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a b s t r a c t

Offshore Wind Turbine (OWT) support structures are subjected to hostile environments, defined by
highly stochastic loads and complex soil-structure interaction, and thus the need for a probabilistic
approach towards design. The study carried out herein presents the sensitivity analysis of these inherent
stochastic variables imposed on a complex OWT support structure via purpose-developed modular non-
intrusive structural reliability assessment formulation. The results from this study reveal that the un-
certainties in the wind speed is a structural design driving factor and the hydrodynamic load effects are
secondary to this, for the ultimate (ULS) and Fatigue Limit States (FLS) while their relative sensitivities on
the Serviceability Limit State (SLS) cannot be clearly distinguished but are seen to have a dominant
impact. Also, it was inferred that incorporating correlation between the variables have a significant
impact on the reliability of the structure in the ULS design.
© 2022 Production and hosting by Elsevier B.V. on behalf of Society of Naval Architects of Korea. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Research on the design of jacket structures are based on studies
that took place 3-4 decades ago, and the new application to
offshore wind, with serial production of units and increased oper-
ational loads, have re-established the issue of advanced methods of
design to be very relevant in current research and practice.
Furthermore, stronger and more steady winds found offshore and
the reduced need for land area are substantial advantages
compared to onshore wind installations. In recent years, studies
have mainly focussed on the use of monopiles for offshore wind
turbine applications, thereby making detailed studies on the use of
jacket foundations an aspect open to further investigation (Shittu
et al., 2020a, 2020b; Zwick, 2015; Kolios et al., 2016; Damiani and
Song, 2013; Coccon et al., 2017).

A majority of the deployed Offshore Wind Turbines (OWTs) use
monopile support structures due to their simple but robust design,
especially at water depths less than 50 m. However, monopiles
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become progressively uneconomical, basically due to modal re-
quirements, which forces the structural dimensions to grow
beyond fabrication and installation capabilities currently available
as the turbines become larger (>5 MW) and as water depth in-
creases beyond 35e50 m (Kolios et al., 2016; Damiani and Song,
2013; Martin et al., 2013). This has spirited the search for alterna-
tive foundations, which can resist extreme environmental factors
often imposed on such structures and overcome the drawbacks
mentioned above. Structural space frames such as jackets, used
extensively in the oil and gas industry, offer a light yet a stiff
alternative to monopiles. However, given turbine system dynamics,
coupled with the inherent highly stochastic loads, the effective
design of these structures is resource-intensive. Therefore,
although jacket foundations could go a long way in solving chal-
lenges in the offshore wind industry, research is still necessary to
support their basic design and analysis (Damiani and Song, 2013;
Damiani et al., 2013) also considering factors such as the require-
ment for optimisation due to the serial production required and the
nature of these unmanned structures (Shittu et al., 2020a).

Since modern structures require more complex and reliable
designs, it becomes increasingly imperative to propose an accurate
and efficient approach to assess uncertainties inmaterial properties
and operating environments. In recent years, reliability analysis as a
l Architects of Korea. This is an open access article under the CC BY-NC-ND license
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form of uncertainty analysis has been a valuable tool in structural
design because it can directly quantify the effect of uncertainty
about input parameters on structural performance (Huang et al.,
2018; Kang et al., 2016; Zhang et al., 2015; Zhao et al., 2017;
Kolios et al., 2018; Leimeister and Kolios, 2018). Because of this,
reliability-based design optimisation has seen increasing interest
(Far and Huang, 2019). In the reliability-based design optimisation
process, the probability of failure is limited to a target level to
minimise the failure risk (Shittu, 2020).

For reliability analysis, given an arbitrary limit-state function
Z ¼ gXðXÞ, the Probability of Failure (POF), Pf , can be described as a
multi-dimensional integral, which is given by

Pf ≡ PrðgXðXÞ�0Þ¼
ð
…

ð
gXðxÞ�0

fXðxÞdx (1)

where Prð:Þ is a probability function, X ¼ ½X1;…;Xn�T is an n-
dimensional random vector where the upper case Xi denotes it is a
randomvariable and the lower case xi denotes it is the realisation of
the random variable Xi; fXðxÞ is the joint Probability Density
Function (PDF) of the random variables X.

Generally, since the convolution integral shown in Eq. (1) is
complicated, and of high dimensionality, analytical and direct nu-
merical methods cannot solve it directly. Due to the difficulty in
computing this probability function, various methods have been
developed over the past few decades. Out of all these methods, the
First-Order Reliability Method (FORM) is most prevalent. FORM
approximates the true limit state function at the Most Probable
Point (MPP), the point on the limit state surface nearest to the
origin in the standard normal space. This process enables FORM to
workwith a good balance between efficiency and accuracy. Because
of this good balance, it has become a basic method for reliability
analysis (Huang et al., 2018; Breitung, 1984; Lu et al., 2010; Periçaro
et al., 2015).

One of the main steps in solving an optimisation problem is
determining search direction based on function gradients, referred
to as sensitivity analysis. Derivative-based approaches, where
parameter sensitivity is measured in terms of the change in model
output with respect to an incremental change in the input, aremost
common in the literature due to their efficiency (Velarde et al.,
2019). According to (Velarde et al., 2019; Kala, 2011; Teixeira
et al., 2019), other approaches include linear regression of Sobol's
decompositionmethod, Monte Carlo simulations, Morris screening,
and variance-based methods. Sensitivity analysis demonstrates
changes in the quantity of reliability in terms of variations in sto-
chastic variables. Sensitivity analysis is also used to identify the
most significant uncertain variables that have the highest contri-
bution to reliability. Furthermore, sensitivity analysis could be used
to provide information for reliability-based design (Xiao et al.,
2011).

In general, sensitivity analysis studies the relationship between
information flowing in and out of the model. Sensitivity analysis in
reliability refers to how uncertainty in the model output can be
decomposed into different sources of uncertainties in the model
inputs and model uncertainty. The basic categorisation of sensi-
tivity analysis is the deterministic sensitivity analysis and the sto-
chastic sensitivity analysis (Kala, 2011). Ideally, limit state analyses
are performed using integrated structural models to capture the
complex interactions between the Offshore Wind Turbine (OWT)
structure and the environment. Despite uncertainties related to
parameter estimation and mathematical representation of wind,
wave, soil and structure, deterministic approaches are typically
performed by utilising partial safety factors which account for load
and resistance uncertainties. On the other hand, probabilistic
2

design approaches allowmore rigorous consideration of parameter
uncertainties, particularly site-specific environmental inputs, at the
expense of higher calculation times. In this regard, identifying the
most important sources of uncertainties, i.e., performing a sto-
chastic sensitivity analysis of a complex non-linear model, becomes
important (Velarde et al., 2019).

Structural models to determine the response of support struc-
tures for OWT can be roughly classified into two groups, namely
one-dimensional (1D) beam models and three-dimensional (3D)
Finite Element Analysis (FEA) models. In the 1D beam model, the
structure is discretised into a series of elastic Euler or Timoshenko
beam elements. It is computationally efficient and can be used to
accurately model the global structural behaviour, such as evalu-
ating deflections and modal frequencies (Wang et al., 2014). It,
however, calculates local structural responses such as stress con-
centration effects with compromised precision (Petrini et al., 2010).
In the 3D FEA model, the support structure is usually described by
the application of brick or shell elements. In comparison to the 1D
beam model, the 3D Finite Element Analysis Model (FEM) can as-
sume detailed stress distributions and capture structural responses
within the structure accurately. The 3D FEM has been applied
extensively to wind turbine foundations' structural modelling due
to its high fidelity (Shittu et al., 2020a; Wang et al., 2015, 2016a,
2016b, 2017; Gentils et al., 2017; Achmus and Abdel-Rahman, 2005;
Kolios and Wang, 2018). Thus, in this study, the 3D FEA model is
employed to evaluate the structural responses of the OWT jacket
support structure.

Because OWT jacket foundations are embedded through piles
into the soil system, it becomes essential to account for soil-
structure interaction to capture their structural response
adequately. A straightforward method of modelling the soil is by
assuming equivalent springs having stiffness based on soil prop-
erties, and this approach is known as the p-ymethod. However, this
method tends to underestimate the deflection and the modal fre-
quency (Hyldal, 2012; Hald et al., 2009). A reliable way of modelling
the soil system is by assuming 3D FEAwith brick elements to obtain
accurate and reliable results (Shittu et al., 2020a; Jung et al., 2015;
DNV, 2016a). Due to its high efficacy, the 3D FEA with brick ele-
ments is adopted in this study to model the soil.

This work aims to conduct a Stochastic Sensitivity Assessment
(SSA) for a typical OWT jacket type support structure considering
various limit states and stochastic variables. A generic reliability
assessment framework, which combines parametric FEA model-
ling, response surface modelling and reliability analysis specifically
for complex OWT jacket type support structures in the presence of
highly stochastic variables, has been developed by the authors and
will stand as the basis for this study. The adopted method proposes
a non-intrusive stochastic formulation, linking the structural model
to a reliability analysis algorithm through approximation model-
ling. A quadratic response surface modelling is adopted to map the
structure's response in the domain of stochastic variables. The
benefit of this approach is that it allows for high fidelity compu-
tational tools to be employed for the analysis, hence extending its
applicability to various specialist engineering problems through
the advanced modelling techniques and further permitting
coupling with analytical reliability methods such as FORM/SORM to
allow for low values of probability of failure to be calculated, thus
allowing sensitivity assessment based on derivatives (Shittu et al.,
2020a). The variables considered in the sensitivity analysis
include the wind speed ðVÞ, tilting ðMTiltÞ and torsional moments
ðMTorsÞ due to aerodynamics, significant wave height ðHsÞ, Young's
modulus ðESiÞ of each soil strata, Rotor-Nacelle Assembly (RNA)/
self-weight ðWiÞ, and the peak wave period ðTÞ (DNV, 2016a; V) Det
Norske Veritas. (2005); –J101 Design o, 2014; V) Det Norske Veritas.
(1992); Det Norske Veritas. Envir (2000); DNV, 2016b).
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In Ref. (Far and Huang, 2019), an algorithm to evaluate the de-
rivatives of safety index and failure probability with respect to the
mean, standard deviation, and constant input parameters based on
the Advanced First-Order Second-Moment (AFOSM) reliability
method was presented. Their work aimed at addressing the
drawbacks of existing methods, such as being computationally
costly due to their inability to explicitly compute derivatives
because the probability of failure is a non-classical parameter
function. Therein, to elucidate the modelling process of the pro-
posed program, two examples were presented and solved via
spreadsheet application. The same authors, however, stated that
their proposed method suffers from the same drawbacks inherent
in the AFOSM method, such as its inaccuracy in solving problems
involving implicit as well as highly non-linear performance
functions.

In Ref. (Ivanhoe et al., 2020), an SRA framework was developed
to evaluate the structural integrity of the NREL 5 MW OC4 jacket
support structure in the presence of stochastic loads for several
limit states. In the same study, for the fatigue LSF, the SeN curve
parameters were the intercept (A) assumed to be 12.75, slope (m)
equal to 3, and cycle number N� 107. Their study does not consider
critical parameters such as wind speed, wave height, peak wave
period but rather the rotor thrust, and hydrodynamic load, among
others, in the sensitivity analysis exercise performed therein.
Further, the sensitivity analysis considered only the mean and
standard deviation values of the stochastic parameters of interest
varied to examine the RI sensitivity compared to the defined
threshold. The stochastic variables in their study assumed only
normal distributions.

In (Shittu et al., 2020a), two SRA frameworks were studied,
examined and compared wherein a baseline 10-MW jacket foun-
dation was selected as a reference application. The six-sigma
analysis function with Latin hypercube sampling direct simula-
tion approach was employed to predict the failure probabilities in
the first approach. In the second, a developed non-intrusive sto-
chastic method wherein the RSM was employed in mapping the
structural response model was applied to derive the safety margin,
and then applies the First-Order Reliability Method (FORM) to
calculate the safety index and, subsequently, the failure probability
of the structure. The fatigue LSF in the study assumed the
thickness-corrected cathodic-protected D curve given by
DNVeOSeJ101. The intercept (A) and slope (m) of the SeN curve
used for studying the fatigue life of steel structure in seawater for
N > 106 are given as 15.606 and 5, respectively. The same authors
assert that the proposed non-intrusive SRA formulation enhances
faster calculations, evaluation of time-variant fatigue reliability
index, and the prediction of low failure probabilities for complex
engineered structures such as OWT jacket foundations studied in
the present paper. The present article is a continued effort from the
authors’ recent research performed in Ref. (Shittu et al., 2020a).

To the best of the authors’ knowledge, the work presented
herein is the first of its kind which examines the behaviour of the
OWT structure in the presence of parameter uncertainties
measured in terms of CoVs as well as the influence of correlation
between the crucial parameters on the reliability performance of
the structure. The novelty of the current study is evidenced by
incorporating the FORM-based SSA with a novel non-intrusive
formulation bespoke for 10-MW OWT jacket support structures
to enhance the accuracy of the calculated SSA results. This meth-
odology is state-of-the-arts because facilities inbuilt in the ANSYS
software package such as the high-fidelity Design Explorer©, which
facilitates stochastic parametric FEA by employing new DoE tech-
niques are coupled with the iterative FORM through MPR entirely
coded as MATLAB routines to calculate the sensitivity indices of the
structure. This can be applied to non-linear problems and those
3

characterised by implicit LSF aside from an added advantage of
allowing unusual random input parameters such as wind speed,
wave height, and peak wave period, to name a few to be entered
into the analysis. Apart from accounting for the sensitivities of the
structural design parameters, the framework developed in this
study also accounts for their uncertainties measured in terms of
CoVs in contrast to previous sensitivity analysis works in Refs (Far
and Huang, 2019; Ivanhoe et al., 2020). wherein their sensitivity
analysis neither provides explicit information about the rate of
change in the reliability or failure probability due to changes in the
variables, such as means and standard deviations, of distributions
nor examine these phenomena as they vary with a wide-set of
uncertainties measured in terms of CoVs as investigated in the
present paper. This study further examines the interactive effects of
the random input variables on the reliability performance of a
complex frame type structure for OWTs, considering several limit
states. Besides assuming normal distributions, the developed sto-
chastic framework in the current study also applied non-normal
stochastic variables. Further, the present study overcomes the
limitations inherent in the AFOSMmethod, such as its inaccuracy in
solving problems involving implicit as well as highly non-linear
performance functions as this study develops an integrated RSM-
iterative FORM SSA algorithm to provide a best-fit limit state sur-
face (LSS) corresponding to the data of interest bespoke for OWT
support structures. This enhances the accuracy of the calculated
sensitivity estimates.

The rest of the present paper is organised as follows: Section 2
introduces the design load analysis where the sources of loads
and design load cases are discussed; Section 3 discusses the para-
metric FEA built for the OWT, highlighting the geometry, mesh,
material, and boundary conditions used, as well as the validation of
the FEA model; Section 4 highlights the implementation of the
steps of the proposed stochastic sensitivity analysis discussing the
non-intrusive formulation and the SSA based on the iterative
FORM; In section 5, results obtained from the study are discussed
extensively; and finally, Section 6 draws the main conclusions of
the work conducted.

2. Design load analysis

2.1. Sources of loads

OWTs are subjected to several load sources imposed by their
environment and operational activity. A list of loads to be accoun-
ted for in the design of OWT jacket support structures are set out in
design standards, such as DNVeOSeJ101 (–J101 Design o, 2014) and
IEC 61,400e3 (Wind, 2009). Calculations and formulations of each
load produced by the environment will, in this study, be based on
DNV-RP-C205 (Det Norske Veritas. Envir, 2000). The relevant loads
imposed on OWT support structures can roughly be classified into
six groups, i.e. (1) aerodynamic loads transferred from the rotor; (2)
wind loads on the tower; (3) inertia loads; (4) current load; (5)
wave loads and (6) hydrostatic loads (Gentils et al., 2017). These
loads are illustrated in Fig. 1.

Gravitational and inertia loads are static and dynamic loads
resulting from gravitational pull, such as the mass of the whole
structure and equipment imposed on the structure under operation
and the forces acting on the structure as a result of operations
(Minguez, 2015). The inertia loads, resulting from the weight of the
support structure and RNA at the tower top, can significantly
impact the buckling and influence the eigen-frequencies of the
OWT foundation (Gentils et al., 2017).

Aerodynamic loads are dynamic and static loads occurring as a
result of the interaction between the airflow and the moving and
stationary components of the wind turbine. The magnitude of the



Fig. 1. Schematic of the loads on the OWT jacket support structure embedded in layered soil showing the geometry.
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load varies and depending on the air density, the meanwind speed
and turbulence across the rotor plane, and the aerodynamic shapes
of the components of the wind turbine and their interactive effects.
These loads are determined by using aero-elastic load models
(Wang et al., 2014; Minguez, 2015; Jalbi and Bhattacharya, 2020).
The aerodynamic loads produced by the rotor pushes the tower at
the top and are often decomposed into a load matrix defined in the
referential axis of the wind turbine. The fatigue loads were evalu-
ated by adopting the Damage Equivalent Load (DEL) method,
explained in (Freebury and Musial, 2000). A thrust load in the same
direction as the diagonal of the base of the jacket was imposed on
the support structure and applied at the assumed RNA Centre of
Mass (CM). The aerodynamic loads, such as the Mtilt and Mtors can
be calculated from parameters such as the yaw error and tilt angle.
Since the RNA coupled with the blades for the turbine is usually
large, and considerable eccentricity is created due to the lateral
span of this assembly impose these moments. Parameters such as
the turbulence intensity, tilt angle, wind gust, and wind direction
have been accounted for in the analysis whilst carrying out the
stochastic model calculations in terms of the input parameters:
Mtilt and Mtors.

This loading set-up is assumed to resemble a yaw error situation
to produce an additional moment due to torsion at the top of the
tower. This was carried out in the presence of a horizontal offset for
the RNA CM, which led to a moment due to gravity at the top of the
tower (Damiani et al., 2013). Wave load and rotor thrust vectors
were applied in the same direction as the jacket base diagonal so
that the maximum compression and tension effects are produced
on the opposite legs (Shittu et al., 2020a; Damiani and Song, 2013).

Environmental loads are those caused by environmental phe-
nomena, i.e., the set produced by wave force, current force and
wind force.Wave loads are dynamic loads resulting fromwaves and
their interaction with the OWT support structure. Typically,
bottom-fixed offshore structures are dominated by drag owing to
the wavelength, water depth, structural shape and size; thus,
4

Morison's Equation is employed. Morison's Equation assumes that
the total wave force exerted on a structure can be calculated by the
linear superimposition of the drag and inertia forces. To evaluate
the wave loads which acts on the structure using Morrison's
Equation, the member diameter, D, has to be less than one-fifth of
the wavelength, l, i.e.:

D � 0:2l (2)

Current and wave loads can be calculated using Morison's
Equation thus, for slender members such as components of jackets
submerged in water (–J101 Design o, 2014):

F ¼ Fd þ Fm ¼ 1
2
rwCdDjuxjux þ rwCm

pD2

4
ax (3)

where the drag force is the first term while the inertia force is the
second term; rw is the density of water; Cd and Cm are the piles'
coefficients of drag and inertia, respectively, and their corre-
sponding values are 1.25 and 2.0 respectively (Damiani and Song,
2013); D is the cylinder diameter; ax and ux are the horizontal
wave-induced or current-induced acceleration and velocity of
water, respectively which were derived from the regular wave
theory.

Current loads can be described as dynamic loads emanating
from the water flow from external sources other than surface
waves. Current can lead to drag loads being induced on the support
structure. The current velocity ucðzÞ is assumed to follow a sub-
surface current exponential profile from the seabed, d to the
Mean Sea Level (MSL). The total current velocity of a submerged,
stationary, tubular member, in the absence of vortex shedding, can
be computed thus:
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ucðzÞ¼uc;MSL

�
dþ z
d

�1=7

(4)

where, uc;MSL is the current velocity at MSL, d is the depth of water
fromMSL to the seabed. The wave-particle velocity and the current
velocity are summed up inMorison's equations drag term in Eq. (3),
assuming that the wave and current act in the same direction. The
wind loads pushing the tower structure results from the drag and
are a function of the averagewind velocity VðzÞ. Generally, thewind
shear is described by a power-law profile and can be determined
from the following Equation:

VðzÞ¼Vr

�
Z
Zr

�a

(5)

where Vr represents the reference wind speed at the elevation of
nacelle altitude Zr , and a; which has a value of 0.115, is the
roughness coefficient for the offshore site (Gentils et al., 2017).
Wind loads exerted along the tower can be computed, thus:

FtowerðzÞ¼1
2
raCD;TDðzÞV

2
r ðzÞ (6)

where CD;T which is taken as 1.0 is the coefficient of drag of the
tower, DðzÞ denotes the external diameter of the tapered tower at
height z. Having calculated the wind load, the moment due to the
effects of the wind load can then be determined.

Hydrostatic pressure exerted on the submerged members of the
jacket foundation is a constant normal load and varies with the
depth of water. The hydrostatic force can be calculated from:

Fh¼ rwgh (7)

where Fh is the hydrostatic force, g is the acceleration due to
gravity, and h is the water depth.

2.2. Design load cases (DLCs)

The DLCs should cover a set of design situations taking into
consideration the most severe conditions that an OWT foundation
is likely to be subjected to, combining extreme or standard external
conditions with operational states of the wind turbine or other
operational modes (such as installation, transportation, fault, or
maintenance) (Minguez, 2015). Thirty-two (32) DLCs are set out
consisting of all modes of operation of an OWT in IEC61400-3
(Wind, 2009) for the structural design of OWTs, including start-
up, standard operation, shut down and 50-year extreme condi-
tions. These DLCs can be classified roughly into two main groups,
namely, ultimate and fatigue. Typical load cases employed, basi-
cally, in the structural design for OWTs foundations are mainly by
assuming the fatigue loads based on normal sea states while
assuming the ultimate load based on a 50-year extreme condition.
According to (DNV, 2016a), the serviceability load cases can be
determined as specified in (DNV, 2016b). For simplicity, both the
ultimate and fatigue load cases are considered in this study.

2.2.1. Ultimate load case
The load derived from the 50-year return period is commonly

assumed to be a critical ultimate load case for the extreme hydro-
dynamic loads experienced by OWT. A previous study (Freebury
and Musial, 2000) revealed that wind loading is a design driving
factor for a typical OWT rather than hydrodynamic loading. Hence,
it is usually assumed that the critical load case for ULS is defined by
the parked turbine, under the 50-year EWM (extremewind model)
5

with 50-years RWH (reduced wave height) and ECM (extreme
current model). The loading characteristics, as described above,
corresponds to the IEC 61400e3 (Wind, 2009) DLC 6.1 b and 2.1 GL
regulation (Rule, 1995), respectively. Load safety factors for gravi-
tational and other loads (such as environmental loads) are 1.1 and
1.35, respectively (61400-1: Wind Tu, 2005; Fisher et al., 2010).

2.2.2. Fatigue load case
During the life of OWTs, a significant source of periodic loadings

acts on the structure due to the nature of rotor operation as well as
hydrodynamic loading. Hence, there is a high risk of OWT foun-
dations failing by fatigue (Gentils et al., 2017; Muskulus and
Schafhirt, 2310). A widely used fatigue DLC correlates to an oper-
ating state within the Normal Sea State (NSS) and Normal Turbu-
lence Model (NTM). The site is assumed to have no current, and the
significant wave height and the cross zero periods are obtained via
a probability density function of the site. DLC 1.2, as specified in the
IEC standard (Wind, 2009), are generally regarded as the governing
fatigue DLCs for OWT support structures. Therefore, they are
considered in this study as fatigue load cases (Gentils et al., 2017;
Lee et al., 2014). According to the IEC standard (61400-1: Wind Tu,
2005; Fisher et al., 2010), the safety factor for fatigue load is
equivalent to 1.0.

3. OWT case study

Given the exorbitant cost of support structures and related
Operation and Maintenance (O&M) activities, there is continued
interest in increasing the size of offshore turbines. The OWT
(Damiani and Song, 2013; Damiani et al., 2013; JacketSE, 2016) is
assumed to be a simple reference 10 MW turbine scaled from a
5 MW (National Renewable Energy Laboratory) NREL reference
turbine (Jonkman et al., 2009). Themain properties were calculated
through basic mechanics considerations and scaling laws. An
88.4 m tapered tubular tower supports the RNA. Its essential
characteristics and other data as applied in this study are derived
from (Damiani and Song, 2013; Damiani et al., 2013).

3.1. Parametric FEA

The Finite Element Analysis Method is a very powerful option
for designing modern engineering structures capable of developing
a reliable model for predicting such systems' behaviour in a cost-
effective time scale. The ANSYS software package is a well-
established multi-purpose FEA software used to build a para-
metric Finite Element Analysis Model (FEM) of the OWT foundation
and the soil system. The parametric FEM enhances the modelling of
OWT structures with stochastic variables, such as material prop-
erties and environmental parameters. The parametric FEM repre-
sents the jacket support structure of the 10-MW OWT, where the
main parameters and other details are derived from (Shittu et al.,
2020a, 2020b). The wind and wave loads, which are environ-
mental loads, are calculated and then applied to the structure in an
uncoupled way, such that fluid-structure interactions are ignored.
The geometry, mesh and boundary conditions used in the FEM are
presented in the next subsections (Shittu et al., 2020a).

3.1.1. Geometry
The jacket configuration is usually a space frame with four legs,

inter-connected with bracings welded together. The structural as-
sembly comprises a transition piece that transfers the forces from
the tower into the submerged jacket structure, anchored via piles
or suction caissons, to the seabed at each leg. The TP is assumed to
be a deck reinforced by stringers that supports a central cylindrical
shell supported by four tubular struts. The principal geometric
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dimensions of the structure studied herein are presented in Table 1.
3.1.2. Mesh
The mesh generation is an essential step in coupling the model

to be used for the FEA. The ANSYS software package provides a
powerful and reliable structure mesh generator capable of devel-
oping a consistent mesh structure with minimal computational
requirement. In order to ensure the accuracy of results, the mesh is
optimised by performing a mesh sensitivity analysis. From the
mesh sensitivity study, the Equivalent (von-Mises) Stress
converged at the mesh size of 2 m for the soil and 0.5 m for the
support structure, corresponding to a total number of elements of
190,222. Hence, 2 m and 0.5 m are deemed as suitable mesh sizes
for the soil and the support structure, respectively. Further details
about this analysis as applied in this study can be found in (Shittu
et al., 2020a). As applied in the present parametric FEA, other
crucial information such as the material properties, site specifica-
tions, and soil profile is derived from (Shittu et al., 2020a, 2020b).
3.1.3. Boundary conditions
A load matrix with the aerodynamic loads is applied at the

tower top, and the wind and wave loads are applied to the tower
surface and the support structure surface submerged into the wa-
ter, respectively. Additionally, the following three boundary con-
ditions are also defined: (1) the bottom of the soil model is fixed
against translation in all directions; (2) the soil model's lateral
boundaries are fixed against lateral translation; (3) an augmented
Lagrangian formulation-based frictional contact (nc. Introduction t,
2010; help documen, 2018) is established between the soil and pile
with suitable friction coefficients to enable soil-structure
interaction.

Since the detailed modelling of the nacelle's and rotor's
(composed of the hub and blades) is not part of the parametric
model, they are entered into the FEA as distributed or concentrated
masses so as to be able to simulate the OWT's structural behaviour
accurately. It is not necessary to model the blades since, besides the
mass added to the tower top, parked and feathered blades have
negligible impact on the natural frequency of the OWTs (Martinez-
Luengo et al., 2017).
Table 1
Principal geometric dimensions for the baseline 10-MW support
structure (Shittu et al., 2020a). MSL e mean sea level; OD e outer
diameter; WL e wall thickness; TP e transition piece.

Parameter Value

Deck height above MSL (m) 16
Water depth (m) 50
Leg OD (m) 1.74
Leg WT (m) 0.030
Number of bays 4
Jacket batter 8.47
Height of TP (m) 7
Number of legs 4
Pile OD (m) 1.59
Pile WT (m) 0.037
Mud brace OD (m) 0.762
Mud brace WT (m) 0.017
x-brace OD (m) 0.61
x-brace WT (m) 0.016
Tower length (m) 88.4
Tower-top OD (m) 3.85
Tower-top thickness (m) 0.03
Tower-base OD (m) 7
Tower-base thickness (m) 0.055
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3.2. Validation of the FEA model

3.2.1. Modal analysis
Taking into consideration the analysis of the natural/modal

frequencies (Eigen-frequencies) accounting for self-weight of the
entire structure, a comparison is made between the present FEA
model and values found in the literature (Damiani and Song, 2013;
Damiani et al., 2013; JacketSE, 2016). As can be observed in Table 2,
from the first and second fore-aft and side-to-side modal fre-
quencies obtained from the present FEA model, a good agreement
with the values found in literature is achieved with the observed
maximum percentage difference being 11.11% for the second side-
side mode. Therefore, the present FEA model validation is ach-
ieved. See Fig. 2(a).

3.2.2. Deflection in static analysis
This subsection of the validation exercise aims to examine, in a

static analysis, the deformation behaviour of the support structure.
As derived from (Damiani and Song, 2013; Damiani et al., 2013), the
RNA weight and a 3.4 MN thrust load were applied on the tower
top. The displacements at the RNA elevation and the base of the
tower are compared with reference values, and results are reported
in Table 3. Under the loaded condition, the deflections at the RNA
and base of the tower were measured with respect to the location
of the RNA and centre of the base of the tower, respectively.

As can be observed from Table 3, a good agreement is achieved
when making a comparison between the present FEA model's re-
sults and the reference values reported in (Damiani et al., 2013), for
both deflections at the RNA and base of the tower, with an observed
maximum difference of 3.44% for deflection at the base of the
tower. Therefore, the validity of the present FEA model is further
confirmed. See Fig. 2(b).

3.3. Validation of the reliability SSA model

To validate the fact that the fatigue RI is sensitive to CoV, with
reference to Fig. 3 below in the current paper, it can be observed
that the RI recorded at CoV ¼ 0.095, CoV ¼ 0.1 and CoV ¼ 0.105
corresponds to RI ¼ 4, RI ¼ 3.9 and RI ¼ 3.8, respectively. In com-
parison, with reference to Fig. 11 in Ref. (Shittu et al., 2020a), it can
be observed that the RI recorded at CoV ¼ 0.095, CoV ¼ 0.1, and
CoV ¼ 0.105 corresponds to 4, 3.92 and 3.843, respectively. Hence,
the result obtained in the study matches very well with that ob-
tained in Ref. (Shittu et al., 2020a).

4. The application of the stochastic sensitivity analysis (SSA)
on the OWT support structure

In this section, the structural reliability sensitivities of stochastic
variables for the OWTsupport structure is assessed considering five
limit states, according to DNVeOSeJ101 (–J101 Design o, 2014). The
fully parametric FEA model presented in section 3.1 is employed in
developing the FEA model taking into consideration the stochastic
variables. The results are then post-processed using a non-intrusive
formulation developed for the purpose of SSA in this study (Shittu
et al., 2020a).

4.1. Limit state design criteria

As set-out in DNVeOSeJ101, it is important to safeguard the
structure against failure resulting from the violation of three limit
state conditions for OWT support structures, i.e., (1) ULS (ultimate
limit state), which involves designing for maximum loading-
carrying capacity (i.e. buckling and yielding stress); (2) FLS (fa-
tigue limit state), which entails safeguarding against failure



Table 2
Modal frequencies of the 10 MW OWT support structure (Shittu et al., 2020a).

Modal frequencies (Hz) Ref. (Damiani et al., 2013; JacketSE, 2016) Present %Diff.

1st fore-aft bending 0.21629 0.22297 2.99%
1st side-to-side bending 0.21320 0.21346 0.12%
2nd fore-aft bending 1.6561 1.5292 �8.29%
2nd side-side bending 1.0313 1.1602 11.11%

Fig. 2. 3D isometric view of the structural model's (a) first mode frequency and (b) total deformation at RNA elevation (Shittu et al., 2020a).

Table 3
Deformation in static analysis of the baseline 10 MW on jacket (Shittu et al., 2020a).

Load case Displacement at tower base

Mass/thrust Ref. (Damiani et al., 2013) Present % Diff. Ref. (Damiani et al., 2013) Present % Diff.
RNA/3.4 MN 1.2688 1.263 m �0.46% 1:6639� 10�1 1:6085� 10�1 �3.44%

Fig. 3. Variation of the fatigue reliability indices with CoV (design life ¼ 20 years).
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resulting from cyclic loads; and (3) SLS (serviceability limit state),
which implies attaining tolerance criteria (i.e. vibrations and de-
flections) acceptable for standard use. Thus, in this study, the
structural reliability sensitivity assessment of OWT support struc-
tures takes into consideration five design criteria, i.e. stress (ULS),
vibration (SLS), buckling (ULS), deformation (SLS) and fatigue (FLS).
The location within the structure where the reliability index (RI)
results are assessed is detailed in Fig. 4.
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4.1.1. Stress limit state
The ULS (ultimate limit state) defines the resistance of the

structure against yielding. In terms of the ultimate limit state, the
maximum stress in the support structure sVM; max should not
exceed the allowable stress limits sVM; allow. The Limit State Func-
tion (LSF) for the von-Mises criterion can be expressed as Eq. (8):

guðxÞ¼sVM;allow � sVM;max (8)

The allowable stress sVM; allow can be expressed as:

sVM; allow ¼ sy
gm

(9)

where sy is the yield strength, with a value of 355 MPa for steel
S355; gm is the material safety factor, with a value of 1.1 suggested
by DNVeOSeJ101 standard (–J101 Design o, 2014). Thus, the
allowable stress sVM; allow is 323 MPa.

4.1.2. Buckling limit state
The slenderness of the support structure coupled with the large

RNA mass and other forces at the tower top necessitates an
investigation of the risk of instability as a result of buckling. The
ultimate limit state static analysis results are employed as pre-
stress loads. The load multiplier Lm which is defined as the crit-
ical load divided by the present load applied, should exceed the
permissible load multiplier, Lm;allow in order to avoid failures. This
design criterion is given as:



Fig. 4. 3D structural model elucidating the critical location where reliability index results are evaluated (Shittu et al., 2020b; Shittu, 2020).
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Lm � Lm;allow (10)

According to the DNV standard (DNV, 2016a), 1.4 is adopted as
the Lm;allow value, in this study. The LSF for buckling criteria can thus
be expressed as:

gbðxÞ¼ Lm � Lm;allow (11)
4.1.3. Fatigue limit state
The fatigue limit state is a crucial phenomenon in OWT support

structures as they are subjected to significant cyclic loads. OWT
support structures normally have a long service period that may
exceed 20 years. This, in conjunction with the inspection intervals,
affects the reliability requirement of the jacket structural design.
According to the SeN curve method, the number of loading cycles
to failure, N, can be obtained by:

log N¼A�m log DS (12)

where A and m are the intercept and the slope of the SeN curve on
the log-log plot, respectively; DS is the stress range. The two pa-
rameters in Eq. (12), i.e. intercept A and slopem are generally given
by design standards, e.g. DNVGL-ST-0126. The LSF of fatigue reli-
ability assessment based on the SeN curve method can be
expressed as:

gf ; SN ¼ log N � log Nt (13)

where subscripts f and SN denote the fatigue limit state and SeN
curve method respectively; N is the number of loading cycles to
failure given by Eq. (12),Nt is the number of loading cycles expected
during the given design life. The number of cycles during the design
life Nt may be determined as a function of rated rotor speed nrated
and availability ha (98.5%) on the location chosen (Gentils et al.,
2017; Kühn, 1999). Therefore, considering a design life of 20
years, the number of cycles can be expressed as:
8

Nt ¼ ha:nrated
� ð20½year� �365½day = year� �24½hour =day� �60½min =hour�Þ

(14)

Theminimum fatigue safety ratio fsr;min must be greater than the
allowable fatigue safety ratio fsr;allow which is equivalent to the
product of one and the material PSF (Partial Safety Factor) gm;f for
fatigue:

fsr;min � fsr;allow (15)

Since the material's PSF for Fatigue Limit State is 1.15 (DNV,
2016a), fsr;allow is equivalent to 1.15. Hence, the LSF based on the
fatigue safety ratio can be expressed as

gf ;fsr ¼ fsr;allow � fsr;min (16)

For the calculation of the fatigue sensitivity index across the
nominal service life of the asset, a quasi-static approach is assumed,
where the annual reliability sensitivity index can be calculated and
plotted accordingly for the 20 years of consideration.
4.1.4. Deformation limit state
Excessive deflections influence the serviceability of OWT sup-

port structures and, therefore, should be avoided. The allowable
deflection dallow must exceed the maximum deflection dmax to
ensure overall structural stability. This can be expressed as:

dallow > dmax (17)

The LSF for deflection criteria can be expressed as:

gdðxÞ¼dallow � dmax (18)

The allowable deflection dallow is given by the following
empirical Equation as suggested by DNVeOSeJ101 (–J101 Design o,
2014):
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dallow ¼ L
200

(19)

where L is the height of the jacket.
4.1.5. Vibration limit state
One of the critical concerns for offshore wind turbines on jacket

support structures is the resonance phenomena. In order to design
the structure against such phenomena, the first eigen-frequency
f1st of the OWT support structure must be separated sufficiently
from rotor induced frequencies f1P and blade-passing frequency f3P.
A soft-stiff structural design whereby the modal frequency lies
between the rotor upper bound f1P (f1PH) and lower bound f3P (f3PL)
frequencies is presently themost usual and cost-effective design for
jacket. Therefore the resonance constraint could be expressed by
(Shittu et al., 2020a; Zwick, 2015; Damiani and Song, 2013; Gentils
et al., 2017):

f1PH � f1st � f3PL (20)

0:133� f1st � 0:233 (21)

The LSF for the resonance criterion at the rotor lower bound can
thus be expressed as,

grðxÞ¼ f1st � f1PH (22)

While at the rotor upper bound,

grðxÞ¼ f3PL � f1st (23)

The lower g-function value is chosen to be applied in the reli-
ability assessment.

The aero-elastic modelling concept applied in this study was
derived from other studies (Wang et al., 2014; Minguez, 2015; Jalbi
and Bhattacharya, 2020), which asserted that aerodynamic damp-
ing is the result of the relative velocity between the wind turbine
structure and the surrounding air. Aerodynamic damping depends
on the particular wind turbine and is inherent in aero-elastic load
model theories for analysing wind turbine rotors.
4.2. A non-intrusive formulation

The FEA model is used here to perform a series of FEA simula-
tions on the structure with the help of the design of experiments
(DoE) module in ANSYS (in the ANSYS DesignXplorer© facility).
From the simulations executed on the ANSYS DoE tool, the results
are imported into a MATLAB code that has been developed for
response surface modelling via the use of multivariate polynomial
regression (MPR). In brief, the analysis starts from the definition of
the system, associated limit state and determination of which
variables will be considered as stochastic in the analysis. Next, a
number of FEA simulations is executed by varying inputs and
recording outputs related to limit states in order to map the
response of the structure in the domain of stochastic variables. An
appropriate method is then selected in order to approximate the
response of the system and link output variables with global inputs.
Finally, the SSA is carried out employing the recursive FORM al-
gorithm. A flow chart of the non-intrusive formulation developed
for this study is presented in Fig. 5.

For time-variant limit states, such as fatigue, the steps detailed
in the foregoing should be followed in a recursive process calcu-
lating the reliabilities annually and hence the reliability for
different time periods can be quantified in a quasi-static way
(Ivanhoe et al., 2020).
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4.2.1. Multivariate regression
Regression analysis is a statistical process for establishing the

relationship between a dependent variable and one or more in-
dependent variables. Taking the Ultimate Limit State (ULS) stress
constraint as an example, the dependent variable (i.e. maximum
von-Mises stress, sVM;max) and independent variables (i.e. thrust
load x1, tilting moment x2, torsional moment x3, total hydrody-
namic load (wave) x4, soil 1 young's modulus x5, soil 2 young's
modulus x6, soil 3 young's modulus x7 and weight of RNA x8) are
assumed to have the following functional relationship:

sVM;max ¼ ½a0; a1; …; a16�

2
6666666666666666664

1
x1
x21
:

:

:

x8
x28

3
7777777777777777775

(24)

(a0;a1; …;a16) in Eq. (24) are 2nþ 1 regression coefficients for a
quadratic regression. For other types of limit states, i.e. deforma-
tion, buckling, vibration and fatigue, expressions similar to Eq. (24)
can be derived. Multivariate regression can be used to obtain the
regression coefficients for different limit states (Kolios, 2010). The
response surfaces for every single component can be produced, but
the results for the most critical will be presented here.

In this study, 300 stochastic FEA simulations were performed,
obtaining 300 sample sets. The R-square values obtained in the
Multivariate Polynomial Regression (MPR) analysis performed in all
cases were consistently higher than 0.95, which indicates the
success of the MPR. For stochastic simulations, the number of
samples is generally chosen between ð2nþ1Þ and 3n, where n is the
number of stochastic variables. The larger number of samples
generally enables more accurate results but at the expense of high
computational costs. In order to achieve accurate results, 300
simulations have been carried out in ANSYS herein, which is larger
than ð2n þ 1Þ, obtaining response values of 300 design samples
related to the different stochastic parameters chosen (Kolios et al.,
2018).

4.3. SSA

Consider the performance function of a component is Gðb; xÞ,
where b is the design variables and x is the vector of random var-
iables. When FORM is employed for reliability assessment, the
probability of failure is calculated as follows (Haldar and
Mahadevan, 1999):

Pf ¼1� FðbÞ (25)

where b is the RI and Fð ,Þ is the cumulative density function of the
standard normal distribution. Thus, the sensitivity of failure prob-

ability with respect to design variable
�
vPf
vb

�
can be expressed as:

vPf
vb

¼ � 4ðbÞ vb
vb

(26)

where vb
vb is the derivative of the safety index with respect to design

variable ðbÞ and 4ð:Þ is the density function of standard normal
distribution. One of the most crucial issues in the approximation of



Fig. 5. Flow chart of the modular non-intrusive SSA framework.
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sensitivity derivatives is the type of distribution function governing
the variables (Melchers, 1999). To address this issue, the input
variables are transformed to the normal standard space using the
change of variable using Rosenblatt transformation (Melchers,
1999; Ditlevsen and Madsen, 1996). Then, the variables are
entered into the algorithm as a vector of equivalent normal vari-
ables. This technique allows the algorithm to accommodate a wide
range of probabilistic distribution functions. For this purpose,
irrespective of the type of distribution function governing the
random variables involved, the standard normal form of variables
ðUÞ, which is widely applied in reliability analysis, is expressed as
(Nowak and Collins, 2012):

U¼ x� mx
sx

¼fU1;U2;…;UngT (27)

where mx and sx are the mean and standard deviation of random
variables, respectively. Hence, the performance function can be
rewritten based on standard normal variables in the form of Gðb;UÞ.
According to (Kwak and Lee, 1987) the derivative of b with respect
to design variable ðbÞ, as a general case, can be expressed as:

vb

vb
¼ l

vG
vU

vU
vb

(28)

where l, the Lagrange multiplier, can be calculated as:

l¼ � 1��vG
vU

�� (29)

Meanwhile, two scenarios are considered here:

� The design variable is the mean of the random variables
� The design variable is the standard deviation of random
variables

These two cases are examined separately in the next sub-
sections.
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4.3.1. Reliability sensitivity with respect to mean
Taking the mean of the random variables as the design variable,

b, Eq. (28) can be expressed as:

vb

vmx
¼ � 1��vG

vU

��
vG
vU

vU
vmx

(30)

The derivative vU
vmx

can be calculated from Eq. (27):

vU
vmx

¼ v

vmx

�
x� mx
sx

�
¼ � 1

sx
(31)

Employing the chain rule, the derivative vG
vU can be expanded as:

vG
vU

¼ vG
vx

vx
vU

¼ vG
vx

sx (32)

Substituting Eqs. (31) and (32) into Eq. (30), vb
vmx

can be simplified

as:

vb

vmx
¼ �

vG
vxsx��vG
vxsx

��
�
� 1
sx

�
¼

vG
vx��vG

vxsx
�� (33)
4.3.2. Reliability sensitivity with respect to standard deviation
In this section, taking the standard deviation of random vari-

ables as design variable, b, Eq. (28) is rewritten as:

vb

vsx
¼ � 1��vG

vU

��
vG
vU

vU
vsx

(34)

Using Eq. (27), the derivative vU
vsx

is calculated as:

vU
vsx

¼ � v

vsx

�
x� mx
sx

�
¼ �x� mx

s2x
(35)

Substituting Eqs. (32) and (35) into Eq. (34), vb
vsx

is obtained as:
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vb

vsx
¼ �

vG
vxsx��vG
vxsx

���
�
� x� mx

s2x

�
¼

vG
vx��vG

vxsx
��
x� mx
sx

(36)

In furtherance of the calculation, a RI should be defined. By
definition, RI is the minimum distance from the origin to the failure
surface. Coordinates of the point on the failure surface at a distance
shortest to the origin can be expressed as:

U* ¼ b cosðquÞ (37)

where cosðquÞ (or cosðqxÞ) denotes the direction cosine of the unit
outward normal vector (also known as the sensitivity vector ðaxÞ)
and is determined from (Xiao et al., 2011; Guo and Du, 2009):

cosðqxÞ¼ax ¼ �
vG
vxsx��vG
vxsx

�� (38)

Substituting Eq. (38) into Eq. (37), U* is calculated as:

U* ¼ � b
vG
vxsx��vG
vxsx

�� (39)

Now, if the term ðx�mxÞ
sx

in Eq. (36) is replaced by U*, Eq. (40) is
obtained:

vb

vsx
¼

vG
vx��vG

vxsx
���

0
B@� b

vG
vxsx��vG
vxsx

��
1
CA¼

�
vG
vx

�2
sx��vG

vxsx
��2 b (40)

The reliability sensitivities with respect to the mean and stan-

dard deviations, vb
vmx

, and vb
vsx

are used interchangeably as dBeta/dMu

and dBeta/dSigma, respectively in the rest of this paper. Sensitiv-
ities of failure probability with respect to the mean and standard
deviations.

vPf
vmx

, and vPf
vsx

(or dPf/dMu and dPf/dSigma) of the variables

involved can be calculated according to Eq. (26).
The above is used in developing an algorithm coded in MATLAB,

which is developed for the purpose of this study. Initially, in the
stochastic parametric FEA model, the loads were applied to the
structure in an uncoupled way ignoring fluid-structure in-
teractions, and the environmental parameters were used in eval-
uating the magnitude and distribution of the loads. In the present
study, these parameters are reintroduced into the stochastic model
and the equations incorporated in the LSF sub-routine model of the
FORM on implementation of the SSA.

The algorithm used in (Far and Huang, 2019) employed the
Advanced First Order Second Moment Method (AFOSM), which
have a number of limitations, such as not being suitable for non-
linear limit states. To address this problem, the iterative FORM al-
gorithm (successfully validated against the literature (Shittu et al.,
2020a)) has been incorporated into the SSA in this study. Better
beta index, as well as sensitivity estimates, were obtained, which
offers another solution to a drawback of the AFOSM.
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4.4. Stochastic variables

The nine (9) stochastic variables considered in this study are
presented in Table 4. The coefficient of variation (CoV) of all sto-
chastic variables was assumed to vary from 0.02 to 0.2 by a step
increase of 0.02 (V) Det Norske Veritas. (1992) except for the vari-
ables having Weibull distribution (Shittu et al., 2020a). The CoV
values were chosen based on guidance specified in design stan-
dards, among other sources such as (Shittu et al., 2020a; Velarde
et al., 2019; V) Det Norske Veritas. (1992). The OWT support
structure is very large and thus will exhibit nonlinearity as it is
exposed to high dynamic loads. Thus, to cover for such inherent
uncertainties, there is a need to assume appropriate uncertainties
derived from (Shittu et al., 2020a, 2020b, 2021a; Shittu, 2020;
Kolios andWang, 2018; Ivanhoe et al., 2020; Kolios, 2010; Al-Sanad
et al., 2021), which were measured in terms of the CoVs as adopted
in this study.
4.5. FORM (first order reliability method)

Having obtained the performance function from regression, the
FORM is used to calculate the RI b. The FORMHasofer Lind Rackwitz
Fiessler (HL-RF) algorithm as established in (Shittu et al., 2020a,
2020b, 2021a, 2021b; Shittu, 2020; Hasofer and Lind, 1974) is
applied in this paper.
5. Results and discussion

A key output of the SSA is a set of failure probabilities and
reliability indices for the analysed limit states. In this section, SSA of
the OWT support structure was performed, and the effect of the
structural response on the RI as the CoV is varied is studied and
depicted in Fig. 6(aee). It can be inferred that higher safety indices
were recorded for the buckling and deformation limit states. The RI
varied considerably for the vibration limit state, which is an indi-
cation that variability in the uncertainties has a drastic influence on
the safety index. While for the fatigue and deformation limit states,
the RI varied slightly and hence, an indication that variability in CoV
has no drastic influence on the safety index (i.e., compared to the
other limit states).

The reliability sensitivities based on the hyper-plane under
different variation coefficients are depicted in Fig. 7e16. From the
results in each Figure, it can be inferred that the reliability sensi-
tivity of each random variable is sensitive to its distribution pa-
rameters and the sensitivities between variables are comparable.
The reliability sensitivity is applied in determining the rate of
change in the reliability or failure probability due to changes in the
variables, such as means and standard deviations, of distributions.
The dimensionless sensitivities were computed to investigate the
degree of influence of the mean and standard deviation values for
each stochastic variable on the reliability of the structure (Far and
Huang, 2019; Xiao et al., 2011). Note that Fig. 7e16 each depicts
sensitivities of: (a) RI, beta (b)/POF (Pf ) to parameter means (m) (b)
RI, beta/POF (Pf ) to parameter standard deviations (s) for the stress,
buckling, fatigue, deformation, and vibration limit states and their



Table 4
Stochastic variables.

Description Mean Distribution types (Shittu et al., 2020a; Teixeira
et al., 2019; Wang et al., 2017; V) Det Norske
Veritas. (1992); Horn and Leira (2019); N 1990
Eurocode:, 2002)

Ultimate load case Fatigue load case

Wind speed, V (m/s) 55 20 Weibull
Tilting moment, MTilt (kN.m) 38,567 3687 Normal
Torsional moment, MTorsion (kN.m) 7876 3483 Normal
Significant wave height, H (m) 17.48 9.4 Weibull
Young's modulus of soil stratum 1, Es1 (MPa) 30 Normal
Young's modulus of soil stratum 2, Es2 (MPa) 50
Young's modulus of soil stratum 3, Es3 (MPa) 80
RNA Weight, WRNA (kg) 1,072,000 Normal
Peak wave period, T (s) 10.8 14 Lognormal

Fig. 6. Variation of the reliability indices with CoV: (a) stress (b) buckling (c) fatigue (design life ¼ 24 years), (d) deformation (e) vibration limit state.
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variation with CoV, respectively.
In Figs. 7(a) and 8(a), considering the stress limit state, the order

of magnitude of sensitivities with respect to change inmean values,
from highest to the lowest are as follows: V , H, T , MTorsional, ESoil1,
WRNA, MTilt , ESoil2, and ESoil3. While in Figs. 7(b) and 8(b), which is
with respect to change in standard deviation, are as follows: V , T , H,
MTorsional, ESoil1, MTilt , WRNA, ESoil2, and ESoil3. From Fig. 9(a) and
Fig. 10(a), considering the buckling limit state, the order of
magnitude of sensitivities with respect to change in mean values,
from highest to the lowest are as follows: V , H, T , WRNA, MTorsional,
ESoil1, ESoil3, MTilt , and ESoil2. While in Figs. 9(b) and 10(b), which is
with respect to change in standard deviation, are as follows: V , H, T ,
WRNA, MTorsional, ESoil1, ESoil3, MTilt , and ESoil2. From Figs. 11(a) and
12(a) considering the fatigue limit state, the order of magnitude of
sensitivities with respect to change in mean values, are as follows:
V , H, T , WRNA, MTilt , MTorsional, ESoil2, ESoil1, and ESoil3. While for
Figs. 11(b) and 12(b), which is with respect to change in standard
deviation, are as follows: V , T , WRNA, H, MTilt , MTorsional, ESoil2, ESoil3,
12
and ESoil1. From the foregoing, it can be inferred that the variable V ,
the wind speed, is more sensitive than the other variables in the
system considering the stress and buckling (ULS), as well as the
Fatigue Limit State (FLS). As can be observed, for the ULS and FLS,
the significant wave height and period are, in addition to the wind
speed, the main driving factors. In other words, the uncertainties in
the hydrodynamic load effects are only secondary compared to the
wind load effect. Therefore, in reliability-based design for the ULS
and FLS, we need to pay more attention to V than other variables.

Furthermore, in Fig. 13(a) and Fig. 14(a), for the deformation
limit state, the order of magnitude of sensitivities with respect to
the change inmean values are as follows: V , H, T ,MTors WRNA,MTilt ,
ESoil1, ESoil2, and ESoil3. While from Figs. 13(b) and 14(b), which is
with respect to change in deviation are as follows: T , V , H MTors,
WRNA, MTilt , ESoil1, ESoil2, and ESoil3. From Fig. 15(a) and Fig. 16(a),
considering the vibration limit state, the order of magnitude of
sensitivities with respect to change in mean values, are as follows:
V , H, T , WSelf , MTorsional, ESoil1, ESoil2, MTilt , and ESoil3. While in



Fig. 7. Sensitivities of parameter means and standard deviations with different coefficients of variation for the stress limit state.

Fig. 8. Sensitivities of parameter means and standard deviations with different coefficients of variation for the stress limit state.
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Figs. 15(b) and 16(b), which is with respect to change in deviation,
are as follows: H, V , T , WSelf , MTorsional, ESoil1, ESoil2, MTilt , and ESoil3.
From the foregoing, it can be inferred that there are inconsistencies
in the order of magnitude of the system reliability sensitivities for

the different cases (i.e. in vb
vm, and

vb
vs) considering each limit states.

Hence, the stochastic variable with the highest impact cannot be
clearly distinguished from the rest. However, V , T , and H;which are
hydrodynamic and wind parameters are dominant and are there-
fore considered as the key stochastic variables in reliability-based
13
design optimisation of the system considering the SLS criteria.
The percentage influence of each structural design variables on

the reliability corresponding to the limit states considered, is pre-
sented in Tables 5e9.

The sensitivity analyses can be used to improve estimated reli-
ability by identifying the variables that their CoV have the most
significant influence on estimated reliability. The estimated reli-
ability is enhanced by reducing the epistemic uncertainty of those
variables through, i.e. collecting more data to enable choosing



Fig. 9. Sensitivities of parameter means and standard deviations with different coefficients of variation for the buckling limit state.

Fig. 10. Sensitivities of parameter means and standard deviations with different coefficients of variation for the buckling limit state.
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appropriate probability distribution which better estimates the
variables, and in turn lead to a reduction in the values of standard
deviation or CoV. In other words, it is crucial to collect appropriate
information for wind variation across the site. This should account
for the performance of each unit (including factors such as wake
effects) as this can significantly alter performance and reliability
across the wind farm. For instance, from Fig. 10, and Fig. 16, the POF
sensitivities recorded a spike in values as the CoV tend towards
higher magnitudes. These behaviours show that the offshore
structure studied herein is non-linear, a typical characteristic of
14
complex structures. This further supports the claim that emphases
should be laid on acquiring highly accurate data on such structures
in order to reduce the inherent uncertainties.

Additionally, a case study is performed to investigate the effects
of correlation between the structural design stochastic variables on
the reliability indices of the different limit states considered. The
variables considered as correlated are the wind speed, tilting
moment and torsional moment, and the significant wave height
and peak wave period. The calculated reliability indices for the
different limit states as they vary with the variation in percentage



Fig. 11. Sensitivities of parameter means and standard deviations with different coefficients of variation for the fatigue limit state.

Fig. 12. Sensitivities of parameter means and standard deviations with different coefficients of variation for the fatigue limit state.
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correlation (0e90%) is depicted in Fig. 17(aee). As can be observed,
as the correlation between the wind parameters as well as between
the hydrodynamic parameters increases the reliability indices
calculated decreases. Also, the RI is sensitive to the percentage
correlation, and the ULS is calculated to be the highest. Therefore,
during structural design for the ULS, the correlation between the
different variables should be taken into account. The percentage
correlation computation concept as applied in this study was
derived from other studies such as in Refs (Shittu, 2020; Melchers,
1999; Ditlevsen andMadsen, 1996; Nowak and Collins, 2012; Shittu
15
et al., 2021a, 2021b). where the underlining principles were illus-
trated in great detail. Interactive effects between random variables
on the reliability sensitivity levels for the OWT support structure
can be derived from correlation coefficient equations described in
classical reliability engineering textbooks (Ayyub and McCuen,
2011; Choi et al., 2006).

The SSA framework developed will be an invaluable tool for
designers with respect to reliability-based design optimisation.
This will enable researchers to focus on the parameters with un-
certainties having a significant impact on the reliability and assume



Fig. 13. Sensitivities of parameter means and standard deviations with different coefficients of variation for the deformation limit state.

Fig. 14. Sensitivities of parameter means and standard deviations with different coefficients of variation for the deformation limit state.
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deterministic values for those having negligible influence. Offshore
wind industry practitioners can harness the capability of the
framework developed to address the problem of optimising the
CAPEX to OPEX ratio which is an issue of priority and hence allows
cost reduction activities needed to ensure structural safety and
efficient performance of the OWT foundation.

The developed model has an advantage of being easy to use
since it employs the well-established FORM unlike methods based
on the MCS, which required prohibitively large computational re-
sources to calculate very small values of failure probabilities for
16
complex structures as encountered in this study. Also, it can be
applied to problems of implicit performance function (i.e. requiring
FEA methods to solve such cases accurately). It should be noted;
however, that aero-servo-elastic codes such as GH BLADED, open-
FAST, FLEX5 and HAWC2 which are well-suited options to capture
the most important non-linear contributions and enable coupling
of the blade and generator with the support structure thereby ac-
counting accurately for fluid-structure interaction as established in
(Velarde et al., 2019; Morat�o et al., 2017, 2019; Ziegler and
Muskulus, 2016; Robertson et al., 2019; Hübler et al., 2017; Jiang



Fig. 15. Sensitivities of parameter means and standard deviations with different coefficients of variation for the vibration limit state.

Fig. 16. Sensitivities of parameter means and standard deviations with different coefficients of variation for the vibration limit state.

Table 5
Percentage (%) influence of structural design parameters on reliability correspond-
ing to the stress limit state.

Variables db
dm

db
ds

dPf
dm

dPf
ds

V 9.87Eþ01 1.00Eþ02 9.87Eþ01 1.00Eþ02
MTilt 2.96E-06 8.51E-07 2.96E-06 1.26E-06
MTors 8.57E-05 1.46E-04 8.57E-05 2.16E-04
Hs 7.13E-01 8.17E-03 7.13E-01 4.91E-03
ES1 4.40E-06 1.46E-06 4.40E-06 2.16E-06
ES2 6.01E-07 4.56E-08 6.02E-07 6.75E-08
ES3 2.81E-07 1.60E-08 2.81E-07 2.36E-08
WRNA 4.36E-06 5.14E-07 4.36E-06 7.60E-07
T 5.39E-01 1.03E-02 5.43E-01 1.52E-02

Table 6
Percentage (%) influence of structural design parameters on reliability correspond-
ing to the buckling limit state.

Variables db
dm

db
ds

dPf
dm

dPf
ds

V 9.62Eþ01 9.99Eþ01 9.62Eþ01 9.99Eþ01
MTilt 2.72E-06 5.20E-09 2.72E-06 2.05E-07
MTors 1.96E-05 5.48E-08 1.96E-05 2.16E-06
Hs 2.16Eþ00 7.91E-02 2.16Eþ00 7.91E-02
ES1 8.28E-06 3.73E-08 8.28E-06 1.47E-06
ES2 1.67E-06 2.54E-09 1.67E-06 1.00E-07
ES3 2.99E-06 1.30E-08 2.99E-06 5.12E-07
WRNA 3.03E-04 1.78E-05 3.03E-04 7.03E-04
T 1.64Eþ00 6.80E-04 1.64Eþ00 2.68E-02
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Table 7
Percentage (%) influence of structural design parameters on reliability correspond-
ing to the fatigue limits state.

Variables db
dm

db
ds

dPf
dm

dPf
ds

V 9.69Eþ01 4.06Eþ01 9.75Eþ01 7.20Eþ01
MTilt 4.70E-05 3.07E-02 4.84E-05 1.44E-02
MTors 2.63E-05 9.00E-03 2.70E-05 4.23E-03
Hs 1.42Eþ00 3.91E-02 1.43Eþ00 6.94E-02
ES1 3.34E-06 1.25E-03 3.43E-06 5.87E-04
ES2 3.61E-06 2.44E-03 3.71E-06 1.15E-03
ES3 2.68E-06 2.16E-03 2.76E-06 1.01E-03
WRNA 1.71E-04 1.17Eþ00 1.76E-04 5.50E-01
T 1.68Eþ00 5.82Eþ01 1.03Eþ00 2.73Eþ01

Table 8
Percentage (%) influence of structural design parameters on reliability correspond-
ing to the deformation limit state.

Variables db
dm

db
ds

dPf
dm

dPf
ds

V 6.75Eþ01 6.01Eþ00 6.71Eþ01 5.80Eþ01
MTilt 2.22E-05 6.29E-04 2.21E-05 2.35E-04
MTors 1.81E-04 8.55E-03 1.81E-04 3.20E-03
Hs 1.88Eþ01 7.32E-01 1.87Eþ01 7.07Eþ00
ES1 1.67E-05 2.75E-04 1.66E-05 1.03E-04
ES2 4.73E-06 3.69E-05 4.71E-06 1.38E-05
ES3 2.51E-06 1.67E-05 2.50E-06 6.23E-06
WRNA 9.25E-05 3.01E-03 9.20E-05 1.13E-03
T 1.37Eþ01 9.32Eþ01 1.42Eþ01 3.49Eþ01

Table 9
Percentage (%) influence of structural design parameters on reliability correspond-
ing to the vibration limit state.

Variables db
dm

db
ds

dPf
dm

dPf
ds

V 3.88Eþ01 4.30Eþ01 3.88Eþ01 3.68Eþ01
MTilt 9.02E-06 6.96E-07 9.02E-06 4.37E-06
MTors 1.55E-03 4.21E-03 1.55E-03 2.64E-02
Hs 3.49Eþ01 5.44Eþ01 3.49Eþ01 4.65Eþ01
ES1 5.03E-04 1.68E-03 5.03E-04 1.06E-02
ES2 3.02E-04 1.01E-03 3.02E-04 6.36E-03
ES3 1.18E-06 2.48E-08 1.18E-06 1.56E-07
WSelf 5.62E-03 4.91E-01 5.62E-03 3.08Eþ00
T 2.63Eþ01 2.15Eþ00 2.63Eþ01 1.35Eþ01
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et al., 2017) is recommended for future study. Also, limitations to
the developed approach, which is an approximation method rather
than an exact solution and may lead to loss of information and
restrict the domain of stochastic variables are identified. According
to (Velarde et al., 2019), for non-linear models involving a large
domain of stochastic variables, the sensitivity measured at a spe-
cific reference point whilst using the derivative-based approach
18
may be invalid over the entire input space. Problems of too highly
non-linear performance functions may result in inaccurate results
since the more the nonlinearity of an LSF the larger the errors will
be.
6. Conclusion

This paper presented a methodology for the sensitivity assess-
ment of the inherent stochastic variables often imposed on typical
complex OWT support structures due to harsh environments.
Sensitivity refers to the most critical variables that can radically
impact on the reliability performance of the structure. The reli-
ability of the structure can be improved by reducing the un-
certainties by virtue of statistical parameters for the structural
design variables having an insignificant impact on the reliability.
The proposed method was used to investigate the influence of
several stochastic variables on the reliability of the structure. This
proposed non-intrusive method involves a sequence of steps that
incorporates responses obtained from parametric FEA with the
iterative FORM-based SSA via multivariate quadratic polynomial
regression for the approximation of more reliable levels of sensi-
tivities with respect to the various stochastic variables. The SSA
adopts an approach that determines the search direction based on
function gradients.

For the ULS, themost sensitive variable, thewind speed, V is 94%
more sensitive than the second most influencing variable, the wave
height, Hs considering reliability sensitivities with respect to the
mean, and 99% considering reliability sensitivities with respect to
standard deviation. For the FLS, themost sensitive variable, V is 95%
more sensitive than the second, T considering the reliability sen-
sitivities to themean, and 45% considering reliability sensitivities to
the standard deviations. While for the SLS, the most sensitive var-
iable, V is 49% higher than the second, hydrodynamic effects
considering reliability sensitivities to the mean, and the most, the
hydrodynamic effects higher than V with 33% considering reli-
ability sensitivities to standard deviation.

In this study, it is revealed that the key structural design vari-
ables to be considered for Reliability-Based Design Optimisation
(RBDO) are the wind speed, significant wave height and peak wave
period for all design limit states studied. Moreover, it can be
concluded that the influence of weight, torsional moments result-
ing from aerodynamic loads as well as that of soil-structure in-
teractions of the first soil strata is not insignificant for all the
considered limit states. The influence of the other structural design
variables considered stochastic in this study: the significance of
uncertainties in the second and third soil strata, as well as the
tilting moment, can be considered negligible. Also, the study
ascertained how important the correlation between structural
design variables is to the reliability of the OWT support structure.



Fig. 17. Variation of reliability indices with change in percentage correlation for: (a) the stress (b) buckling (c) fatigue (d) deformation (e) vibration limit states.
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