. It also
reveals the relevance of using a direct coupled model such as the
presented one.
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Fig. 7. Tower top normalized x displacement of OWT founded on suction caissons on homogeneous soil.
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Fig. 8. Tower top normalized x displacement of OWT founded on piles on non-homogeneous soil.

All the above discussion applies to both the fore-aft displacement
and rotation results. The only remarkable difference is the fact that
the magnitude of the rotational response decreases much less than the
translational response with SSI, as can be observed when comparing
Fig. 6 against Fig. 10. The relevance of RNA rotation lies on the fact
that it is a limited by current serviceability limit states in order to avoid
blade-tower impact, typically by 0.5 degrees [49].

3.2.2. Response at the fundamental frequency

Finally, let us now dive into the analysis at the fundamental fre-
quency in each case. The fundamental frequency is of paramount
importance because it has to be located inside a frequency window
between the rotor (1P) and blade-passing (3P) frequencies in order to
reduce fatigue as much as possible [49]. It is also important to analyze
what happens to the magnitude of the response, which is directly
related to the damping. In order to give an idea, Fig. 11 shows the
real and imaginary parts of the translational and rotational responses
around the fundamental frequency of a specific case (20 m water depth,

4 piles and homogeneous soil). In previous plots this went unnoticed,
but a 3.3% reduction of the fundamental frequency f, from 0.2057 Hz
(rigid base) to 0.1989 Hz (simple SSI model) and 0.1987 Hz (SSI
with the present model) is observed. At the same time, SSI models
estimate peak displacements and rotations that are 25% smaller than
those predicted by the fixed-base model. This means that even the
simple SSI model predicts quite well the fundamental frequency, but
greatly underestimates damping. This is presumably due to the use
of viscous damping in the simple SSI model, while the present model
uses hysteretic damping. These trends are observed in all cases, as it is
described next.

Table 2 and Fig. 12 present the fundamental frequency of all
analyzed cases, taken from the fore-aft displacement response, as
well as the fundamental frequency difference with respect to rigid
base cases. The fundamental frequency in these cases ranges between
0.19 and 0.21 Hz, which is lower than the fundamental frequency of
0.25 Hz [39] of the tower and RNA alone (approximately 20% reduc-
tion). This reduction indicates the crucial role of the jacket design and
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Fig. 9. Tower top normalized x displacement of OWT founded on suction caissons on non-homogeneous soil.
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Fig. 10. Tower top normalized y rotation of OWT founded on piles on homogeneous soil.
analysis for achieving an appropriate fundamental frequency located damping than pile foundations. Also, results show that 50 m water
y g pprop q y ping p
inside the available frequency window between 1P and 3P frequencies. depth cases present less damping that the respective 20 m water depth
The impact of SSI modeling for predicting the fundamental frequenc cases. Regarding SSI modeling, both the fixed base and the simple SSI
p g p g q y g g g p
seems small (4.9% in the worst case), but softer soils than those approach greatly underestimates damping in all cases, leading to ver
pp 8 y ping g y
considered here may also be encountered in practice. Furthermore and conservative results.

most importantly, DNV suggests that f, should be at least 10% away
from the 1P and 3P frequencies [50], which means that these modeling
discrepancies can be quite relevant.

The results obtained are comparable to those obtained in other
references. For the same wind turbine (tower and RNA), but different
jacket, foundation and soil, the fundamental frequency reported in [51,
Table 4] is 0.23 Hz (without SSI) and 0.21 Hz (with SSI).

Table 3 and Fig. 13 present the magnitude of the peak displace-
ments at the tower top at the fundamental frequency for all analyzed
cases, as well as their difference with respect to rigid base cases. The
material and geometrical damping introduced by the foundation—soil

3.3. Tower base shear force and bending moment response

In this section, the fore-aft tower base shear force and bending
moment are studied. Figs. 14 and 15 show respectively the normalized
fore-aft shear force (V,) and bending moment (M. y), only for the cases of
suction caisson foundations on non-homogeneous soils. Results for all
other analyzed cases are included as supplementary material. Through-
out these figures, normalized shear forces and bending moments are
given by the following transfer functions:

system plays a significant role in reducing the peak magnitude. From (th) Vx(lb) (tb) M ;tb)
o . : L H® = ——= ____N/m, H®”=—— [Nm/m] (25)
Table 3, it is observed that suction caisson foundations introduce more Ve T Jufree(z = 0))] My, T yfree(z = ()]
X X

10
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Fig. 11. Tower top normalized x displacement and y rotation around the fundamental frequency of 20 m water depth OWT founded on 4 piles on homogeneous

soil with ¢, = 180 m/s under S-waves impinging in the x-direction.

Table 2

Fundamental frequency f, (in Hz) of all analyzed cases and types of SSI modeling.

Soil Found. SSI mod. F1/|(fy = 84 basey  prigid base
20 m 20 m 50 m 50 m
3 legs 4 legs 3 legs 4 legs
- - Rigid base 0.2110 0.2057 0.1981 0.1947
iles Simple SSI 0.2031/-3.7% 0.1989/-3.3% 0.1936/-2.3% 0.1918/-1.5%
hom180 P Present 0.2029/-3.8% 0.1987/-3.4% 0.1931/-2.5% 0.1915/-1.6%
caissons Simple SSI 0.2027/-3.9% 0.1986/-3.5% 0.1933/-2.4% 0.1917/-1.5%
Present 0.2040/-3.3% 0.1997/-2.9% 0.1937/-2.2% 0.1919/-1.4%
iles Simple SSI 0.2006/-4.9% 0.1967/-4.4% 0.1920/-3.1% 0.1907/-2.1%
nohom180 P Present 0.2030/-3.8% 0.1987/-3.4% 0.1933/-2.4% 0.1916/-1.6%
caissons Simple SSI 0.2034/-3.6% 0.1992/-3.2% 0.1937/-2.2% 0.1919/-1.4%
Present 0.2033/-3.6% 0.1991/-3.2% 0.1935/-2.3% 0.1918/-1.5%
20 m/ 3 legs 20 m/ 4 legs 50 m/ 3 legs 50 m/ 4 legs
hom180 nohom180 hom180 nohom180 hom180 nohom180 hom180 nohom180
P @ @ @ @ P P @
= = = = = g = =
o 2 o 2 s 2 o 2 s 2 o 2 w 2 o 2
9 2 9 2 9 2z 9 zZ 9 2 9 82 L 4 L 4
B 8§ & 8 & § & § & 8§ & 8 B § & 8
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£ difference [%]
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Fig. 12. Fundamental frequency f, differences with respect to rigid base cases.

Regarding the relevance of SSI modeling, tower base shear force
and bending moment follow trends similar to those observed for the
tower top kinematic response. For frequencies beyond the fundamental
frequency, the differences due to SSI modeling are quite large. For
example, in the cases of 20 m water depth jackets, the magnitude of the

11

peaks corresponding to second and third modes of vibration decreases
very significantly when SSI is taken into account due to the effect of
material and radiation damping in the soil-foundation system. Depend-
ing on the specific case, differences between results from simple SSI
model and the present model are very large (one order of magnitude)
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Fig. 13. Differences of the tower top displacement peak magnitude at f, with respect to rigid base cases.
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Fig. 14. Tower base normalized shear force of OWT founded on suction caissons on non-homogeneous soil.
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Fig. 15. Tower base normalized bending moment of OWT founded on suction caissons on non-homogeneous soil.
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Table 3
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Tower top displacement peak magnitude at f, of all analyzed cases and types of SSI modeling.

Soil Found. SSI mod. |H5">|/[(|H;">\ — | Hw s ba*) JIH @8]
20 m 20 m 50 m 50 m
3 legs 4 legs 3 legs 4 legs
- - Rigid base 110.1 109.2 112.3 110.8
iles Simple SSI 105.5/-4.2% 106.2/-2.7% 111.0/-1.2% 109.9/-0.8%
hom180 P Present 80.1/-27.2% 82.2/-24.7% 90.3/-19.6% 95.6/-13.7%
caissons Simple SSI 89.3/-18.9% 92.0/-15.8% 99.7/-11.2% 103.0/-7.0%
Present 71.3/-35.2% 74.3/-32.0% 82.7/-26.4% 89.9/-18.9%
iles Simple SSI 108.3/-1.6% 108.2/-0.9% 113.4/1.0% 111.1/0.2%
nohom180 P Present 86.0/-21.9% 87.6/-19.8% 95.4/-15.0% 99.5/-10.2%
caissons Simple SSI 98.0/-11.0% 99.2/-9.2% 105.3/-6.2% 107.3/-3.2%
Present 69.4/-37.0% 72.4/-33.7% 82.4/-26.6% 89.6/-19.1%
10" ‘ ; ; ; ‘
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Fig. 16. Jacket leg 1 (x > 0, y > 0) normalized axial force (H(Alll,)) of OWT founded on suction caissons on non-homogeneous soil.

within the 2-5 Hz frequency window. However, the relevance of these
differences on the time-domain response will depend on the frequency
content of the specific earthquake. The response in terms of frequencies
was already discussed in detail in previous sections. The trends already
observed before can again be seen here.

3.4. Jacket legs and bracings axial force response

In this section, the impact of SSI on the dynamic response of the
jacket is studied by analyzing axial forces in legs and bracings. Fig.
16 shows the absolute value of the normalized axial force (N,/) at
the lowest part of jacket leg 1 (leg located on x > 0, y > 0) for the
cases of suction caisson foundations on non-homogeneous soil. Results
for all other analyzed cases are included as supplementary material.
Throughout these figures, the normalized axial force is given by the
following transfer function:

an

X N
ez = oy /™

The global flexural behavior of a jacket structure is governed by
axial forces along the legs, which resist the global bending moment,
while axial forces in bracings resist the global shear force. Despite
the dynamic nature of this analysis and the geometric complexity
of the jackets (e.g., a typical leg batter of 1:8 and varying mem-
ber cross-sections), this fundamental working principle remains valid.
Consequently, the results exhibit trends similar to those observed in

an _

Ny - (26)
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previous cases. However, the 50 m jackets show a significantly more
complex response, presumably due to the interaction of local vibration
modes within the jacket members.

Following the path established in previous sections, the response at
the fundamental frequency was analyzed in detail regarding the axial
force distribution throughout the jacket. Since the number of jacket
members is large, figures showing colored members according to their
peak value (imaginary part of the normalized axial force) for each SSI
model, and also figures illustrating the relative difference between the
present approach and simple SSI approach with respect to the rigid
base case have been produced. Here, Figs. 17 and 18 depict the relative
differences for the particular case of a 50 m water depth jacket founded
respectively on 3 and 4 suction caissons on non-homogeneous soil. The
remaining results are provided in the supplementary material. Analysis
of all cases reveals several notable observations.

First, all cases exhibit a peak reduction in jacket legs when SSI is
included, and the reduction values coincide with those of the tower
top displacement and the tower base bending moment. This is reason-
able given the jacket working mechanism discussed in the previous
paragraph.

Second, there is a strong influence of SSI modeling on the axial
forces of bracings, especially for those near the foundation. In particu-
lar, for all jacket heights and number of legs, the lowest bracing normal
to the excitation direction exhibit a much smaller axial force when SSI
is included. This may be explained by observing that both legs facing
the excitation direction are either in compression or in tension, and
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Fig. 17. Relative differences of axial force peak values at f; between SSI modeling approaches. Jacket of 50 m height founded on 3 suction caissons on non-
homogeneous soil.
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(a) Simple SSI approach against rigid base (b) Present approach against rigid base

Fig. 18. Relative differences of axial force peak values at f; between SSI modeling approaches. Jacket of 50 m height founded on 4 suction caissons on non-
homogeneous soil.

restraining the leg displacement (rigid base case) produces higher axial Overall, the structural response of bracings when considering SSI
forces due to the Poisson effect. On the other hand, the lowest bracing approximates the baseline values of the legs at upper bracing levels.
at 30 degrees (for 3 legs cases) or parallel (for 4 legs cases) to the Finally, it should be pointed out that these conclusions are limited
excitation direction usually experiences higher axial forces when SSI to the topology considered here, i.e. X-bracing without horizontal
is included, effect which is present in all 3-legged jacket cases. members.
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4. Conclusions and further research

This paper has presented an integrated direct soil-structure model
for the seismic analysis of Offshore Wind Turbines (OWTs) supported
by jacket substructures. By combining Timoshenko beam and Reissner—
Mindlin shell finite elements with a rigorous boundary element for-
mulation for stratified soil, the proposed model captures the complex
Soil-Structure Interaction (SSI) phenomena essential for accurate dy-
namic assessment of these structures. The main contributions and
findings of this work can be summarized as follows:

+ A coupled model of the wind turbine, transition piece, jacket, and
foundation (piles or suction caissons) in non-homogeneous soils
within a frequency-domain framework is proposed. This direct
formulation avoids any of the traditional simplifications, allowing
for a more natural and rigorous treatment of the problem.

A comprehensive comparative study of different SSI modeling
approaches (rigid base, simple engineering SSI, and the present
model) has been performed for obtaining the response of OWTs
with different jacket heights (20 m, 50 m), number of legs (3, 4),
type of foundations (piles, suction caissons), and homogeneous
and non-homogeneous soils.

Several typical SSI effects such as natural frequency reduction and
damping increase are observed. These effects have been quanti-
fied using the present and the simple SSI engineering approaches.
The use of springs/dashpots (simple SSI) taken from the literature
for the particular soil-foundation system under analysis is simple
and effective. However, since these are typically obtained for
idealized soil profiles for isolated foundations, results may be
unreliable and they should be used only when SSI influence in
the system is relatively small.

While the present approach is a robust framework for seismic linear
analysis, two main lines for future research remain:

» Study of the practical impact of SSI modeling on the time-domain
structural response of the jacket substructure by considering a
comprehensive earthquake database and different types of soils.

Tower
Tower

Engineering Analysis with Boundary Elements 189 (2026) 106822

+ Further development of the model by incorporating a Green’s
functions for horizontally layered poroelastic half-space under an
inviscid fluid layer.
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Appendix A. Description of jackets used in the study

The jackets analyzed in this study follow the preliminary design pro-
cedure described by Quevedo et al. [22]. These structures are X-braced
with a constant bracing angle along their height and no horizontal
members. Designed for water depths of 20 m and 50 m, the jackets
assume environmental conditions similar to the previous work, and the
obtained geometry is illustrated in Fig. A.19. All structural members

Tower

Fig. A.19. Geometry of three- and four-legged jackets for 20 m and 50 m water depths.
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Table A.4

Engineering Analysis with Boundary Elements 189 (2026) 106822

Cross section detail for each jacket design. All members have circular hollow sections with outer diameter D and thickness 7,

both given in mm.

Member type 20 m 20 m 50 m 50 m

3 legs 4 legs 3 legs 4 legs

D t D t D t D t
Legs and top strut 1945 33 1871 31.5 1848 31 1652 27.5
Bracing 1 (lowest) 733 12 774 13 672 11 554 9.5
Bracing 2 774 13 607 10 619 10.5 562 9.5
Bracing 3 847 14.5 643 10.5 599 10 588 13
Bracing 4 993 16.5 829 14
Bracing 5 745 12.5 545 9
Bracing 6 (highest) 765 13 976 16.5

consist of Circular Hollow Sections (CHS). While the legs and top struts [15] Galvin P, Romero A, Solis M, Dominguez J. Dynamic characterisation of wind

have the same cross-section within each design, the bracing cross-
sections are constant at each level but vary across the total height of
the jacket. Table A.4 contains the cross-sections used in each case.

Appendix B. Supplementary data

Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.enganabound.2026.106822.
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