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Advances in the design process and understanding of the structural behaviour of jacket-type foundations
for offshore wind turbines are fundamental to the expansion of these devices in medium-depth waters. The
structural evaluation of jacket foundations is a complex and computationally expensive task because of the
large number of structural elements and numerous load scenarios and requirements imposed by international
standards. In this context, the soil-structure interaction is not usually incorporated into the optimisation
process of these devices, assuming that the foundation flexibility does not significantly affect the supporting
structure. This study investigated an approach for analysing the influence of the soil-structure interaction
on the structural design. To perform a relevant analysis, an optimisation process was used to obtain feasible
designs for a 10-MW wind turbine in a specific location. To optimise and evaluate the jackets, a structural
model based on static equivalent analysis of the most representative load scenarios for environmental loads was
used. The obtained designs highlight the importance of considering the soil-structure interaction for evaluating
the technical requirements imposed on these structures, especially in the ultimate limit states.

1. Introduction obtain efficient jacket designs. Oest et al. (2017) optimised a jacket
based on a previous design using sequential linear programming. Chew
et al. (2016) optimised a jacket structure using a sequential quadratic
programming approach. Stolpe et al. (2017) addressed the optimi-
sation of a jacket structure as a support for a larger wind turbine
(10 MW) through a mixed optimisation strategy that defined the main

topological aspects of the structure using pattern search optimisation,

Wind power technology has experienced significant growth in re-
cent years, and an increasing prevalence of offshore wind farms has
been observed owing to better offshore wind conditions and fewer
space limitations for their installation (Wang et al., 2022). According
to the Offshore Wind Market Report, which analysed more than 200
global operating offshore wind energy projects up to 2020 (Musial
et al., 2021), monopile foundations are the most frequent choice for
these devices, representing 74.8% of the total, followed by jacket

while sizing the sections using gradient-based methods. In addition,
using sequential linear programming, Couceiro et al. (2020) optimised

substructures at 10.8%. However, this trend is different for announced
projects (Musial et al., 2021), where monopiles and jackets account
for 51.6% and 21.5%, respectively. This change is mainly due to the
increase in manufacturing options and depths at which wind turbines
are installed.

The correct design of jacket structures that support offshore wind
turbines (OWTs) is very important for the expansion of this technology
and, therefore, for the achievement of renewable energy objectives.
However, this calculation is complex because it requires the evalua-
tion of numerous load cases and the verification of many structural
elements. Some authors have developed optimisation procedures to
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a jacket by considering different levels of bracing and compared the
results. Ju and Hsieh (2022) used Powell’s method to optimise the
jacket support structure of 10-MW and 15-MW wind turbines with three
and four legs at water depths of 35, 50, and 80m and performed a
preliminary analysis of the influence of these variables on the total mass
of the foundation. All the above studies used structural simulations
in the time domain, except for Oest et al. (2017), who performed a
static analysis for different time steps. These models usually involve
high computational costs, which make it difficult for them to optimise
a large number of systems or to conduct parametric analyses. To avoid
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Nomenclature D Pile diameter (m)

pile
A Nondimensional roughness (-) Drotor R(Ttor d1an.1eter (m) .
. Relative length of chord (=) Dy, Wind turbine tower top diameter (m)
ch . ) 5 : 2
oy, Angle between the wind direction and Epite Young’s mOdUh}S of the pile (N/m™)
element axis (rad) EOG Extreme operating gust
Bor AvB Relative diameter of brace A or B (-) ETM Extlieme turbulenc.e model 5
n Requirement utilisation factor (-) Jaka Design local buckling strength (N/m")
" Material factor (<) JEi Euler buckling strength about given axis
M B 2
Yeh Diameter to thickness ratio of chord (-) F (ENf m )1 f tor (N. N
Ay Scalar parameter of longitudinal turbulence ext xternal torces ve.c or (N, N m)
(m) Fy Lateral force on pile head (N)
. . 2
Awind Scale parameter of the Weibull distribution Jiea Design column buckling strength (N/m")
of wind (m/s) fxs Wind turbulence frequency in Kaimal spec-
Vg Poisson’s ratio of the soil (-) trum (Hz)
1) Angular frequency (rad/s) I Natural frequency (Hz)
P) Air density (kg/m?) Jrmax Rotor maximum rotation speed (Hz)
a P .
P Water density (kg/m?) St min Rotor minimum rotation speed (Hz)
w . . . . .
OETM Standard deviation of wind turbulence in fro Wind turbine operating excitation frequen-
ETM (m/s) cies (Hz)
OETM, fcs> fom Standard deviation of wind turbulence 1 Unit skin friction capacity (Pa)
T above £ in ETM (m/s) Fru Wind thrust force on the wind turbine rotor
r,max
ONTM Standard deviation of wind turbulence in (N)
NTM (m/s) fun Sectional thrust force owing to wind on
ONTM, fxs2/, Standard deviation of wind turbulence elements above sea level (N/m)
R above f in NTM (m/s) fan Sectional normal force owing to sea on
r,max
Ga0.5d Design axial compression stress (N/m?) submerged elements (N/m)
- Maximum design bending stress about Sourrent Sectional normal force owing to current
i,Sd .
" given axis (N/m?) velocity (N/m)
- Equivalent von-Mises stress (N/m?) o Sectional normal force owing to sea includ-
v . . o .
Thr AVB Relative thickness of brace A or B (-) ng d'ynamlc amplification (N/ m) )
P ’ Angle of brace A or B (°) fy Elastic strength of the material (N/m?)
br,AVB Py
e Aeroelastic damping ratio (-) Zom}l)lex n aturfa ! frec'luency (2H 2
EreFA Aeroelastic damping ratio in fore-aft direc- g cceleration of gravity (m/s)
’ tion (<) 8br Gap between braces (m)
; 2
Eaess Aeroelastic damping ratio in side-side di- Gy Shear modulus of the soil (N/m?)
rection (=) Hggs Wave height of 1-y extreme sea state (m)
& Equivalent viscous damping (<) Hiss 50 Wave height of 50-y extreme sea state (m)
Cor Relative gap between braces (<) Hegwn 1-y extreme wave height (m)
Ay Factor to account for cyclic or static Hewniso 50-y extreme wave height (m)
loading condition (-) Hiy Height of the jacket structure (m)
A, Gross end area of the pile (m?) H,per Height of the wind turbine tower (m)
AR Wind turbine rotor area (m?2) H, Water depth (m)
A, Side surface area of the pile (m?) hyave Wave height (m)
ca Punctual aeroelastic damper (N s/m) Ipﬂe Pile cross-section moment of inertia (m?)
Cy Added mass coefficient (=) I Expected value of turbulence intensity for
Cp Drag coefficient (-) 15m/s (=)
Cu Mass coefficient () IRNA roll Rotor-nacelle assembly moment of inertia
; 2
Cr Thrust coefficient of the wind turbine (=) about roll axis (kg m)
D Diameter (m) TR yaw Rotor-nacelle assembly moment of inertia
; 2
Dyoitom Wind turbine tower bottom diameter (m) abm.lt y".lw axis (kg m )
D Di b AorB K Static stiffness matrix (N/m, N, N m)
br AVB iameter of brace A or B (m) o Eauival - ¢ the fund |
D, Diameter of bracing tubular members of K quivalent St,l ness o ,t N ur.l amenta
i level i (m) mode of the fixed-base wind turbine (N/m)
D, Diameter of chord (m)
Dy, Diameter of legs tubular members (m)
first approximation of a design, without verifying the feasibility of the
structure.
this drawback, Jalbi and Bhattacharya (2020) proposed a simplified The influence of the soil-structure interaction (SSI) on the response
methodology for estimating the axial forces in tubular members, as- of specific jacket structures for OWTs has been studied recently. Ab-
suming a truss structure. This procedure is useful for obtaining the dullahi et al. (2020) analysed the variations in the natural frequencies
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K¢ Stiffness submatrix of external forces on
the foundation link due to foundation link
displacements (N/m, N, N m)

Ky Stiffness submatrix of external forces on
the foundation link due to jacket structure
displacements (N/m, N, N m)

ky, Initial modulus of soil’s subgrade reaction
(N/m?)

K¢ Stiffness submatrix of external forces on
the jacket structure due to foundation link
displacements (N/m, N, N m)

Kj; Stiffness submatrix of external forces on
the jacket structure due to jacket structure
displacements (N/m, N, N m)

Kssi Foundation impedance matrix (N/m, N,
N m)

K yave Wave number (m™!)

Kind Shape parameter of the Weibull distribution
of wind (-)

K Complex stiffness (and damping) matrix
(N/m, N, N m)

L, Length of chord (m)

Lpiie Pile length (m)

M Mass matrix (kg, kg m, kg m?)

My Bending moment on pile head (N m)

Mo Mass of the jacket foundation (kg)

Mgpna Rotor-nacelle assembly mass (kg)

my, Sectional added mass owing to water—
structure interaction (kg/m)

Ay Number of bracing levels of the jacket (-)

Nieg Number of legs of the jacket (-)

NTM Normal turbulence model

Ds Sectional reaction of soil (N/m)

Pu Sectional ultimate bearing capacity of soil
(N/m)

0, Total end-bearing resistance (N)

9 Unit end-bearing capacity (Pa)

(0N Skin friction resistance (N)

0, Ultimate axial bearing capacity (N)

Shase Legs spacing at the base of the jacket (m)

Siop Legs spacing at the top of the jacket (m)

T Thickness (m)

t Time (s)

Toottom Wind turbine tower bottom thickness (m)

T AvB Thickness of brace A or B (m)

Ty, Thickness of bracing tubular members of
level i (m)

T Thickness of chord (m)

Tieg Thickness of legs tubular members (m)

Tyite Pile thickness (m)

Tiop Wind turbine tower top thickness (m)

Tave Wave period (s)

u Nodal displacements vector (m, rad)

Uayg Average annual wind speed at hub (m/s)

Ues0 Extreme wind speed with a 50-y recurrence
period (m/s)

of an OWT on monopile and jacket structures while considering the
flexibility of the pile foundation. Sharmin et al. (2017) compared the
seismic response of a jacket-supported OWT in different soils and on

Up, Mean component of the wind speed at hub
(m/s)

Ugut Cut-out wind speed of wind turbine (m/s)

u, Lateral pile deflection (m)

Uy Rated wind speed of wind turbine (m/s)

Uy, Turbulent component of the wind speed at
hub (m/s)

Uind Wind velocity (m/s)

Ve cire Circulational current velocity (m/s)

U wind Wind generated current velocity (m/s)

Up Normal component of water particle veloc-
ity (m/s)

U Normal component of water particle accel-
eration (m/s?)

w; Radial basis functions weights (=)

X Jacket design variables included in the
optimisation process (-)

x Horizontal distance in the waves propaga-
tion direction (m)

X, Radial basis functions centres (-)

z Vertical position measured above sea level
(m)

z, Depth measured from the mud line (m)

Zpof Vertical position (z) taken as reference (m)

a rigid base, where the SSI was found to be of great relevance. Shi
et al. (2015) investigated the effect of the lateral flexibility of a pile
foundation on the internal forces in certain elements of a predefined
jacket structure under design loads. They used a Winkler spring model
to incorporate the SSI, although the vertical component was not consid-
ered. However, few authors have incorporated the effects of foundation
flexibility in the optimisation of jacket structures. One example is the
work of Ju and Hsieh (2022), who implemented nonlinear springs
along a buried pile to incorporate foundation flexibility. However, the
relevance of including SSI effects in jacket structure analysis models to
obtain more efficient and less expensive designs has not been studied
in depth.

The objective of this study was to analyse the influence of SSI phe-
nomena on the structural evaluation of jacket foundations for OWTs.
For this purpose, an optimisation process was conducted to obtain
feasible jacket designs, for which a significant analysis of the impact
of foundation flexibility on the structural response and feasibility cri-
teria was performed. To accelerate jacket optimisation, a model for
the evaluation of structural feasibility was introduced, which offered
simplifications that reduced the computational cost without a signif-
icant loss of accuracy. A reduced set of the most representative load
states was established, and a static equivalent analysis was conducted
to introduce all the relevant environmental loads, accounting for the
effects of foundation flexibility. The structural response of the jacket
foundation was obtained, and the main verifications required for this
type of structure were evaluated according to international standards.
Section 2 describes the structural typology of the jacket and presents
a general formulation of the structural optimisation problem. Sec-
tion 3 describes the numerical model used to determine the structural
response of the jacket, including the design loads and requirements
imposed by international standards. Section 4 presents the designs
obtained from the optimisation process and how they are influenced
by the SSI. Finally, the main conclusions of this study are summarised
in Section 5.
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Fig. 1. Representation of an offshore wind turbine on a jacket support structure with four legs and four levels of bracing, all with the same inclination.

2. Problem statement

A jacket foundation is a three-dimensional structure composed of
tubular elements welded as a frame structure, as shown in Fig. 1. The
geometry of this structure is typically reduced to three or four legs
joined by different levels of bracing, which provide stability.

From a general perspective, the system topology can be defined by
the following set of hyperparameters: the height of the structure (Hjq),
number of legs (n,,), number of bracings () and their spacing, and
separation of the legs at the base (.Sy,,,.) and top (S,,,). Regarding cross-
sections, note that the geometries of several elements must coincide to
provide radial symmetry to the structure. The structural assembly is
fixed to the seabed using foundation elements connected to the bottom
of the legs of the structure. A pile foundation was assumed in this study.

To study the relevance of the SSI in this type of structure, it
is necessary to analyse whether significant differences appear in the
response of the structure when considering this interaction compared
to the rigid base assumption. However, the large number of variables
defining the structure makes it unviable to conduct a parametric study
that exhaustively considers all possible configurations. For this reason,
this study proposed an optimisation process that allows feasible jacket
designs for a wind turbine and specific environmental conditions to be
obtained to test the relevance of SSI phenomena in relevant systems.

To obtain the jacket design, it was necessary to define the case
study described in Section 4.1. First, the characteristics of the wind
turbine must be specified, including both the physical properties, such
as the mass and geometry of the tower, and the operating conditions
of the device. Then, the environmental conditions of the site where the
system is located, which include the depth of the sea, wave and wind
conditions, and geotechnical characteristics, were also required because
they affect the requirements that the jacket structure must verify.

Once the characteristics of the case study were defined, optimisation
was performed. The specific procedure is detailed in Section 4.2. The
objective of this process is to obtain a feasible jacket design that
minimises the amount of material used, which is a significant economic
cost. Therefore, the total mass of the structure was established as a
cost function. In addition, some restrictions were imposed to avoid the
failure of the structure or structural elements against external loads
(ultimate limit states [ULS]), ensure the correct functionality of the
system (serviceability limit states [SLS]), avoid the collapse of the

structure owing to cyclic loads (fatigue limit states [FLS]), and limit
the geometry of certain elements under technical criteria. Therefore,
if the lower and upper limits are considered to limit the search space,
the following optimisation problem under inequality constraints can be
established:
Minimise

subject to

M,y (X)
X > lower limit
X < upper limit
mX)<1l, j=1,...n

€8]

where M,y is the mass of the jacket foundation, X represents the
variables modified in the optimisation process, and 7 is the utilisation
factor of the constraint j. This factor is used to transform the generic
expressions of the inequality constraints into dimensionless and uni-
form inequalities by dividing the two terms of the inequality; thus, the
requirement is fulfilled if its value is equal to or less than 1. This new
indicator allows a distinct comparison of the closeness of the evaluated
design to the restrictions imposed on each check.

The structural model presented in Section 3 was used to evaluate
all established requirements. This model implemented the calculation
and structural evaluation of the jacket, including several acceptable
simplifications to reduce the computational cost to be used in the op-
timisation process. As expected, the results of the optimisation process
were affected by the hypothesis considered in the connection of the
base of the leg with the soil. This study aimed to show the direction
and its relevance. The strategy consisted of performing the optimisation
process under two assumptions: considering the SSI and imposing the
bottom legs on a fixed base (FB). Once the jacket designs were obtained
under both considerations, the structural model was used to evaluate
the utilisation factors of the imposed requirements on the jacket under
the same hypothesis with which it was obtained and the other. Fig. 2
shows the combination of designs and hypotheses used to compare the
results. These results are shown in Section 4.3.

3. Structural model

The proposed evaluation model incorporated the most relevant
loads on the support jacket structure and considered a reduced set
of representative load states. Moreover, a structural analysis was per-
formed using a finite element model with acceptable simplifications.
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Structural model

Optimisation
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Design: SSI
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Design: SSI
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(FB assumption)
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Design: FB
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(SSI assumption)
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Design: FB
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(FB assumption)

Evaluation: FB
Design: FB

T T T T

Fig. 2. Diagram of the overall process of SSI relevance analysis. Designs obtained under each hypothesis are evaluated using both.

Details of the model are presented in this section. Fig. 3 shows a flow
diagram of all the processes implemented in the model and the infor-
mation flow. This information flow is represented by arrows that start
with the corresponding input variables or outputs of the intermediate
processes, and end with the process that requires this information.

3.1. Design loads

The jacket structure must support permanent loads derived from
gravitational action, and variable loads caused mainly by the action
of meteorological and hydrological phenomena. International standards
include all loads that must be considered in the design. However, this
model included the most relevant loads for determining the design of
this type of foundation, as described in this section.

3.1.1. Permanent loads

The permanent loads considered in this study were limited to grav-
itational loads. First, the self-weight was considered as a distributed
vertical load for all the tubular members of the jacket structure. The
platform and wind turbine weights were considered as punctual vertical
loads applied to the centre of the jacket top platform.

The other contribution was the hydrostatic pressure on the sub-
merged elements, which produced buoyancy forces. Considering the
hydrostatic pressure produced by water, punctual loads at the nodes
owing to the pressure on the free faces of the section and a normal
sectional load distributed along the element owing to the pressure
gradient in the section were considered.

3.1.2. Environmental load scenarios

DNV codes (DNV GL AS, 2016a) contain numerous load combina-
tions that must be verified in OWT designs. Evaluating all of them
in an approximate procedure such as the one proposed herein would
increase the computational cost of the process and reduce the advan-
tages of its use. Therefore, the environmental loads implemented in
this model were reduced to those derived from the action of wind and
sea, which are known to be the most frequent and significant in this
type of offshore structure. The five load hypotheses proposed by Arany
et al. (2017) were adopted as the most significant hypotheses for the
proposed evaluation model. The load states listed in Table 1 are based
on different combinations of wind and waves. The wind conditions
were as follows.

Ul - Normal turbulence scenario: The average wind speed is equal
to the rated wind speed (Uy) under a normal turbulence model
(NTM).

U2 - Extreme turbulence scenario: The average wind speed is equal
to the rated wind speed (Ug) under an extreme turbulence model
(ETM).

Table 1

Load states considered in the presented model, proposed by Arany et al. (2017).

Scenario  Wind model Wave model Alignment Limit state

El NTM at Uy (U1)  1-y ESS (W1) Collinear ULS and SLS
E2 ETM at Uy (U2) 50-y EWH (W4)  Collinear ULS and SLS
E3 EOG at Uy (U3) 1-y EWH (W2) Collinear ULS and SLS
E4 EOG at U,, (U4) 50-y EWH (W4) Collinear ULS and SLS
E5 ETM at Uy (U2) 50-y EWH (W4)  Misaligned 90°  ULS and SLS

U3 - Extreme gust at rated wind speed scenario: The average wind
speed is equal to the rated wind speed (Up) under the 50-y
extreme operating gust (EOG).

U4 - Extreme gust at cut-out scenario: The average wind speed is
equal to the cut-out wind speed (U, ) under the 50-y extreme
operating gust (EOG).

Conversely, the conditions related to waves are

W1 - 1-y extreme sea state: A stationary wave scenario with a 1-y
significant wave height.

W2 - 1-y extreme wave height: A stationary wave scenario with a
1-y maximum wave height.

W3 - 50-y extreme sea state: A Stationary wave scenario with a 50-y
significant wave height.

W4 - 50-y extreme wave height: A stationary wave scenario with a
50-y maximum wave height.

The expressions needed to evaluate these scenarios are summarised
in subsequent sections.

3.1.3. Wind loads
The main component of wind action is the load on the wind turbine
rotor. This can be simplified as

1 2
Fry = 5/ AR Cr (tty + ugp) (2)

where Ay represents the wind turbine rotor area, u,, and u, are the
mean and turbulent components of the wind speed, respectively, and
Cy is the thrust coefficient used by Arany et al. (2017).

3.5 (2uy +3.5)

)
Cr= ;
3.5Ug (2Ug +3.5)

3
Um

< Uy
being Cp < 1 3)

UR < Un < Uoul

where Uy and U, are the rated and cut-out wind speeds of the wind
turbine, respectively.
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> characterisation
(3.2.5)
Dynamic
Amplification Factor
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L) .
evaluation
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Wind loads
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T (3.3.2.3) (3.3.1.1) (3.3.1.3)
ULS Geometry restrictions

Fig. 3. Flow diagram of the calculation process implemented in the model. Arrows connect the input variables or intermediate results with the processes that require that
information. The numbers in brackets indicate the paper sections in which each process is detailed.

In addition, the wind load acting on the structural elements located
above sea level was considered. In this case, a distributed load was
implemented along the element according to DNVGL-RP-C205 (DNV
GL AS, 2017a).

1 .
flh = i CD Dpa sin (aw) Uyind (2)2 (4)

where Cp, represents the drag coefficient (defined in Eq. (15)), a,, the
angle between the wind direction and the element axis, and w4 is the

wind velocity, which depends on the height (z):

0.12
Uyind (2) = Uyind(Zrer) <i> 5)
Zyef
To evaluate this load in the different load cases, the mean speed (u,,)
was considered to be the one that characterises the load state (Table 1),
whereas the turbulent speed (u,,) was estimated from the associated
wind model (defined by IEC-61400-1 IEC, 2005).



R. Quevedo-Reina et al.

« Normal turbulence model (NTM)
The standard deviation presented by the wind turbulence under
this model is defined as

ont™ = Lrer (0.75uy, +5.6) (6)

where I, is the expected value of the turbulence intensity at
15m/s, which depends on the class of the wind turbine. In this
study, a value of 0.16 was taken as it was the most critical case. In
a real wind turbine, it must be understood that the pitch control
will modify the blade orientation, and with it, the drag coeffi-
cient. Therefore, turbulence with a sufficiently low frequency of
variation should not be included in this calculation because there
would be a different load hypothesis at another wind speed. It
was assumed that the frequency limit that the pitch control could
not correct was the maximum rotor speed (f; ,x) (Arany et al.,
2017). The Kaimal spectrum (Kaimal et al., 1972) was used to
recalculate the standard deviation of turbulence:

4.8.14,
- 4814,
Um
ONTM., fks2 frmax — ONTM ; o8 5 d/ks
r,max -8.1A 3
14—t ) ’
\ (1+ 25 s %)

1

6-8.14 E
N (1 S0 )
where A, is the scalar parameter of longitudinal turbulence,

0.7z z<60m
A= { 42 z > 60m ®

Given that the IEC-61400-1 (IEC, 2005) standard establishes
the 90% percentile as a representative value for this turbulence
model, the turbulent component of speed would be

= ONTM

Wit

Uy = 1282 ONTM, fics> 1 max )

Extreme turbulence model (ETM)

The procedure for obtaining the turbulent component of the
velocity in the extreme turbulence model is similar to that of the
normal turbulence model. In this case, the standard deviation also
depends on the annual average wind velocity at the hub level
(#4), as indicated by the following expression:

u
o = 2 L (0.072 ( o+ 3) (%" —4)+ 10> (10)

The same procedure as in Eq. (7) was applied, and the represen-
tative value for turbulence was established at the 95% percentile.

Uy = 1645 OpTM, fic > £, e an

Extreme operating gust (EOG)
In the case of the extreme operating gust, the turbulent compo-
nent of wind velocity is defined by the following expression:

3.3ontM 12)

DI’O[()I'
1+ 104,

Uy, = min<4 1.35 (0.8 ugs — up )

where oyry is defined by Eq. (6), A; by Eq. (8), D,y,, is the
rotor diameter, and us, is the reference wind speed, which is
established by the class of the wind turbine and is defined as the
mean value of 10 min of the extreme wind speed at the height of
the hub, with a recurrence period of 50 y. Because this reference
data is generally not available, following DNVGL-RP-C205 (DNV
GL AS, 2017a), its value was estimated from the characterisation
of the wind in the area:

Ues0 = Awind (‘ In (1 - 5256{/(ﬁ))m 13)

where 1,4 and k,,;,q are the scale and shape parameters of the
Weibull distribution of wind velocity, respectively.
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3.1.4. Sea load

A drag force perpendicular to the element was considered for the
submerged elements of the jacket. The tangential component was ne-
glected. According to DNVGL-RP-C205 (DNV GL AS, 2017a), the force
received by the structural element can be evaluated as follows:

D> 1
fwn=prM”TUn+§prDD|Un|Un (14)

where v, and v, are the normal components of the water particle veloc-
ity and acceleration, respectively, Cy; is the mass coefficient (taken as
2 for safety reason), and Cj, is the drag coefficient, which is obtained
via

0.65 A<107*
Cp=4(29+41og(4) /20 104 <4<10"2 beinga=5-10"°/D
1.05 A>1072

(15)

The water particle velocity and acceleration fields were defined
through the superposition of the wave and current models. Both models
were extracted from DNVGL-RP-C205 (DNV GL AS, 2017a).

+ Current model:
The implemented current model assumed constant velocities;
therefore, its contribution to the acceleration field was neglected.
The velocity of the water particles was obtained from the super-
position of the wind-generated and circulational currents:

— Wind-generated current: This was modelled by a linear pro-
file from the water surface to a depth of 50 m. The induced
speed on the surface corresponded to 3% of the wind speed
at a height of 10 m.

z+ 50
50

Deina(2) = ucywind(0)< ) for —50m<z<0  (16)

- Circulational currents: The tidal current velocity profile
along water depth (H,,) was considered. The particle ve-
locity on the surface was assumed to represent current
environmental data.

z+ H,,

1
Veire(2) = Ug.circ(0) ( > " forz<0 17)

w

Wave model

To define the water particle velocity and acceleration fields com-
pletely, it was necessary to determine the wave period. According
to DNVGL-ST-0437 (DNV GL AS, 2016a), the wave period in deep
water can be assumed to be within the following range:

[n [n
114 228 < Te < 1434 22 (18)
4 4

From this interval, the lower limit can be assumed to be the
period of the wave in the calculation, because it is the worst-case
scenario. The velocity and acceleration fields can then be defined
according to the Airy wave theory.

7 hyaye cosh (kwavc (z + HW))
Y Tywe  sinh (kyge Hy)

_ T hyy, sinh (Kyave (z+ Hy,))
Y Tyae  sinh (kyaye Hy)

2z
v

cos (kwave x— t> (19a)

‘wave

. 2r
sin <kwave x— T

wave

12

t> (19b)

) 2 72 hyypye COSH (kwawe (z + HW)) ) 20
Dyx = > - Sin | Kyape X — T t
TWEIVS Slnh (kWElVe HW) wave
(19¢)
P 272 Pyaye SINN (kwave (Z+Hw)) cos <k o 2z I)
" T\%ave Slnh (kwave HW) e wave
(19d)
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where k. is the wave number obtained by solving the following
implicit equation:

2

T Twm\/ - & tanh (kyaye Hy) (20)
‘wave ‘wave
3.2. Numerical model for structural analysis

The proposed model performed an equivalent static analysis of the
jacket response under external forces. However, the dynamic char-
acterisation of the system is a fundamental aspect for the feasibil-
ity evaluation of the structure. Therefore, the dynamic effects of the
water-structure interaction, damping, and SSI were introduced for this
calculation.

3.2.1. Jacket substructure response

To analyse the static response of the jacket foundation, the wind
turbine and its loads were replaced by the loads transferred to the
jacket. This is mechanically allowed because the wind turbine forms an
isostatic subsystem, and the efforts at the tower base depend only on
the loads and not on the displacements. Nevertheless, this element must
be included in the dynamic characterisation described in Section 3.2.5.
A linear finite element model was implemented to obtain the response
of the jacket structure under the loads described in Section 3.1. For
each load case, the following system of equations was solved:

K-u=F,_, @n

Where F,,, represents the vector of the external forces acting on the
structure, K is the stiffness matrix of the system, and u is the nodal
displacement.

The structural elements were modelled using Timoshenko beam
theory (Friedman and Kosmatka, 1993), considering a rigid connec-
tion between the elements in the welded unions. The platform was
considered to be rigid, linking the nodes of the upper legs.

All the external forces applied to the wind turbine and the weight
of the platform were transformed into an equivalent system of forces
applied on the central node located at the top of the jacket structure,
whereas the external forces on the jacket were considered as trapezoid-
distributed loads. Nontrapezoidal distributed loads, such as wave loads
from sea states, were discretised into sufficient trapezoidal intervals to
approximate the variability of the loads along the elements, and each
interval was computed as an independent trapezoidal load.

3.2.2. Soil-structure interaction
SSI was considered by including the foundation stiffness in the
stiffness matrix of the structure,

K = | i Ky (22)
Kei  Kpp+Kgg

where K, , represent the stiffness submatrices related to the jacket ([]j)
or foundation link ([J;) nodes, and Kgg; is the impedance matrix of
the foundation (which can include all the effects related to stiffness,
damping, and inertia relevant in the resonance frequency calculation
in Section 3.2.5). In general, the impedance matrix of the foundation
contains all the terms corresponding to the lateral, torsional, and axial
modes of the piles, as well as the coupled terms representing the pile—
soil-pile interaction. This model allows the implementation of different
impedance functions to reproduce the SSI In this study, the stiff-
ness of the pile foundation was obtained from an available numerical
model (Alamo et al., 2016) based on the integral formulation of the
pile-soil interaction with Green’s function of the layered half-space and
by modelling the piles as beam elements. This model reproduced the
three-dimensional linear elastic response of a group of piles embedded
in soil. The impedance matrix obtained through this model contained
all terms corresponding to the individual pile response and pile-to-pile
interaction of the lateral (horizontal, rocking, and swaying) and axial
(vertical) modes. No torsional interaction was considered between the
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individual piles and the surrounding soil. In the case of a static analysis
(such as that described in Section 3.2.1), this impedance matrix was
reduced only to the foundation stiffness.

However, the proposed model can also neglect any SSI effect by
considering the bottom of the legs to be completely fixed (that is, the
rigid base assumption).

3.2.3. Water-structure interaction
To consider the water—structure interaction phenomena, the dis-
tributed mass of the submerged elements was increased for the trans-
verse displacements by the following term:
7 (D —2T)? z D?

my = pr +Ca PWT 23

where C, is the added mass coefficient, which is typically consid-
ered to be 1. Eq. (23) shows two different terms. The first is at-
tributed to the mass contained inside the structural element (in case
it was filled with water), and the second is associated with the inter-
action with the surrounding water, which was established according to
DNV-RP-C205 (DNV GL AS, 2017a).

3.2.4. Damping
Four sources of damping of the dynamic system were included in
the proposed model.

+ Frequency-independent material damping was considered, and
the hysteretic damping coefficient was used to define a complex-
valued Young’s modulus.

Energy dissipation by the water-structure interaction was sim-
plified as an increase in the damping of the material of the
submerged tubular elements.

Energy dissipation by the SSI was introduced by the imaginary
component of the impedance matrix added to the system.
Aeroelastic damping was incorporated as a local hysteric
frequency-independent damper into the rotor shaft. The damping
coefficient was obtained as C* = 2¢,, K® from the considered
aeroelastic damping ratio for the device (&,,) and the equivalent
stiffness corresponding to the fundamental mode of the wind
turbine founded on a rigid base (K®). Owing to the particular
dynamic characteristics of this system, the equivalent stiffness
value could be approximated using the static stiffness at the rotor
height. Once the local damping was determined, it was applied
to the rotor node of the complete system, where the wind turbine
was supported by the jacket structure. A representation of this is
shown in Fig. 4.

3.2.5. Dynamic characterisation

To obtain a dynamic characterisation of the structural system, it was
necessary to incorporate a wind turbine into the finite element model.
For this, the tower was discretised into a sufficient number of elements
with a uniform section so that it was capable of reproducing its tapered
geometry, and it was linked to the upper central node of the jacket
structure. With respect to the mass of the system, a mass matrix was
constructed to collect the inertial behaviour of the tubular elements
of the jacket and the water-structure interaction (Section 3.2.3). In
addition, the mass and inertias of the rotor-nacelle assembly (RNA)
and the mass of the platform were introduced as punctual masses and
inertias.

The natural frequencies of the system were obtained by solving the
eigenvalue problem ( |[K — @*M| = 0). When the SSI interaction model
is frequency-dependent, this procedure must be solved iteratively while
updating the impedance values.

Because damping was introduced into the system through complex
terms in the stiffness matrix, the natural frequencies obtained were
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Fig. 4. Representation of the extrapolation of the aeroelastic damping produced in
the rotor of the wind turbine considered on a fixed base in the system with the wind
turbine on the jacket foundation.

complex. Therefore, the values of the real natural frequency and damp-
ing of the system were obtained through an analogy of a system of one
degree of freedom using the following expressions:

(24a)

(24b)

where f represents the complex frequency obtained by the eigenvalue,
[ is the natural frequency of the system, and ¢&, is the equivalent
viscous damping of the vibration mode.

3.2.6. Equivalent static analysis

The structural response was evaluated using an equivalent static
analysis, as indicated by Eq. (21). However, the considered environ-
mental loads exhibited time dependence, which had to be adequately
addressed. Wind loads are assumed to vary over long periods of time;
therefore, they can be directly considered as static loads.

However, the wave load presents a significant oscillation over short
periods of time, which can induce dynamic effects on the structure that
increase the stresses to which it is subjected. Therefore, following the
recommendation of Arany et al. (2017), the contribution of the waves
to the sea load was increased by the following dynamic amplification
factor (DAF):

DAF = ! (25)

\/<1-( | >2>2+< 2, )2

TWI\VS fn TWaVC fl’l

where T,,,. represents the period of the wave excitation, f, is the
natural frequency of the system, and &, is the mode damping. For
the conservative approach, the highest amplification factor among the
different vibration modes was obtained. Because the sea load was
obtained from the nonlinear superposition of the wave (periodic) and
current (static) velocity fields, the DAF value was only applied to the
dynamic component of the sea load, that is, the difference between the

total sea load and the load obtained only because of the current velocity
field:

;f‘-l] — f\(}.;:rrent + DAF (fwn _ f‘z,.;:rrem) (26)

In addition to the dynamic amplification effects, wave oscillation
induces a significant variation in the magnitude and direction of sea
loads (Eq. (19)). To account for this variation and ensure that the
jacket structure is evaluated at a critical instant in the wave cycle,
different phases of the wave cycle must be considered and verified.
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Table 2
Load factor (DNV GL AS, 2016a).
ULS ULS SLS
(Favourable) (Unfavourable)
Permanent loads 0.90 1.10 1.00
Environmental loads 1.35 1.35 1.00

To collect the load variability accurately, 15 independent load states
were included for each sea state, with their phases homogeneously
distributed throughout the wave cycle.

3.3. Design principles

The requirements that jacket foundations should fulfil, established
by international standards, are detailed in this section. According to
their characteristics, the restrictions can be geometric, with some lim-
itations imposed on the dimensions of the structural elements or the
assembly according to technical criteria, or failure, which are the
criteria that determine the integrity and functionality of the structural
assembly. This last group is divided into ULS, SLS, and FLS. Struc-
tural analysis is required to determine the forces, displacements, and
dynamic characterisation of the jacket foundation.

To determine the effects of external loads on the structure, a partial
factor safety method was used to obtain the target safety level. For
the material factor (yy), DNVGL-ST-0126 (DNV GL AS, 2016b) recom-
mends taking a value of 1.1 for tubular structures, whereas the load
factor can be found in DNVGL-ST-0437 (DNV GL AS, 2016a). Table 2
lists the values considered for each load type depending on the required
check. To reduce the calculation, and assuming that it is sufficiently
secure, a value of 1.1 was considered for the different ULS checks in
permanent loads.

3.3.1. Geometric requirements

Platform height. Jacket platforms for offshore support structures do not
need to be designed to resist direct wave impacts. Therefore, the height
of the platform should be set to be sufficient to overcome the largest
expected waves, including the air gap. This air gap must be at least
20% of the wave height, but with a minimum value of 1 m, according
to DNVGL-ST-0126 (DNV GL AS, 2016Db).

Hewy so

Hy > H, +

; + max{0.2 Hggg 50, 1} 27)

where H,, represents the maximum expected depth of water, Hgyy s
is the 50-y extreme wave height, and Hggg sy is the 50-y extreme sea
state.

Welded unions. Geometric restrictions were imposed on the joints to
achieve viable structures from a constructive perspective. These limits
were taken from Appendix B of DNVGL-RP-C203 (DNV GL AS, 2016c).
Based on the variables defined in Fig. 5, the dimensionless parameters
were defined, as shown in Eq. (28). The adopted intervals are indicated
in Eq. (29).

Por.ave = Dorave/Den (282)
agy =2 Ly, /Dy, (28b)
Tor.avB = Torave/Ten (28¢)
Cor = 8br/Den (28d)
Yen = Den/ (2Ty) (28e)
02 < Py avp < 1 (29a)
4<ay (29b)
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Fig. 5. Geometric variables considered in the joints.
Source: Adapted from DNVGL-RP-C203 (DNV GL AS,
2016c¢).

02 < 7y pup < 1 (29¢)
0.6 for.ave/ sin (Opravs) < Gor < 1 (29d)
8 <y <32 (29)
20° < Oy, aup < 90° (290)

Minimum pile thickness. To ensure that the pile foundation resists the
loads derived from the installation process, API Recommended Practice
2A-WSD (API, 2007) indicates that the thickness of the pile should be

Tyite 2 635, Doie

1000 100
Embedded length of pile. Following the recommendation of Arany et al.
(2017), a lower limit was included for the length of the pile, such
that its critical length was reached. For this purpose, the expression
proposed by Randolph (1981) was used:

(30)

2
64 Ipi]c 7
pile  p4
pile
Lpilc 2 Dpilc 3 (31)
G, (1+3v)
where I, and Ej;. are the moment of inertia of the pile cross-section

and Young’s modulus of its material, respectively, and G, and v, are the
shear modulus and Poisson’s ratio of the soil, respectively.

3.3.2. Ultimate limit states (ULS)

Section capacity. Given that it is an elastic material, the von Mises yield
criterion was used to evaluate the resistance capacity of the section.
This equivalent stress (o,) must be less than or equal to the elastic
strength of the material ( f,) reduced by the factor of the material (7y).

o, < Q (32)
™

Buckling. Buckling-failure modes must be verified. For this purpose,
the column buckling strength was assessed for each beam element
between the two welded joints, according to Section 3.8 of DNVGL-RP-
C202 (DNV GL AS, 2017b). To avoid the evaluation of joint stiffness
and assuming that it is safer, the effective length factor was taken to
be equal to 1, as if all joints were pinned connections. The stability
requirement for a shell column subjected to axial compression and
bending is given by

2 2
020,Sd 1 Oml1,sd Om2,Sd
o = e | (33)
Srea  Saxa\[| 1 - 222 ] — 208
fE1 JE2

10
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where o,4 is the design axial compression stress, 6, 54 is the maxi-
mum design bending stress about a given axis, f,4 is the design local
buckling strength, f,.4 is the design column buckling strength, and
fg; is the Euler buckling strength. However, an analysis of the global
buckling modes must be conducted to ensure structural stability.

Also, the shell buckling stability for unstiffened circular cylinders
was checked according to Section 3.4 of DNVGL-RP-C202 (DNV GL AS,
2017b).

Foundation capacity. To evaluate the capacity of the pile foundation,
API Recommended Practice 2A-WSD (API, 2007) was followed. For
this purpose, an auxiliary model based on nonlinear Winkler springs
was used to reproduce the lateral pile-soil interaction according to the
standard. Fig. 6 represents the model used, where a sufficient number
of distributed springs were defined, assuming that the soil around the
pile is sand, and the lateral resistance-deflection (p-y) relation is as
follows:
ky z

ps = Ay p, tanh <A}; pI; up>

where p, is the ultimate bearing capacity at depth z, kj, is the initial
modulus of the subgrade reaction, u, is the lateral deflection, and A, is
a factor taken as 0.9 if cyclic loading conditions are assumed.

Independent of the SSI model used in the structural analysis (Sec-
tion 3.2.2), the loads that equilibrated the jacket structure at the bottom
node of the legs were considered and used as the head loads of each
pile (Fy, My). To evaluate the pile, two planes of the forces that
were assumed to be most relevant were considered: the plane with the
highest lateral force and the corresponding bending moment, and the
plane with the highest bending moment and the corresponding lateral
force.

Two failure criteria were established to verify the capacity of the
foundation: the pile yield and soil resistance. The first implies that the
tensile stress produced by the maximum bending moment along the
pile cannot exceed the yield stress limit. The latter ensures that the soil
can resist the loads induced by the pile without becoming unstable.
This condition is checked by defining different amplification-reduction
factors of the lateral load and bending moment at the pile head and
determining the case in which the displacement of the pile head tends
to infinity, which would indicate the maximum lateral force the soil
could support.

The axial bearing capacity of the piles was also evaluated by com-
paring the axial forces at each pile head against the ultimate bearing ca-
pacity of the piles, following API Recommended Practice 2A-WSD (AP],
2007), computed as

0,=0,+0, = f A+, 4,

where Q, is the skin friction resistance obtained by multiplying the
unit skin friction capacity (f,) by the side surface area of the pile
(AS), and 0, is the total end-bearing resistance, evaluated as the unit
end-bearing capacity (qp) multiplied by the gross end area of the
pile (Ap). The values of these areas depend on whether the pile is
assumed to be plugged or unplugged. For plugged piles, the side surface
area of the pile is limited to the external area, whereas the entire
bottom cross section is considered for the gross end area. However,
for unplugged piles, only the pile annular area acts on the end-bearing
capacity, and the inner wall surface is also incorporated to compute
the frictional resistance. Once the values for both hypotheses were
computed, the smallest value was considered as the pile’s ultimate
axial bearing capacity. Finally, for the pullout bearing capacity, the
foundation resistance was provided by the total skin friction, together
with the effective weight of the pile and the assumed soil plug.

(34

(35)

3.3.3. Serviceability limit states (SLS)

To ensure correct operation of the wind turbine, DNVGL-ST-0126
(DNV GL AS, 2016b) recommends a maximum limit rotation at the
bottom of the tower. In this case, a limit of 0.25° was applied to the
jacket platform.



R. Quevedo-Reina et al.

Ocean Engineering 303 (2024) 117802

.
H
H
v

p-y curves

Fig. 6. Representation of static Winkler model used for the evaluation of lateral foundation capacity.

3.3.4. Fatigue limit states (FLS)

To reduce the risk of long-term material fatigue failure, DNVGL-
ST-0126 (DNV GL AS, 2016b) states that the natural frequencies of
a structural assembly cannot coincide with the rotor speed or blade
frequency to avoid resonance. The following conditions should be
fulfilled:

TR0 95 or IR0 5105 (36)
n Ja

where fro represents the frequencies to avoid (all bandwidths of the
rotor speed and blade transition frequency), and f, are the different
natural frequencies of the structure. This code also indicates that, to
verify this condition, all natural frequencies at least 20% higher than
the blade transition frequency must be obtained.

4. Results

As shown in this section, the optimisation procedure mentioned in
Section 2 was performed to obtain a jacket design considering two
cases: (1) accounting for the SSI and (2) assuming a fixed base (FB)
for the bottom legs. Next, all the designs obtained were evaluated
under both assumptions to analyse the relevance of SSI phenomena. To
achieve an acceptable computational cost for this process, the struc-
tural model presented in Section 3 was used to evaluate the technical
requirements.

4.1. Case study

The selected wind turbine was a DTU 10-MW reference wind tur-
bine (Bak et al., 2013). According to the characteristics of the proposed
model, the properties of the device necessary to evaluate the structure
are those that define the geometry of the tower (tower height, bottom
and top diameters, and bottom and top thicknesses), inertia provided
by the RNA (mass and moments of inertia about the roll and yaw
axes), aeroelastic damping of the rotor (in the fore-aft and side-side
directions), rotor diameter, and operation conditions (rated wind speed
and rotor velocities). Table 3 lists the properties and their values,
adapted from Bak et al. (2013). The values of aeroelastic damping
were assumed from the intervals proposed by Chen and Duffour
(2018). It was assumed that the tower and tubular elements of the
jacket were composed of steel and had the following properties: density
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Table 3
Wind turbine properties.
Source: Adapted from Bak et al. (2013).

Variable Value
Tower height (H,g,.,) 119m
Rotor diameter (D,,) 178.3m
Bottom diameter (Dyom) 8.3m
Bottom thickness (T} om) 0.038m
Top diameter (D) 5.5m

Top thickness (T;,,) 0.02m
Mass (Mgya) 674 -10° kg

156 - 10° kg m?
974 - 10° kg m?
6%

Inertia about roll axis (Ixya ron)
Inertia about yaw axis (Irna yaw)
Fore-aft direction damping (&,.pa)

Side-side direction damping (&, gs) 0.75%
Rated wind speed (Ug) 11.4m/s
Minimum rotor speed (f; ) 6 rpm
Maximum rotor speed (f, ) 9.6 rpm

of 7850kg/m?, Young’s modulus of 210 GPa, Poisson’s ratio of 0.3,
hysteretic damping coefficient of 0.5%, and yield stress of 350 MPa.

The environmental conditions at the site where the wind turbine
is located must be also defined. Wind conditions were defined by a
Weibull distribution with an average speed of 10m/s and a shape
parameter of 1.8. For the metocean data, those described by Jalbi and
Bhattacharya (2020) were taken, where the variables were a water
depth of 50m, a 1-y significant wave height of 6.6 m, a 1-y maximum
wave height of 12.42m, a 50-y significant wave height of 8.27 m, and
a 50-y maximum wave height of 15.33 m; the circulational current was
neglected. In addition, it was assumed that in the submerged structural
elements of the jacket, the damping of the material increased by one
percentage point.

Finally, the jacket structure was assumed to be founded on sand,
defined as a homogeneous soil with a Young’s modulus of 25MPa, a
Poisson’s ratio of 0.49, a density of 2000 kg/m?, a hysterical damping
ratio of 2.5%, and an angle of internal friction of 30°.

4.2. Jacket optimisation
Next, a jacket support structure was designed by considering the

SSI. Some assumptions were made to simplify the process and reduce
the dimensions of the optimisation problem. First, the height of the
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Fig. 7. Representation of three examples of jacket designs indicating the variables included (blue) or fixed (black) in the optimisation process.

Table 4
Ranges of the expressions considered in the design process. The jacket design variables
are obtained from these expressions.

Expression Lower limit Upper limit

ieg 3 5

Ry, 2 10

Shase 15m 35m
Smp - Dbonom - tan (”/nleg) 0 1

Shottom = Dhottom * tan (/e )

Dy, 0.6m 2.5m

Tieg/ Dieg 1/64 1/16

Dy 0.8m 4m

Tyie / Dyite 1/80 1/4

Lyie/ Dyie 8 18

Dy, / Dyey 0.2 1

Ty, / Dy, 1/64 1/16

jacket was fixed at 59.3m, which was the minimum value allowed
according to Eq. (27). All bracing elements were assumed to have
the same inclination. Regarding the grouping of the geometry of the
different tubular elements, all the elements of each bracing level had
the same cross-section, all the legs were uniform through their lengths
and equal, and all the piles had the same dimensions. Finally, the design
of the jacket platform was neglected. It was directly considered as a
punctual mass equivalent to a 20-cm-thick steel plate that would fill
the polygon defined by the upper extremes of the legs.

In this way, the design variables of this problem were as follows: the
number of legs (n,), the number of bracing levels (ny,), the separation
of the legs at the base (Sy,) and top (S,,,), the diameter (D,.,) and
thickness (Tieg) of the legs, the diameter (Dbr,.) and thickness (Tbr,.)
of the elements of each bracing level (i), and the diameter (Dp“c),
thickness (7y;), and length (L) of the piles. However, the number
of legs and bracing levels were excluded from the optimisation process
because they are discrete variables, resulting in a different design
for each combination. Fig. 7 shows a schematic representation of the
optimisation variables. To limit the solution search space, many of
the design variables were not directly used but were defined from
dimensionless ratios. The relationships between the design variables
and their ranges are presented in Table 4.

The jacket design was obtained by solving the optimisation problem
in Eq. (1). Owing to the large number of optimisation processes con-
ducted in this study, a surrogate was used to reduce the total number
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of evaluations of the structural model and the total computational
cost (Negrin et al., 2023). The optimisation procedure based on the
“surrogateopt” function already implemented in MATLAB (Matlab,
2020) was used, which created an internal surrogate model adapted
from model evaluations and sped up the process. This surrogate model
was based on interpolation using radial basis functions, which consists
of a linear combination of radially symmetric functions centred at
defined points.
n
Lege(X) = Y w; (X, Xc[> (37)
i=1

where ¢ is the radial basis function, X,, are the centres of the function,
and w; are the weights of the functions. Setting the already evaluated
points as centres, the weight values were obtained using least squares
to construct the interpolation function. First, the optimisation process
generated random points and evaluated them to build the initial surro-
gate models for both the objective function and nonlinear constraints.
These interpolation functions were used to evaluate numerous random
points. From this, a new point to be evaluated by the structural model
was selected by considering the expected performance given by the
surrogate model and the distance from previously known points. The
surrogate model was then updated, and the process was repeated until
the stopping criterion was met.

To achieve a balance between obtaining an acceptable design and
a fast procedure, the number of model evaluations in each execution
of the MATLAB function was limited to 100. Next, the “surrogateopt”
function was applied iteratively, introducing the accumulated evalu-
ations as previously evaluated points until the mass of the obtained
solution did not reduce the previous one by more than 1%. This
procedure was followed for each of the established combinations of
the numbers of legs and bracing levels, performing five repetitions of
each to estimate the convergence of the process. In addition, a linear
buckling analysis was applied to all the results to ensure the structural
stability of the obtained designs.

Fig. 8 shows the masses of the obtained designs grouped by the
numbers of legs and bracing levels. To do this, the cases were separated
on the x-axis according to the number of bracing levels; red crosses
were used for three-legged jackets, blue squares for four-legged jackets,
and green diamonds for five-legged jackets. These results show that
there were significant differences in the global mass among the five
designs obtained for each combination of the numbers of legs and
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Fig. 8. Mass of jackets obtained in the design process, differentiated by the numbers of legs (markers) and bracing levels.

bracing levels. This indicates that the design process does not guarantee
the optimal design of the jacket structure; however, the implementation
of more rigorous optimisation procedures would significantly increase
the computational cost and is outside the scope of this study. However,
general trends can be observed from Fig. 8. First, the mass of the
structure tended to decrease as the number of bracing levels increased,
until six bracing levels were reached. From that point onwards, a slight
increase in the mass of the assembly was observed, which was more
sensitive when the structure had fewer legs. The structures obtained
with four or more bracing levels became lighter as the number of legs
increased.

To determine the optimal jacket design, it is necessary to select
the design that verifies all imposed requirements and imposes a lower
economic cost. However, many researchers use the global mass of the
jacket as a function to minimise in the optimisation process of these
structures (see, for example, Chew et al., 2016; Oest et al., 2017;
Couceiro et al., 2020; Ju and Hsieh, 2022). This is mainly owing to
the complexity and variability of estimating the cost of such structural
systems, which have a high number of joints. For this reason, the
process is usually simplified by considering the mass of the assembly,
because the amount of material required is a main factor affecting the
final cost. Considering these criteria, and according to the results shown
in Fig. 8, the selected range of jacket designs in this problem can be
limited to four-legged cases that have between four and six bracing
levels, because lower values in these variables imply a significant
growth in the global mass of the structure, and higher values imply an
increase in costs owing to the increase in the number of welded joints.
Table 5 lists the dimensions of five lighter jackets obtained within this
range.

4.3. Influence of the soil-structure interaction

Next, the influence of the SSI on the design of the jacket structure
was analysed. To achieve this, the same design procedure was followed,
but the bottom legs were considered to be on a fixed base (FB). To
prevent unrealistic designs from modifying the conclusions drawn from
this study, designs with four legs and four, five, and six levels of bracing
were selected, as they were considered more efficient according to the
results of Section 4.2.

Fig. 9 shows a boxplot of the utilisation factors (defined in Sec-
tion 2), which reflect the safety level with different restrictions imposed
on each of the designs obtained. First, the results showed that all the
values obtained were less than one because they were obtained from
a design process that verified all the restrictions. Thus, the criteria in
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Table 5
Values of the design variables of the five selected jackets.
Design 1 Design 2 Design 3 Design 4 Design 5

Mieg 4 4 4 4 4

e 5 5 6 5 6
Spase (M) 27.96 28.61 25.33 30.85 27.45
Siop (M) 14.63 12.94 15.28 12.63 12.77
Dy, (m) 0.984 1.015 1.071 0.971 1.077
T, (mm) 42.88 48.15 43.29 47.33 45.49
Dy (m) 2.552 2.398 2.393 2.644 2.540
Ty (mm) 31.9 30.3 30.3 33.1 31.8
Ly (m) 30.9 31.6 34.1 28.0 28.5
Dy, (m) 0.484 0.406 0.430 0.504 0.362
Ty, (mm) 10.1 16.0 9.3 11.4 12.9
D, (m) 0.404 0.416 0.522 0.509 0.327
T, (mm) 12.0 10.4 12.0 9.9 14.4
Dy, (m) 0.344 0.391 0.358 0.664 0.336
Ty, (mm) 13.5 12.4 10.6 12.0 18.8
Dy,, (m) 0.746 0.557 0.342 0.415 0.667
T, (mm) 13.2 17.4 9.1 21.9 17.2
Dy, (m) 0.614 0.546 0.433 0.658 0.336
Ty, (mm) 21.4 18.9 14.6 13.8 14.5
Dy, (m) - - 0.653 - 0.509
Ty, (mm) - - 23.4 - 23.4
My (kg) 642 - 10° 650 - 10° 658 - 10° 659 - 10° 672 -10°

which the indicators presented values close to 1 were those that limited
the final dimensions of the jacket. In the case of designs considering the
SSI, the ULS in the bracings and the limitation of the rotation of the
tower base of the wind turbine were the most restrictive requirements,
whereas when the legs were considered on a fixed base, the ULS in the
bracings and load capacity of the foundation were the most relevant
restrictions.

To evaluate the influence of the SSI model on the utilisation factors,
the designs obtained considering the SSI were evaluated assuming a
rigid base and vice versa. Fig. 10 shows boxplots of the utilisation
factors, where the top left and bottom right subplots are the same as
those in Fig. 9. Restrictions associated with the geometry of the welded
unions, the thickness of the pile, and the critical length of the pile
were omitted because they are purely geometric restrictions that are not
affected by the numerical model used to evaluate the structure. The fail-
ure criterion that was most affected by the foundation assumption was
the rotation at the base of the tower because considering the SSI made
the structure more flexible and increased the displacements. However,
this criterion was not relevant, because it is a recommendation of the
DNV (DNV GL AS, 2016b) and is not mandatory. Finally, when the
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Fig. 9. Utilisation factors of jackets obtained in the design processes assuming soil-structure interaction effects (left) or a rigid base (right).
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Fig. 10. Utilisation factors of jackets obtained in the design processes evaluated considering the soil-structure interaction (SSI) or a fixed base (FB).

designs obtained assuming a fixed base were evaluated considering the the SSI and incorporate it into the optimisation process. The structural
SSI, the ULS requirements for the legs and bracings of the jacket were model was used to evaluate the most critical load cases acting on jacket-
not satisfied. This implies that the redistribution of efforts by consider- supported OWTs. In addition, it incorporated the verification of design
ing foundation flexibility has significant relevance in the failure criteria principles that limit the topology of the structure, and failure principles
of these structures, and therefore, should not be neglected. that check the viability of the jacket from a structural perspective.

The proposed approach is a compromise between extremely simplified
5. Conclusions methods and rigorous complex models, making it a suitable tool for

the structural analysis of this type of complex structure using fewer

This study proposed a first approach to analysing the influence of computational resources.

the SSI in the structural evaluation of jackets to support OWTs. An The influence of the SSI was measured via the utilisation factors of
optimisation process was performed to obtain feasible jacket designs for the design requirements of the jackets evaluated considering the SSI but
a specific location and wind turbine, where the conclusions drawn are obtained assuming that the bottom legs were fixed and those evaluated
relevant. A structural model was necessary to measure the influence of considering the bottom legs to be fixed but obtained assuming the SSI.
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ULS verifications in the legs and bracing elements were not satisfied
when considering the SSI in designs obtained assuming a fixed base,
whereas this did not occur significantly when evaluating fixed-base de-
signs obtained with the SSI. It was concluded that the redistribution of
internal forces produced by considering the flexibility of the foundation
increases the stress on some structural elements, highlighting the need
to incorporate this characteristic into structural models of OWT jacket
support structures.
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