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ARTICLE INFO ABSTRACT

Keywords: The present study aims to develop a novel methodology for the fatigue reliability analysis and design for a
Offshore wind floating offshore wind turbine substructure using its fully coupled nonlinear dynamic responses in the time
Floating

domain. The developed methodology offers a computationally efficient yet robust assessment for designing

E;;plllid AHSE fatigue-critical welded joints on floating substructures. The methodology starts with the sea state selection based
Fraiure on the fatigue damage contribution of all the sea states in the scatter diagram. To this end, the dynamic response
Structural reliability is analysed by fully coupled aero-hydro-servo-elastic simulations using OpenFAST. The resulting short-term fa-
Monte Carlo simulation tigue loading is then used to estimate the hotspot stress history using the analytical solution for global structural
Bootstrapping analysis and the empirical solution for the stress concentration factor. The long-term fatigue damage is calculated

as the joint probability-weighted sum of the short-term fatigue damage using Palmgren-Miner’s linear damage
rule. Afterwards, the selected sea states are used to perform dynamic response simulations with multiple random
seeds, ensuring no significant accuracy loss. To obtain the probabilistic fatigue life prediction, a novel time-
domain fatigue reliability analysis algorithm is developed based on the bootstrapping method, which creates a
pool of short-term fatigue responses with different random seeds and combines them within a Monte Carlo
Simulation. Finally, the fatigue reliability analysis considering the S-N and damage-tolerant approaches for
design is carried out.

address the intermittency pitfall of renewable energy, which is trans-
formative for the renewable energy sector in terms of energy resilience
[1,2].

The semisubmersible is the preferred substructure for floating
offshore wind turbines (FOWT) owing to its inherent static stability by
distributing buoyancy widely, less restrictive draft for port access, and
streamlined installation and transportation process. Nevertheless, the
high cost of manufacturing, including raw materials and labour, is an
obstacle to overcome to achieve the desired levelised cost of energy. To
this end, design optimisation that ensures structural integrity
throughout service life with minimal cost is vital.

A point of concern for such structures is the welded-tubular joints
connecting the central column to the side columns, as they are subjected
to a high number of cycles due to both wind and wave-induced load
cycles during service life. This brings forward the high-cycle fatigue as
driving design consideration for hotspots around the welded joint with a
potential to initiate cracks, as highlighted by DNV [3]. Moreover, a
decentralised semisubmersible FOWT concept accommodating
hydrogen production and storage on the top of side columns raises safety

1. Introduction

In pursuit of the UN’s vision for tackling the energy trilemma —
sustainable, affordable, and reliable energy for all, offshore wind has
become a crucial sector within the renewable energy landscape. The
offshore wind industry’s success was predominantly fuelled by govern-
ments’ incentives, eased financing, and cost reduction in manufacturing
and construction, resulting in a low entry barrier for many private en-
tities. However, the economic conjuncture changes as financial costs
increase, and a future with lower government incentives is envisioned.
Therefore, the offshore wind industry needs to make significant strides
on the manufacturing and construction cost front whilst fully harnessing
the offshore wind potential.

Floating offshore wind turbines play a crucial part in this challenge
because they are uniquely positioned to tap into unexploited deep
offshore sites with less turbulent wind potential, i.e. higher capacity
factors. Furthermore, innovative solutions integrating floating sub-
structures with green hydrogen production and storage units can
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Nomenclature
UN United Nations
FOWT  Floating Offshore Wind Turbine

DNV Det Norte Veritas

AHSE Aero-Hydro-Servo-Elastic
MCS Monte Carlo Simulation
S-N Stress-Life

DTD Damage-tolerant Design
TLP Tension-Leg Platform

PRISMA Preferred Reporting Items for Systematic Reviews and
Meta-Analyses

ABS American Bureau of Shipping

IEC International Electrotechnical Commission
0&G Oil and Gas

CFD Computational Fluid Dynamics

PICO Population, Investigation, Comparison, and Outcomes
IEA International Energy Agency

NREL National Renewable Energy Laboratory
DOF Degree of Freedom

FD Fatigue Damage

RFC Rainflow Counting

SCF Stress Concentration Factor

SIF Stress Intensity Factor

FORM  First-order Reliability Method

SORM  Second-order Reliability Method

FCG Fatigue Crack Growth
TwrBsMy Bending Moment at the Tower Base

H; Significant Wave Height

T, Peak Period

Vs Expected (Mean) Wind Speed

Aoyss Hotspot Stress range

AGnominat Nominal Stress range

p Diameter Ratio

T Thickness Ratio

Y Slenderness Ratio

§40.9)] Limit State Function for Stochastic Variable Vector X

n; Number of Cycles Occurred at i Stress Range

Ny Number of Cycles to Failure at i Stress Range

Py Probability of Failure

Xss Modelling Uncertainty Related to Sea State Selection

Xscr Modelling Uncertainty Related to SCF

Xsip Modelling Uncertainty Related to SIF

Xera Modelling Uncertainty Related to Global Load and Stress
Calculation

Xrce Modelling Uncertainty Related to Fatigue Crack Growth

AK Stress Intensity Factor Range

AKesr Effective Stress Intensity Factor Range

ag Initial Crack Size

a. Critical Crack Size

ap/co Aspect Ratio

Aa; Crack Growth Rate

A The Paris Law coefficient

Cp The Wheeler retardation coefficient

a; Direction Cosine

S Sobol Index

concerns and emphasises the importance of effective fatigue design for
such mission-critical structural details.

To address the pressing issue explained above, this study contributes
to the literature by developing a reliability-based fatigue design meth-
odology for floating offshore wind turbine substructures. The developed
methodology integrates actual metocean data and state-of-the-art
nonlinear Aero-Hydro-Servo-Elastic (AHSE) simulations with well-
established local stress calculation processed within a probabilistic
assessment framework. The areas where the study goes beyond the
common well-established practices are the sea state selection algorithm
developed to reduce the number of AHSE simulations and the boot-
strapping technique implemented into the Monte Carlo Simulation to
perform efficiently the structural reliability analysis based on the time-
domain responses. Thereby, the methodology offers a computationally
efficient yet robust assessment for designing welded-tubular joints on a
FOWT substructure accounting for uncertainties based on the stress-life
(S-N) approach and fracture mechanics approach i.e., damage-tolerant
design (DTD).

The significant contribution of the present study stems from the
corrections it provides to the conventional fatigue reliability analysis
that are more suitable for ship and offshore Oil & Gas structures, but not
so ideal for FOWT substructures due to the fully coupled nonlinear dy-
namic structural response. The first correction is related to the sea state
selection for which the common approach is to use the probability of
occurrence to select a group sea state representing long-term fatigue
loading. However, this very rough estimate on the representative sea
states is quite flawed because even a low probability does not always
necessarily mean a low fatigue damage contribution. For this reason, our
fatigue reliability analysis methodology involves a sea state selection
algorithm that is fatigue damage contribution-based rather than
probability-based, for both the S-N and DTD approaches.

The second correction is about the fatigue reliability analysis for
which the conventional approach used for ships or Oil & Gas platforms
would be performing the analysis based on the expected hotspot stress

range that represents the long-term stress range distribution considering
a limited number of sea states with only one random seed for the dy-
namic response analysis (or even spectral-based neglecting non-
linearities). This conventional methodology involves a much bigger
assumption with respect to load and stress exposure of the structure and
it does not account for the variable amplitude loading as well as the
effect of different random seeds, which is critical for the successful
design of FOWT substructures. The main objective of the present study is
to develop a methodology that corrects the shortcomings of the con-
ventional method related to stress ranges in an efficient way by simu-
lating the nonlinear dynamic structural response of FOWT using fewer
sea states with a sufficient number of random seeds.

1.1. Systemic literature review protocol

A systematic literature review enables a structured approach to re-
view existing literature on a specific topic of interest in a transparent and
reproducible manner. It starts with formulating a clear and focused
research question, followed by locating the studies from a complete
database, selecting, and assessing the quality of the studies, and ending
with the synthesis and critical discussion of results. Applying relevant
keywords in four phases enables filtering out the most pertinent studies,
nonetheless, ensuring all relevant literature is captured. In this study,
the systematic literature review employs the PICO framework to
formulate the research question and the PRISMA framework to screen
and synthesise the relevant literature. Fig. 1 illustrates the protocol
followed to perform the systematic literature review in detail.

A bibliometric analysis can support the screening process, presenting
objectively the development of important research subfields and appli-
cations within the scope of the overarching research question. Fig. 2
presents changes in the research focus with respect to the fatigue design
of offshore wind support structures in the last twenty years (2002-2023)
based on the Web of Science (WoS) database. The results of the biblio-
metric analysis infer that there is a dramatic increase in the number of
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Fig. 1. Systematic literature review protocol.

studies related to the fatigue design of offshore wind turbine structures,
which was initially driven by fixed-bottom structures, whereas the
floating structures have gained attention, especially in the last few years.
The chart on the top right shows the change in the number of studies
related to fatigue design of floating substructures in two categories: a)
fatigue loading analysis and b) fatigue damage analysis. There is a
considerable amount of effort put into examining the nonlinear dynamic
response of these floating substructures due to the complex coupling
effect of environmental loading (wind, wave, current, etc.), mooring,
control dynamics, and structural dynamics. Besides, addressing fatigue
load by controlling wind turbine operation has recently gained impor-
tance. Last but not least, the design-oriented S-N approach is the more
widely used approach in assessing the accumulated fatigue damage and
fatigue life for FOWT substructures.

The present study finalises the systematic literature review by syn-
thesising the findings from the selected studies in the form of a critical
discussion. The critical discussion aims to evaluate the current state of
the research field, “Reliability-based Fatigue Design Methodology for
FOWTs” and identify gaps and emerging research directions in order to

support the motivation of the present work.

1.2. Literature review and critical discussion

Offshore wind structures must be designed against cumulative fa-
tigue damage failure caused by cyclic loading over their service life. To
this end, the fatigue limit state can be defined by classification societies
and industrial authorities such as DNV [3], ABS [4], and IEC [5],
considering both fatigue loading and resistance aspects. These classifi-
cation societies have traditionally recommended the stress-life (S-N)
approach to deal with fatigue damage accumulation under the
high-cycle loading regime, as the S-N approach is suitable for structures
containing small defects under low load levels, i.e., elastic stress levels
[6]. However, it is worth mentioning that most fatigue failures in
offshore oil and gas structures stem from abnormal initial defects caused
by welding processes and corrosion fatigue [7].

Alternatively, damage-tolerant design (DTD) is a fracture mechanics-
based design approach dealing with the very nature of fatigue cracking
under cyclic load. The DTD approach offers a better progressive damage
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Fig. 2. Results of bibliometric analysis between 2003-2023.

modelling accounting for the effects such as corrosion [8,9], load
sequence and retardation effects [10,11], and material properties
characterisation [12]. Although a sophisticated damage model offers a
more accurate fatigue life of the structure, the modelling uncertainty, in
turn, fatigue life prediction increases. Thus, regardless of the opted
design approach, S-N or DTD, a probabilistic structural integrity
assessment accounting for wuncertainties is vital for making
better-informed decisions with respect to design [13,14], inspection
planning [15] and end-of-life strategies [16].

For offshore wind structures, especially for floating ones, the
coupling effect between wind and wave-induced loading is critical for
the dynamic behaviour of the floating substructure [17], which directly
influences the stress ranges and accumulated fatigue damage [18].
Although wind-induced loading is the dominating factor for fatigue
consideration during operational conditions, as Xu et al. [19] argued,
the contribution of wave-induced loading to the total fatigue damage
can increase dramatically during sea states with high significant wave
height. In this regard, Marino et al. [20] reported a substantial under-
estimation of the fatigue load due to the linear wave modelling during
the parked condition.

In light of the discussion given above, the fully coupled time-domain
load and structural response analysis using multi-physics numerical
tools is the prescribed practice despite the computational effort as it
captures the coupling effects arising from aerodynamic, hydrodynamic,
elastic structural response, control systems, and boundary conditions
[21]. Spectral-based and closed-form approaches offer practical alter-
natives to the time-domain solution, albeit with typically more conser-
vative fatigue life estimates. Thus, these methods are useful for the
initial screening purpose, pinpointing critical hotspots on complex steel
structures with multiple welded-tubular joints [14].

The long-term fatigue damage assessment requires substantial
computational effort due to the sheer number of numerical simulations
performed to fully coupled dynamic responses in the time domain under
several different environmental scenarios. In addition to this, these
simulations need to be repeated numerous times for robustness in dy-
namic response and fatigue life calculations. To address this issue, Li and
Zhang [22] suggested implementing a canonical vine (C-vine) copula

model to represent the multivariate dependence of environmental con-
ditions (wind speed and wave height) and an artificial neural network to
predict short-term fatigue damage from the selected environmental
parameters. Song et al. [23] also employed the C-vine copula method to
develop a probabilistic model of environmental conditions with
dependent parameters; however, the study’s focus was primarily on the
separation and segmentation of the metocean data prior to the C-vine
copula method. This is particularly critical for the metocean data
exhibiting non-stationarity behaviour due to seasonal variations and
extreme weather effects (typhoons). The results of these two studies are
significant, especially within the scope of probabilistic fatigue damage
assessment. Although these studies are promising, it is worth noting that
such an approach requires extensive and varied datasets to ensure ac-
curacy in diverse environmental conditions.

Apart from the number of environmental conditions and statistical
nature, there is also a sampling challenge due to the infinite potential
load conditions. Using the bootstrap method, Song et al. [19] quantified
the uncertainty associated with a finite number of load conditions
considered in fatigue damage assessments. The study demonstrated that
the uncertainty in the finite sampling of environmental conditions was
significant enough to be included in the probabilistic fatigue damage
assessment. By building upon the probabilistic model of environmental
conditions [24] and the uncertainty analysis [23], Song et al. [25] later
determined the representative load conditions to reduce the uncertainty
by the Generalised F-discrepancy of the point set. Like the present study,
integrating the Generalised F-discrepancy and copula method targeted
the robustness of the time-domain fatigue damage assessment per-
formed for FOWTs. Another study that acknowledged the uncertainties
associated with environment load calculation and analysed their effect
on fatigue reliability was reported by Hegseth et al. [26]. Hegseth et al.
[26] showed that reliability-based fatigue design methodology could
reduce the capital cost of the support structure by up to 11 %, which is
considerable considering that the study merely focused on the random
variables related to the environment load calculation (e.g. turbulence
intensity, wind-wave misalignment, wind directional distribution, and a
two-peak wave spectrum).

Wiley et al. [27] recently conducted a comprehensive sensitivity
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analysis including 35 input parameters driving the structural design of
the OC4-DeepCwind semisubmersible FOWT. The study concluded that
turbulent wind velocity standard deviation was the parameter with the
strongest global sensitivity as well as it contributes the most to the
fatigue-proxy load. The study also observed the impact of random seeds
on the sensitivity analysis eliminated after 20 random seeds; however,
20 random seeds for a fatigue damage assessment covering the whole
scatter diagram most likely to require a very significant computational
effort. Not for a floating OWT support structure but for a jacket one,
Zwick and Muskulus [28] looked at the impact of multiple random seeds
on the variability damage equivalent load (fatigue-proxy load) and
showed that an uncertainty interval of + 5 % is covered with 87.1 %
and 94.9 % probability using 6 random seeds and 10 random seeds,
respectively. Okpokparoro and Sriramula [29] suggested a coefficient of
variation of nearly 20 % to the uncertainties incurred as a result of using
6 random seeds in the reliability analysis of FOWT dynamic cables.

These studies mentioned above demonstrate the importance of
employing multiple random seeds in the fatigue damage assessment,
nevertheless, the studies also indicate that there is an upper limit to
which the benefit of using multiple random seeds diminishes. Such
sensitivity analyses similar to the studies mentioned above require a
significant amount of computational effort especially, this is arguably
one of the reasons why the scope of the sensitivity analysis has not been
extended to the fatigue reliability analysis. In addition to the above, the
effect of environmental load uncertainty on fatigue reliability has been
discussed in review studies such as [30,31]; however, these studies do
not provide any quantitative results alongside such discussion.

There is a trade-off between the computational effort and accuracy
for the time-domain fatigue damage assessment of a FOWT. In this re-
gard, Miiller and Cheng [32] adopted a quasi-random sampling based on
Sobol sequences to reduce the number of Monte Carlo simulations
needed to estimate the fatigue reliability of the FOWT. As suggested by
Miiller et al. [33], the Latin Hyper Cube random sampling within the
Response Surface Method, or importance sampling and adaptive sam-
pling within the MC simulation, and machine learning-based surrogate
models [34] are other ways to reduce the computation effort for the
fatigue reliability analysis.

In addition, the simulation length is an overlooked yet crucial factor
influencing the computational cost-efficiency of fatigue damage
assessment of FOWT. Haid et al. [35] assessed suitable simulation
lengths for FOWTs and concluded that longer simulations did not lead to
increased loads, indicating that the standard 10-minute simulation
might be adequate for FOWTs. These results conflict with the
well-established 3-hour simulation practice of the offshore O&G in-
dustry. An explanation could be that the contribution of the aero-
dynamic loads is expected to be higher than the hydrodynamic loads for
the majority of the operating wind speed range; therefore, a 10-minute
simulation depicting aerodynamic loads fully could suffice for FOWTs.
More research is needed to confirm the results reported by Haid et al.
[35], though.

Both the amplitude and frequency of environmental loadings influ-
ence the extent to which the wind- and wave-induced loads contribute to
the total accumulated fatigue damage. At the rated wind speed, the
thrust load, thus overturning bending moment, reaches its peak,
resulting in a higher contribution from the wind-induced loading.
However, wave-induced loadings are expected to be predominant as
wave heights increase [36].

In terms of frequency, the second-order wave loads at lower fre-
quencies can considerably affect the dynamic behaviour of FOWTs by
inducing resonance at the eigenfrequencies of the floating substructure,
as suggested by Zhao et al. [37]. Further, Zhao et al. [37] concluded that
the effect of second-order wave loads would differ depending on the
offshore wind turbine capacity as well as the floating substructure. The
study performed by Cao et al. [38] also confirmed that at lower fre-
quencies, second-order wave loads excite the pitch motion of the
floating semisubmersible, leading to more serious fatigue damage. This
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is particularly important as second-order loads exhibited quadratic re-
lationships with the significant wave height, which was claimed by Mei
and Xiong [39], showing underestimated fatigue damage during
extreme sea conditions when second-order hydrodynamic loads are
ignored.

To improve the accuracy of available engineering models, Li and
Bachynski-Poli¢ [40] developed quadratic transfer functions based on
the high-fidelity CFD model, whilst an uncertainty assessment of the
impact of wave on the loading based on experimental data was pre-
sented by Robertson and Wang [41] to help validate numerical models
with different levels of fidelity. Like wave-induced load modelling,
wind-induced loading modelling can cause significant variation
depending on the underlying assumptions of the modelling techniques.
For instance, Doubrawa et al. [42] estimated that both Kaimal Spectrum
Exponential Coherence and Mann turbulence models overpredicted fa-
tigue loading in high wind speed scenarios by over 25 % and under-
predicted it in low wind speed scenarios by nearly 20 %, whilst Putri
et al. [43] observed near 30 % higher fatigue damage-equivalent load
for the tower torsional moment for a very unstable atmosphere than
neutral conditions, which points out the yaw mode of the semi-
submersible FOWT.

Further to the physical and modelling uncertainties of the environ-
mental loads of a FOWT, the short-term and long-term fatigue loading
and damage are considerable variability due to phenomena, such as
wake effects [44,45], operational conditions [46], wind-wave in-
teractions [47] and directionality [48], slamming loadings [49],
hydro-elastic behaviour of the large floating substructure [50,51], and
fatigue loading control [52-56].

The success of accurate fatigue life predictions of FOWT is strongly
contingent upon how well its dynamic behaviour is modelled. Unlike
structural analysis under extreme events for the ultimate load limit state,
fatigue analysis requires an extensive number of dynamic response an-
alyses, covering the full scatter of sea states. According to the review by
Otter et al. [57], the current state-of-the-art engineering models can
offer low-fidelity to high-fidelity tools appropriate for innovative design
where further optimisation is needed. To name a few examples, Matha
et al. [58] analysed the coupled dynamic behaviour and performed the
fatigue design of a concrete spar-type FOWT. Similar studies were
conducted for a variety of different innovative substructures for FOWTs,
such as tension leg spar-type [59], semisubmersible [60], Triple-Spar
[61], and fully flexible TLP [62]. As stated by Otter et al. [57], there
is an ongoing development using high-fidelity models to replace phys-
ical scale model testing when possible to accelerate the conceptual and
preliminary design of FOWT.

By conducting a probabilistic fatigue damage assessment, i.e. fatigue
reliability analysis, the uncertainties associated with the physical vari-
ability, modelling and measured data can be accounted for. However, so
far, only a few studies have addressed fatigue analysis using probabi-
listic methods. Balli and Zheng [63] employed a pseudo-coupled
approach to the fatigue assessment of VolturnUS-S semisubmersible
FOWT, showing that long-term fatigue damage is quite sensitive to the
changes in the main configuration of the substructure.

Although the fatigue analysis in the studies discussed above was
based on the S-N design approach, the methodology introduced and
underlying understanding regarding the load and numerical modelling
uncertainties in these studies also applies to the DTD approach. In fact,
Hegseth et al. [26] illustrated a rare example of fatigue reliability based
on fracture mechanics for FOWTs, considering inspection planning
adopted from the O&G industry’s well-established structural integrity
management procedure. In this regard, a note of caution can be the
choice of initial crack size and the Paris Law coefficient, as these sto-
chastic variables can cause significant variability in fatigue life [14,64].

The comprehensive literature review presented above revealed there
are only a few studies so far, such as [23,24,26,32], addressing the
probabilistic fatigue damage i.e. fatigue reliability of FOWT structures
even though there is a significant consensus in the literature that a
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FOWT’s long-term dynamic structural response cannot be treated simi-
larly to the conventional marine structures due to coupled
Aero-hydro-servo-elastic dynamics. Therefore, the cost reduction that
might be achieved by a probabilistic fatigue design is not completely
explored yet, which puts the present study in a very strategically sig-
nificant position.

The study presents the developed methodology in several phases,
each of which tackles sub-objective and constituent tasks within a sec-
tion. Section 2 gives an overall view of the methodology, the reference
FOWT structure and model validation, which is followed by Section 3
delineating the relevant sea state selection to perform short-term fatigue
loading analysis. Section 4 addresses the short-term structural response
whose results are used to perform the fatigue damage assessment in
Section 5. Subsequently, Section 6 explains the fatigue reliability anal-
ysis based on Monte Carlo Simulation (MCS) by explicitly representing
the uncertainties through independent random variables. Section 6 also
discusses two primary design philosophies: the stress-life (S-N) and
damage-tolerant design (DTD) approaches. Lastly, Section 7 concludes
the paper with final remarks and suggestions for future work.

2. Methodology

2.1. Methodology for fatigue reliability analysis based on time-domain
simulations

The developed methodology is structured in multiple phases and
commences with a data preprocessing of metocean, offshore site and
structural configuration data. This phase is followed by the sea state
selection process that chooses the sea states contributing the most to the
accumulated fatigue damage, aiming to reduce the computational effort
needed in the probabilistic long-term fatigue damage assessment. The
examined full scatter is limited by the operating wind speed range (3 m/
s — 25 m/s) for the fatigue limit state requisites [5].

In the long-term fatigue damage assessment covering a full scatter, 1-
hour aero-hydro-servo-elastic (AHSE) simulations are carried out to
obtain the bending moment at the tower base near the fatigue-critical
tubular joint in question; subsequently, the hotspot stress-time history
is derived by obtaining nominal stress using the analytical solution for
the global structural analysis and combining it with the empirical stress
concentration factor recommended by DNV [3].

Afterwards, the rainflow counting algorithm is used to count the
stress ranges occurring over the course of service life for a given sea
state, and the long-term fatigue damage is calculated by summing up the
short-term fatigue damage associated with each sea state weighted by
the probability of occurrence of the sea state throughout service life,
which is given by the metocean data, as recommended by DNV [3].

The algorithm developed here to select sea states requires a threshold
value between 0-100 per cent. For instance, a threshold value of 96 %
means that the algorithm chooses the number of sea states that would
guarantee a minimum of 96 % of the accumulated fatigue damage if all
states were counted. Such a feature allows for a significant computa-
tional cost reduction with minimal accuracy loss, which can be
accounted for later in the fatigue reliability assessment. Moreover,
having fewer sea states increases the feasibility of performing the AHSE
simulation with multiple random seeds, which has utmost significance
in the probabilistic fatigue damage assessment using exact solutions
such as crude Monte Carlo Simulation (MCS). Provided that there is not
a statistically significant difference between the calculated fatigue
damage using the considered simulation lengths, a number of random
seeds higher than IEC [5] suggests can be used to ensure robustness in
the bootstrapping method technique in MCS.

In the postprocessing phase, the bootstrapping technique is explored
to produce an extensive number of combinations of short-term responses
upon which the long-term fatigue damage can be calculated probabi-
listically. The study performs a fatigue reliability analysis using crude
MCS with random sampling accounting for uncertainties such as
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material’s fatigue strength, measurement, environmental condition,
multi-physics modelling, global and local stress calculations, and dam-
age modelling. Furthermore, two prominent design philosophies are
compared: the stress-life (S-N) approach and the damage-tolerant design
(DTD) approach. Fig. 3 illustrates the methodology introduced for
reliability-based fatigue analysis and design for FOWTs in three phases:
Preprocessing (data integration and analysis), Simulation (AHSE simu-
lation and short-term fatigue damage assessment), and Postprocessing
(structural reliability analysis based on MCS with bootstrapping).

2.2. Reference structure

The present study uses the “UMaine VolturnUS-S” semisubmersible
platform as the reference floating substructure to support the 15 MW
wind turbine developed by IEA [65]. Regarding the fatigue-critical
structural detail to be designed, the welded-tubular joint at the tower
base is chosen since the predominant wind-induced loading is distrib-
uted to the side columns through these tubular connections. Also, the
failure of one of these tubular joints disrupts the whole operation of the
offshore system at best and leads to catastrophic collapse at worst.

Fig. 4(a) illustrates the 15 MW “UMaine VolturnUS-S” FOWT and the
dimensional and non-dimensional geometrical details of the structural
detail are shown in Fig. 4(b). The non-dimensional geometrical details
are particularly important for the empirical stress concentration factor
equations to calculate local stress. Moreover, Table 1 presents the gen-
eral system properties and the analysed structure’s dimensions.

2.3. Site characteristics (Metocean data)

The offshore site planned for the deployment of the floating offshore
wind turbine is situated within the Scottish sectoral marine plan, namely
“NE8’, as shown in Fig. 5(a). The relevant metocean dataset is retrieved
from the 5th generation European Centre for Medium-Range Weather
Forecasts Reanalysis (ERA5), covering the period from January 1940 to
the present [66]. The statistical descriptors related to the expected wind
speed, significant wave height, and peak periods are derived using
hourly metocean data from 2002 to 2021 (see Fig. 5(b)).

The statistical analysis indicates that the Weibull probability density
function fits reasonably well to explain the expected wind speed, sig-
nificant wave height, and peak period; however, the peak period can
also be assumed to be explained by the Normal distribution. The sta-
tistical analysis can also suggest that the IEA15MW wind turbine with a
rated power of 10.6 m/s complies very well with the offshore site
characteristics, resulting in a high availability of offshore wind turbine
operation.

The preprocessing of the metocean data categorises the expected
wind speed with a bin width of 2 m/s between the operating wind speed
IEA15MW wind turbine (3 m/s — 25 m/s) according to the recommen-
dation of IEC 61400-3 [67]. For each wind speed bin, a two-dimensional
scatter diagram is generated using the joint histogram between signifi-
cant wave height and peak period with a bin width of 0.5 m and 1 s,
respectively.

3. Fully coupled aero-hydro-servo-elastic simulation
3.1. Validation of the numerical model

The dynamic behaviour of a floating offshore wind turbine is
nonlinear due to the complex interaction between the wind, wave,
floating substructure dynamics and control systems. This nonlinear
behaviour is best modelled and analysed using coupled aero-hydro-
servo-elastic (AHSE) simulations performed in the time domain; thus,
the current design practice prescribes time-domain simulations with
complete turbine dynamics and control and simultaneous wind and
wave loading [5]. For this reason, the present study uses OpenFAST,
which is an open-source wind turbine simulation tool that was
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Fig. 4. Fatigue-critical welded-tubular joint of the FOWT in question (a) Location (b) Geometrical details.

developed by NREL [68,69].

Prior to performing the fully coupled AHSE simulations for the
reference structure under the site-specific environmental conditions, it is
essential to ensure that the numerical model is accurate. To this end, the
numerical model is validated using natural frequencies in 6 DOF, such as
surge, sway, heave, roll, pitch, and yaw, since these rigid body motions
reveal valuable insights into the dynamic characteristics of the floating
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system. The results of the free-vibration analysis are compared with the
results reported in IEA Wind TCP Task 37 [65], as given in Table 2.
Furthermore, Fig. 6 shows the rigid-body natural frequency of the
floating substructure in 6 DOF in both time and frequency domains. The
pitch motion is particularly noteworthy for the present study since it
exacerbates the overturning bending moment occurring at the tower
base when coinciding with the excitation coming from the wind loads. In
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Table 1
General system properties of IEA 15 MW wind turbine supported by “UMaine
VolturnUS-S” semisubmersible substructure.

Parameter Units Value

Wind turbine type - IEA—-15 —240-RWT
Turbine Rating MW 15

Hub Height m 150

Rated (Power) Wind Speed m/s 10.6

Freeboard (Tower base location) m 15

Chord — Thickness (at tower base), ty mm 110 (originally 88.52)
Chord — Outer Diameter (at tower base), dy m 10

Brace — Thickness (at tower base), t; mm 22

Brace — Outer Diameter (at tower base), d; m 2

Effective length of the chord, L m 50

addition, the natural frequency associated with heave lies within the
wind spectrum’s frequency range, which can influence the bending
moment when coupled with the pitch motion.

3.2. Nonlinear dynamic behaviour analysis

A floating substructure is subjected to wind-induced loading trans-
ferred by the tower structure from the nacelle to the substructure, whilst
the submerged part of the floating substructure is subjected to wave and
current loads. Moreover, mooring connections provide translational
restriction in all directions, which are connected to anchors, helping the
FOWT to remain in place. The wind-induced loading, i.e. aerodynamic
loading, stems from the wind forces acting on the blades, causing them
to rotate. The resulting forces on the rotor plain can be divided into
thrust and torque. Whilst thrust loads are transferred to the tower and
floating substructure, the torque on the rotor determines the rotational
speed and the mechanical energy converted from wind. Further, the
wind speed varies stochastically around the stationary expected wind
speed over a 10-minute time period due to turbulence, which can be
modelled using wind spectra such as Kaimal.

Similar to the wind, the random nature of ocean waves can also be
modelled using well-established wave spectra, such as Jonswap. In
addition to the environmental loads, the period loads are related to the
rotor’s rotation (1 P) and blade passing (3 P). The elastic response of the
tower and control dynamics also influence the loads acting on the
floating offshore wind turbines. In order to take into account all the

/,(

e L/l‘/

(a)
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loads, AHSE simulations are performed in the time domain under the
design load case prescribed for the fatigue limit state, which is DLC 1.2,
as prescribed by IEC [5]. As explained in the previous section, the
metocean data related to the “NE8" offshore wind farm site are used to
derive the expected wind speed, significant wave height and peak period
for each sea state to perform a 1-hour AHSE simulation to obtain dy-
namic structural responses at the tower base. Based on the assumptions
recommended for DLC 1.2, the normal turbulence model is used, no
current loads are involved, and the wind and wave loads are considered
unidirectional. The resulting overturning bending moment is then used
to estimate the nominal stresses at the tower base. The present study
only considered the overturning bending moment to estimate the
nominal stresses since axial loads’ contribution to the nominal stress is
negligible.

The dynamic behaviour of the reference substructure is illustrated in
the following figures in the time (up) and frequency domains (down)
considering three distinct environmental conditions ranging from the
wind speed around the rated power (10.6 m/s) to the wind speed near
the cut-off limit (25 m/s). A transient period of 30 s is observed in the
AHSE simulations; thus, the simulations are carried out for 630 s and the
initial 30 s are cut off.

Fig. 7 shows the bending moment at the tower base (TwrBsMy) for a
wind speed of 10 m/s (i.e., wind speed bin 9 m/s - 11 m/s), representing
the conditions at which the wind turbine generates mostly its rated
power. Fig. 8, on the other hand, represents an environmental condition
where the thrust load is decreasing due to pitch control; however, the
structure starts to be exposed to rough sea conditions. Fig. 9 illustrates
how the substructure behaves when the expected wind speed is near the
cut-off point (25 m/s) and wave heights are significantly higher than
benign sea conditions.

Table 2
Rigid body natural frequencies.

Rigid body F, OpenFAST 3.5.0 simulation (Hz) IEA Wind TCP Task 37 (Hz)
Surge 0.007 0.007
Pitch 0.033 0.036
Sway 0.007 0.007
Roll 0.033 0.036
Heave 0.047 0.049
Yaw 0.010 0.011

T T T T T

[N scale-11.5223, shape=2.1661

Count

0 5 10 15 20 25 30 35
Wind speed (nv/s)

: . : \
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Fig. 5. Offshore site (a) Scottish sectoral marine plan — NE8 (b) Statistical analysis of the metocean data.
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In Fig. 7, the dynamic response in the frequency domain shows that
the wind-induced loading is the predominant source of load, and the
pitch response is pronounced as it is excited by wind loads as well. Fig. 8
illustrates that towards a higher wind speed and significant wave height,
the dynamic response gets a comparable contribution from both wind
and wave-induced loadings. Moreover, a higher peak period makes the
dynamic response coincide more with the rotor frequency. Lastly, it is
clear that the wave-induced loadings are the predominant source of load
towards the end of the operating wind speed range (see Fig. 9). It is
worth noting that that a transient period of 30 s is extended to 100 s for

10

the simulations conducted within the fatigue damage assessment; the
whole simulation is for 700 s where 100 s are cut off to ensure the
structural dynamics are well-captured.

The results of the dynamic response analysis by AHSE simulations
indicate that the contribution from the wind and wave loads varies
depending not only on the magnitude of the load but also on the wind
turbine’s control strategy. To better illustrate that, a parametric study is
designed under three scenarios: 1) stochastic wind and wave loads are
coupled, 2) only stochastic wind loads are present, and 3) stochastic
wave loads are coupled with a stable (static) wind load condition (no
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Fig. 10 demonstrates how much the wind and wave loads contribute
to the normalised short-term fatigue damage (FD) for the most probable
sea state associated with each wind speed bin. Evidently, the turbulent
wind load is the primary source of fatigue damage up to the wind speed
of 14 m/s. However, from this point on, the benign sea conditions
become harsher; thus, there is more contribution coming from the sto-
chastic wave loads. Another reason for such a change is that pitch
control changes the angle of attack, reducing the thrust loads. It is also
worth mentioning that there is a need for further investigation with a
more random realisation of wind and wave loads to statistically confirm
the outcomes of this parametric study.

4. Algorithm for a cost-efficient sea state selection process
4.1. Sea state selection algorithm

An algorithm has been developed to assess the short-term fatigue
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Fig. 10. Contribution of the wind and wave loads to the fatigue damage.
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turbulence). damage of welded-tubular joints and identify the sea states contributing

most significantly to long-term fatigue damage. The process begins with
creating a database using hourly marine meteorological data, including
information on wind, wave, and sea surface temperatures obtained from
the Scottish Sectoral Marine Plan — NE8. Wind speed (Vj), significant
wave height (Hy), and peak wave period (T},) are evenly partitioned into
intervals, represented by the mean values of their upper and lower
limits. Subsequently, the probability of each sea state is determined by
counting the occurrences of each state and dividing this count by the
total number of sea states.

Following the metocean data preprocessing, the dynamic response of
the tower base under various sea states in the time domain is obtained
through the automated execution of OpenFAST. Once the primary
structural configuration is defined, the hotspot stress-time history at the
critical tubular joint susceptible to fatigue damage is estimated using the
S-N approach utilising the rainflow counting (RFC) technique and
factoring in the probability of each sea state allows for the computation
of short-term fatigue damage. Accumulating the short-term fatigue
damage from each sea state facilitates the calculation of long-term fa-
tigue damage. The fatigue damage assessment based on the S-N
approach using the hotspot stress time histories is a well-established
design procedure and documented in DNV [3] and ABS [4].

Ultimately, the probability-weighted short-term fatigue damages are
normalised based on the total fatigue damage, listed, and sorted in
descending order. Then, depending on the user entry for the threshold
value, the sea states contributing to the total fatigue damage the most
are selected. By setting a threshold value that not only ensures the ac-
curacy of long-term fatigue analysis but also minimises the number of
simulations, sea states meeting the criteria can be accurately identified
and outputted, leading to an optimal analysis process. This process is
illustrated in Fig. 11, and the following section presents the details
regarding fatigue damage assessment performed based on the S-N
approach.

4.1.1. S-N approach for fatigue damage assessment

The fatigue limit state is paramount for non-redundant structures
because hotspots (locations with stress risers) on the welded connections
of FOWT structures can initiate small cracks under a sufficient number
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of cycles; as a result, these small cracks can eventually grow into a
through-thickness rapidly leading to a fast fracture of the non-redundant
member. Three overarching factors govern the fatigue damage and life
prediction: 1) Local stress calculation, 2) Fatigue strength characteri-
sation (varying with loading type, environment, and structural detail),
and 3) Expected number of repeated stress cycles over the service life.

The hotspot stress approach has been widely employed within the S-
N and DTD approaches to deal with the fatigue design of ship and
offshore structures. The hotspot stress approach suggests weighting the
nominal stress with a stress concentration factor (SCF), which can be
obtained from empirical formulations based on experiments. Finite
element analysis (FEA) can also be performed to obtain SCF; however,
there are basic assumptions regarding thickness, finite element sub-
model, structural configuration, mesh density, and extrapolation points
[70], which leads to significant variability in fatigue life estimation as
pointed out by Saini et al. [71]. The hotspot stresses oyss used within the
S-N approach are derived as follows [3,4]:
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and

OHss = OnominatSCF (2)

where

SCF = 1.45p7"8°1-0685ing®” 3)

where My, y, and I, are overturning bending moment, distance from the
natural axis and the moment of inertia in the opposing direction of the
bending moment. Also, opyss, Gnominal and SCF are the hotspot stress,
nominal stress and stress concentration factor for the crown position of
the welded-tubular joint under in-plane bending loading. Further, SCF is
estimated using an empirical formula derived from non-dimensional
geometrical parameters related to the welded-tubular joint, assuming
that the non-geometrical structural dimensions lie within the validity
range (the thickness of the brace component is assumed). Also, note that
oyss is the stress amplitude at the hotspot; thus, the corresponding stress
range Aoygs is calculated as 2 X oygs.

Within the scope of the S-N approach, a set of international uniaxial
S-N curves are used to characterise the fatigue strength of the material
and connection [3,4]. The S-N approach involves finding the number of
cycles n; that occurred at critical areas of the structure at a given hotspot
stress range Acopss; and comparing them with the number of cycles to fail
Ny given by the S-N curves, which are defined by the material charac-
teristic, the detail of structure and the used stress method [72]. In light
of the methodology described above, the fatigue limit state function
described by the variable vector X can be written based on the
Palmgren-Miner [73] rule:

gFLS(X) :Dtotal(X) < 1 (4)
where

all
Diotar = ZDipi (5)

where D; is the short-term fatigue damage and p; is the joint probability
of the sea state (V;, H;, T) defining occurring during service life Ty, it is
calculated as the ratio between the number of cycles occurred at the n
and Ny as follows:

]
al n;

D=3 T ®)
zi: Ny
where
£ \k
logNy; = loga —mlog (AaHss‘i (t—) ) @
ref

where m is the negative inverse slope of the S-N curve, and loga denotes
the intercept logN-axis, and it is proportional to the number of cycles the
material can withstand before failure. The following expression de-
scribes analytically how the n; is estimated using Acpgs,; in Tq seconds,
and it can be expressed as:

n; :fde/ P(Aogss)dAoyss (8)
0

where f; is the frequency at which Acyss ; occurs. In the present study, n;
is calculated by employing the rainflow counting algorithm [74] using
the hotspot stress response in the time domain for each sea state. The
characteristic values of the parameters involved in the fatigue damage
assessment are given in Table 3.
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Based on the fatigue damage assessment methodology described
above, the contribution from 834 sea states, full scatter diagram, are
calculated and weighted with the corresponding probability of occur-
rence to estimate the long-term fatigue damage. The contribution from
the sea states associated with different wind speeds to the long-term
(total accumulated) fatigue damage (FD) is illustrated in Fig. 12.
Fig. 12 reveals that for wind speeds (V;) of 14 m/s, 16 m/s, and 18 m/s,
there is a higher number of sea states with significant contributions to
the long-term FD than those for 10 m/s and below, as well as 20 m/s and
above. This result can be explained by the fact that the overturning
bending moment is influenced by both wind and wave loads.

For the sea states involving the wind speed (10.6 m/s) at which the
wind turbine is producing its rated power, the thrust load acting on the
tower top is the primary source of overturning bending moment, which
is also reflected in the hotspot stress ranges. Even though for higher wind
speeds, blades are pitched to reduce the total wind forces acting on the
blades, resulting in the thrust load reduction, higher significant waves
dramatically increase the overturning moment at the tower base. Thus,
it is reasonable to expect greater short-term fatigue damages from the
sea states involving higher wind speeds and significant wave heights.
However, when combined with the probability of occurrence, the sea
states with higher contributions to long-term fatigue damage are found
to be the ones related to the wind speed bin 14 m/s and 16 m/s. In this
regard, Fig. 13 demonstrates the distribution of the probability of
occurrence, normalised short-term fatigue damage and the short-term
sea states’ contribution to the accumulated fatigue damage together.

It is of utmost importance to reduce the computational effort needed
for the fatigue damage assessment, which requires cumbersome simu-
lations for many sea states. The algorithm presented in this section
essentially addresses this issue by introducing a threshold parameter as
input by the user; thus, the number of sea states contributing to the long-
term fatigue damage assessment is reduced. The threshold parameter,
ranging from 0 to 100, serves as the loss of accuracy that the user is
willing to accept in exchange for fewer sea states for which the fully
dynamic simulations should be carried out, which is also extremely
critical for the probabilistic assessment needing random realisation of
these simulations. To this end, a parametric study is conducted to
analyse and quantify the change in accuracy.

Fig. 14 shows the parametric study results considering two simula-
tion lengths, 600 s and 3600 s. It is possible to make the case that out of
834 sea states (full scatter), approximately one-eighth fraction of the full
scatter (102 sea states) contributes the majority (80 %) of the long-term
fatigue damage.

The argument above is valid for the simulation length of 600 as well
as 3600 s. Therefore, it is possible to reduce the computational effort
significantly by taking into account the sea states contributing the most,
assuming that the loss of accuracy can be compensated in the probabi-
listic assessment by a random variable with a mean value of 1 plus the
loss of accuracy in percentage. For instance, the present study proceeds
with the 296 sea states covering 96 % of the full scatter, leaving the loss
of accuracy to be 4 %; then, the fatigue damage assessment is modelled
by a random variable with a mean value of 1.04.

It is worth noting that the number of sea states to be included to
achieve a unit percentage of (long-term fatigue damage) accuracy

Table 3

Characteristic values.
Parameter Description Value
Tq Service life 25 years
my Negative inverse slope for Acgss > A6Limie 3
my Negative inverse slope for Acyss < A0Limie 5
loga; Intercept of logN axis for Acyss > AoLimir 12.164
loga, Intercept of logN axis for Acgss < Aorimir 15.606
A6 Limit Fatigue limit at ~107 52.63 MPa
k Thickness exponent 0.25
tref Reference thickness 32 mm
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increased dramatically around 95 % ( & 1 %). So long as the accuracy
loss due to using fewer sea states is added to the final fatigue damage
estimate, the fatigue reliability results are not expected to be affected by
this loss because the variability within the total fatigue damage esti-
mates is very low and consistent across different accuracy levels.

Furthermore, the parametric study can be extended to examine the
difference between different simulation lengths in terms of the resulting
long-term fatigue damage. It is a common practice to perform a coupled
dynamic response simulation for an hour to capture all frequency ranges
from wind and wave spectra. However, the difference arising from a
relatively shorter simulation might not be substantial for long-term fa-
tigue loading. Fig. 15 shows how the long-term fatigue damage changes
with respect to different simulation lengths. The results indicate that
there is not a strong relation between the simulation length and
conservatism of the fatigue damage estimate; therefore, it is reasonable
to assume that carrying out the fatigue damage assessment using the
600-second-long simulations would not affect the integrity of the
analysis.

Moreover, due to shorter simulations in addition to the fewer num-
ber of sea states, the cost-efficiency of the probabilistic fatigue damage is
improved immensely without compromising the accuracy. Thus, the
coupled dynamic analysis for each considered sea state involved a
minimum of 10 random seeds for the uncertainty of environmental loads
captured sufficiently. These coupled dynamic analyses with 10 random
seeds represent the short-term fatigue loadings, which are to be com-
bined randomly using a bootstrapping technique to derive the long-term
fatigue loading.

5. Probabilistic fatigue damage assessment

Monte Carlo Simulation (MCS) is a stochastic technique for numer-
ical integration using random variables. MCS can approximate the
probability of failure by employing random sampling of the variables
within a limit state function, representing uncertainties for structural
failure problems. These uncertainties can be aleatory (material proper-
ties, environmental loads) and epistemic (modelling, statistical). When
performed with a vast number of random samples, the technique con-
verges the most accurate structural reliability estimate [75].

The biggest advantage of the MCS technique is that it enables
probabilistic structural assessment, where analytical solutions, such as
time-domain fatigue damage assessment, are not available. Moreover,
MCS can accommodate many uncertainties with non-normal distribu-
tions, making the technique a versatile tool. Although the MCS tech-
nique can be computationally demanding, high-performance computing
significantly increases its practicality. For low probabilities of failure,
the first-order reliability method (FORM) and second-order reliability
method (SORM) can be advantageous in terms of computational effi-
ciency; however, the intermediary process, such as the derivation of the
long-term stress range distribution and uncertainty associated with the
modelling makes the use of FORM and SORM less accurate alternatives
to the Monte Carlo Simulation [76].

The structural reliability is calculated based on the very idea that a
limit state function divides n-dimensional variable space into two re-
gions, “safe” and “unsafe”. Thus, the probability of failure of a structural
component concerning a single failure mode can be formulated as
follows:

P, — Plg(X) < 0] = / ©

JgX

)<Ofx(X)dx

where g(X) = (X3, Xa, ..., X;,) denotes the limit state function, f,(X) de-
notes the joint probability density function of the essential variables,
and Py stands for the probability of failure. Assuming that a dataset of
short-term fatigue loadings S = {S11, S12, S13, ..., Sjj} can be defined for i
number of random seeds and j number of sea state, a long-term stress
history By = {Su, Si2, S13, --., Sj}can be generated by bootstrapping with



F. Zhu et al. Engineering Structures 318 (2024) 118759

0.025

0.03 . 0.02
(=)
w 0.02 .
g 0,015
E 0.01.
»
) 0.0l
“
D
0.005
0
(a)
0.4
003
0,035
0.04 0.05.
0,025 3
0.03
~ 0.04 -
~ 0.03 o
= = X
= 0.02 g 0.03. s
._; 0.02 . E
E T 0.02
: = 0.02
Z 0.01 0.015 % 0.01 .
, 0 0015
0.01 -
> g it
0.01
0.005
0,005
0 "
0.045
0.04 0.02
0.05
.05 . 0.03% 0.025 .
0.04 5 ‘
- 0.02
=] 0.03 -
S o l 0.015
= N o
5 = 0015
5 0.025 E
= 0.02 :' }
5 T o0m
2 0.01 0.02 5
» 0.005 0.0l
0
\ 0015
@ 0
R
o
0.01 DN ta”
N, B - 0.005
0.003 Voo™ X
" Y v
w1 R D
0 9
) CYNPR, g EL
H, (m) N T !

(e) ()

Fig. 12. Probability-weighted short-term fatigue damage (FD) (a) Vs =10 m/s (b) Vs =12 m/s (c) Vs = 14 m/s (d) Vs = 16 m/s (e) V; = 18 m/s (f) Vs = 20 m/s.

14



F. Zhu et al.

0.2 T T T T T T

I Probability
[ Short-term FD
[ weighted Short-term FD

Normalised contribution

4 6 8 10 12 14 16 18 20 22 24
Wind speed (m/s)
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replacement where Sy € S and [ ~ Uniform(1,i) expresses the random
index by which the fatigue loading for sea state j is drawn from the
dataset. By doing so, the long-term stress history Bx can be randomly
generated for N times, and the probability of failure and structural
reliability index can be calculated by the Monte Carlo Simulation (MCS)
method as:

1
P = Z:I(Xi) 10
where

100= {3 forsx) =0 an
and

p=—2(P) a2

where ® ! is the inverse standard normal probability density function,
and f is the reliability index.

For comparison purposes, the conventional approach to the fatigue
reliability analysis using the expected hotspot stress range distribution
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within the analytical solution of the fatigue damage accumulation is
explored. The first-order reliability method is used to solve the structural
reliability problem by approximating the standard normal distributed
failure domain by a half-space fit to the true failure domain at the most
expected failure point . The probability preserving transformation
x = T(u) where u is an independent standard normal vector, which
transforms the probability integral into [77]:

A 13)
8(X)<0 8(T(u))<0

where ¢y(u) is the n-dimensional standard normal density with inde-
pendent components. The analytical solution of the accumulated fatigue
damage is provided by DNV [3] as:

D= %q’"l‘(l +m/h) 14

where q"T'() accounts for the expected value of the long-term Acpss and
ng is the number of cycles occurred during the service life, assumed to be
108,

The stochastic variables involved in the probabilistic long-term fa-
tigue damage assessment are presented in Table 4. It is worth noting that
the loss of accuracy due to reducing the number of sea states involved in
the calculation is compensated by introducing a stochastic variable Xgs.
The other stochastic variables are related to the material’s fatigue
strength loga, global load and stress analysis Xg14, stress concentration
factor Xscr, and fatigue damage accumulation D [78-80].

The crude MSC is performed to estimate the accumulated fatigue
damage at 5, 10, 15, 20, and 25 years to demonstrate how structural
reliability changes over time. To this end, a process that decreases the
number of trials in MCS is implemented; for instance, the fatigue reli-
ability analysis considering the first five years is simulated with 50000
trials. For the fatigue reliability analysis considering 10, 15, 20, and 25
years, the number of trials is reduced to 40000, 30000, 20000, and
10000.

As shown in Fig. 16, in all cases, a sufficient number of trails are
simulated to yield a stable mean value and standard deviation of the
long-term fatigue damage, which results in the necessary confidence in
calculating the reliability index, i.e. probability of failure. Furthermore,
Fig. 17 shows how the histograms of the long-term fatigue damage vary
over the course of service life based on the stochastic variables intro-
duced. These histograms are fit to a Weibull distribution whose shape
factors remain the same, indicating the relative dispersion does not
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Fig. 14. Change in the accuracy with respect to the number of sea states (a) 600 s (b) 3600 s.
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Table 4
Stochastic variables considered in the fatigue damage assessment.

Parameter Distribution Mean Value Standard Deviation
D Lognormal 1 0.30
loga; Normal 12.5644 0.20
logaz Normal 16.006 0.20
Xoia Lognormal 1 0.10
Xscr Lognormal 1 0.20
Xss Lognormal 1.04 0.02

propagate over time.

The probabilistic fatigue damage assessment using crude MCS results
in the probability of fatigue failure for a given period of time, which is
referred to as fatigue reliability analysis. Fig. 18 shows the results of the
fatigue reliability analysis, and the results indicate that the welded
tubular in question does not have sufficient capacity to fulfil its intended
purpose until the end of service life under the given environmental and
operational loadings. In light of these results, the structural design must
be modified because the consequence of potential fatigue failure might
be catastrophic. Alternatively, the epistemic uncertainties can be
reduced by acquiring more information regarding the environmental
loads or using high-fidelity models for stress concentration factors and
global stress calculation.

Fig. 18 also presents a comparison between the time-domain fatigue
reliability analysis methodology and the conventional one which defines
the limit state function analytically and uses the expected value of the
long-term hotspot stress range distribution obtained for using AHSE
simulations with 1 random seed and with 3 random seeds as well as
shorter AHSE simulations with 10 random seeds. Fig. 18 indicates that
the conventional methodology overestimates the structural reliability
compared to the MCS using the time histories, which is much closer to
the exact solution.

Furthermore, a sensitivity analysis is performed to determine the
importance of the contribution of each stochastic variable to the limit
state function’s total uncertainty i.e., probability of failure. In this re-
gard, one can investigate the direction cosines

—— 1 %X ,feach stochastic variable x;, constituting the limit

a; = —

state vector g(X) = (xy, X2, ..., Xy) for the limit states described analyt-
ically and the structural reliability is calculated using approximate
mathematical techniques such as FORM. Alternatively, the sensitivity of
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the stochastic variables can be formulated for numerical MSC, using
variance-based sensitivity methods, such as the first-order Sobol Indices,
which measure the contribution of each input alone to the output
variance performed. For limit state vector g(X), the Sobol Indices are
expressed as [81]:

Var(E[g(X]x;) < 0])
U= " Var(g(X) < 0) (15)
where s; is the Sobol index for stochastic variable i, and Var() is the
variance. E[g(X|x;)< 0] is the conditional expectation of probability of
failure vector with respect to the stochastic variable x; and Var(g(X)< 0)
denotes the variance of overall probability of failure Py vector including
all stochastic variables. The simulation is performed to achieve a mini-
mum of 30 data points in the Py vector, and for presentation purposes,
Sobol Indeces normalised the total sum of the vector can be presented as:

2
S:
S = L

Z:ill s?
Fig. 19 shows that normalised Sobol indices S; calculated for the
stochastic variables with respect to the probability of failure at the 25th
year i.e., end of service life. The stress concentration factor Sgcr accounts
for the overall variability the most, followed by the stochastic variable
associated with the failure damage at failure Sp based on the Palmgren-
Miner summation rule and global load and stress analysis Sgra. This
result is quite reasonable given the fact that the coefficient of variation is
relatively high, and the S-N curve exponent m exacerbates the impact of
the uncertainty coming from the stochastic variables related to hotspot
stress range calculations.

(16

6. Damage-tolerant design (DTD) approach

Damage-tolerant design (DTD) is a fracture mechanics-based
approach dealing with the fundamental nature of fatigue cracking
under cyclic load, and it is applicable not only for design purposes but
also for inspection and maintenance planning. The DTD approach offers
a better progressive damage modelling accounting for the effects such as
load sequence, retardation effects, corrosion, and material properties
characterisation.

For the reason given above, this section extends the scope of the
present study beyond the conservative design-oriented S-N approach by
performing a probabilistic structural integrity assessment based on the
DTD approach. In doing so, a unique example of an alternative DTD
approach to the fatigue reliability methodology based on the S-N
approach is presented for the design and structural integrity manage-
ment of FOWT substructures. To this end, the hotspot stress-time his-
tories calculated in the previous sections are incorporated into crack
growth analysis based on the analytical fracture mechanics accounting
for load sequence and overload-induced retardation.

Linear elastic fracture mechanics (LEFM) is a well-established and
widely used approach to analyse crack growth and estimate the
remaining fatigue cracking life of structural details with an initial crack.
LEFM assumes that the crack tip conditions can be related to a parameter
called the stress intensity factor (SIF) range (AK). This relationship can
investigate the crack growth under three regions separated by threshold
SIF range AKy, and critical SIF K.: a) crack initiation, b) stable crack
growth, and c) fast fracture. The Paris Law [82] formulates the stable
growth region by employing SIF with a material strength-related coef-
ficient and exponent. The Paris Law offers a simple but effective way to
assess crack growth so long as the crack growth data follows a linear
relationship on a logarithmic scale. The Paris law is expressed as follows
[83]:

Nt Nt
a. = ay+ Zizlf(AK, C,mR,..)=ap+ Zi:lAai a7

where
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Aai = CpA(AKeff‘i)m (18)
AKefr; = YAouss/7a; (19)
AKsr; = AK; — AKp (20)

Further, the Wheeler retardation model introduces a retardation
factor, C, which is a function of the relative crack growth along the
overload-induced plastic zone. This model can be integrated with the
Paris law. Thus, the modified Paris law based on the Wheeler yield zone
model can be expressed as [84]:

"
:| , +rpi < dgp, +rp0L

e
C, = Ao, + Tpor — @i 21

1, Qi + Tpi = Ao + TpoL

where C,, varies from 0 to 1, depending on the location of the crack tip in
a previously created larger zone. where q; represents the current crack
length corresponding to the it cycle, r,; denotes the current plastic zone
size, corresponding to the i cycle, agy is the crack length at which
overload was applied, Koy, is the stress intensity factor at which overload
was applied, Knqx is the maximum stress intensity factor following an
overload, ry; is the plastic zone created by overload, and f is 1 and 3 for
plane stress and plane strain conditions, respectively, and u is the
Wheeler exponent obtained empirically based on the test loading data
[85].

TpoL = ﬂiﬂ_ (%) ’ (22)
Ty :ﬁlﬂ (K;“y> 2 (23)
1
a(t) = apl” 2 + <1 - g) CAO’HssmYmﬂ'%l/ot (17 %> , form #2 ’
aoexp(CAoyss® Y2 muqt), form = 2
@4

where C and m are material constants, and the stress intensity factor is
described based on the geometric function Y, the stress range Ao, and
the current crack size ai, which becomes ac after enough cycles N; to
cause fast fracture failure. The geometric function used for a tubular
joint must account for the complex stress field occurring due to
boundary effects such as loading, non-uniform stress field, and specimen
and crack geometries, which can be derived using experimental and
finite element analyses [16,86,87].
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The through-thickness is defined as the failure criterion for which the
probability of failure is calculated because the seawater penetration to
the tower has severe consequences. The stochastic variables involved in
the probabilistic crack growth assessment are presented in Table 5, and
they are related to the Paris Law coefficient A, initial crack size ay, aspect
ratio ap/cy, fatigue crack growth Xpcg, stress intensity factor Xgjp, stress
concentration factor Xgcr, global load and stress analysis Xgra [16,79,
88].

Similar to the fatigue reliability analysis performed based on the S-N
approach, the crude MSC is performed to estimate the probability of
failure after 5, 10, 15, 20, and 25 years in order to demonstrate how the
structural reliability changes over time on the DTD approach. It is worth
noting that the failure is defined as the through-thickness.

Fig. 20 shows how the structural reliability reduces over time to the
extent that the structure can be considered unsafe. Although the results
obtained based on the DTD approach are less conservative compared to
the S-N approach, the reliability index goes below the acceptable safety
levels before the end of the service life of 25 years. To complement the
design modifications, an inspection plan can be devised around the time
structural safety is compromised to perform a visual or non-destructive
test to detect cracks around the welded tubular joint in question. These
tests can reveal the existence of a crack and its size with a certain con-
fidence level; thus, a more comprehensive structural integrity assess-
ment accounting for the load sequence and overload-induced
retardation effects can be conducted to have more accurate information
on crack propagation and remaining life of the FOWT substructure, as
also illustrated in Fig. 20 for a crack propagation of a detected crack
depth of 15 mm over a year (~4 x10° cycles).

This is precisely the advantage of using a damage-tolerant design
approach for floating offshore wind turbine substructures. Whilst the
probabilistic structural integrity assessment can inform both design and
inspection planning, a more comprehensive fatigue crack growth
assessment can guide operators in finding optimal maintenance and
repair activities not only for an asset but also for the whole offshore wind
farm. Moreover, if found more cost-efficient, the operators can actively
control the wind turbine operation to reduce the fatigue loading so that
the remaining life can be prolonged, which allows for an extensive
maintenance and repair campaign dealing with multiple floating
offshore wind turbines simultaneously. Such a capability entails lower
operating leverage and de-risk the offshore wind farm project.

It is important to note that variability in the crack growth can be
exacerbated when the overload-induced plasticity is also accounted for.
As shown in Fig. 20, the difference in the crack depth at a given time
between FCG with (red line) and without the effect of overload-induced
plasticity (blue lines) is quite significant. Furthermore, it can be argued
that more substantial differences should be expected for the later stages
of service life. In addition, the estimated crack growth ranges from
approximately 21 mm to 38 mm after a year of service loading, which
infers that the FCG considering load sequence and retardation effects, is
subjected to a higher degree of uncertainty, which operators need to
consider within the scope of a reliability or risk-based inspection and
maintenance planning.

Table 5

Stochastic variables considered in the crack growth assessment.
Parameter Distribution Mean Value CoV (%)
ap Lognormal 0.15 0.66
ap/co Lognormal 0.62 0.40
Xparis Lognormal 1 0.20
XrcG Lognormal 1.04 0.30
Xsir Lognormal 1 0.20
Xscr Lognormal 1 0.20
Xora Lognormal 1 0.10
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7. Conclusions

The present study developed a computationally efficient yet robust
reliability-based fatigue analysis and design methodology for FOWT
substructures using fully coupled nonlinear AHSE simulations in the
time domain. The developed methodology involved multiple phases,
such as selecting the sea states contributing the accumulated fatigue
damage the most, performing fully coupled AHSE simulations using
OpenFAST, calculating the hotspot stress history, estimating the short-
and long-term fatigue damage, and finally, carrying out a probabilistic
fatigue damage assessment, i.e. fatigue reliability analysis. The struc-
tural reliability analysis considered both the S-N and damage-tolerant
approaches for fatigue design, accounting for the aleatory and
epistemic uncertainties. In light of the analyses presented above, the
present study concludes that:

1. Approximately one-eighth fraction of the full scatter (102 sea states)
contributes the majority (80 %) of the long-term fatigue damage. In
addition, the difference between the simulation length of 600 and
3600 s is not statistically significant. Therefore, by using the algo-
rithm presented in the present study, it is possible to significantly
reduce the computational effort needed to obtain the dynamic re-
sponses in the time domain, which allows for a higher number of
random realisation of these simulations to be integrated into the
fatigue reliability analysis using MCS.

2. Higher contributions to long-term fatigue damage were found in the
sea states related to the wind speed bin 12-18 m/s. This is due to the
fact that wind-induced loading is a predominant source of fatigue
load for the majority of the sea states. Also, wave-induced loading
becomes quite effective after a wind speed of 20 m/s as the proba-
bility of occurrence of these sea states makes the contribution almost
negligible, though.

3. The fatigue reliability analysis based on the S-N approach indicated
that the analysed welded-tubular joint of the FOWT does not have
sufficient structural reliability until the end of FOWT’s service life;
thus, the structural design must be modified or higher-fidelity
models for stress concentration factors and global stress calcula-
tion, which might hinder the design optimisation process.

4. The fatigue reliability analysis based on the DTD approach resulted
in less conservative results compared to the S-N approach; none-
theless, the reliability index goes below the acceptable safety levels

19

before the end of the service life of 25 years. To address this issue, an
inspection plan can be developed in the design phase to perform
visual or non-destructive tests to detect cracks around the welded
tubular joint in question. Furthermore, depending on the inspection
results, the fatigue reliability analysis can be complemented with a
more comprehensive structural integrity assessment accounting for
the load sequence and overload-induced retardation using the most
up-to-date load history of the FOWT.

5. Unlike the S-N approach, the damage-tolerant approach allows for
operational flexibility, meaning that the operator can decide when
and how to inspect critical structural details and carry out necessary
activities depending on the operational and economic circumstances.
This flexibility is particularly important for FOWT structures because
the main contributor to the fatigue damage is the wind-induced
loading resulting from the wind turbine’s operation, and imple-
menting active fatigue load control can extend the remaining life
before the maintenance and repair activities.

The outcomes of this study help pave the way for a damage-tolerant
approach within a multidisciplinary design optimisation of floating
offshore wind substructures, resulting in more affordable and safer
offshore renewable energy. The methodology developed in this study
must be enhanced by including multiple fatigue-critical structural de-
tails of the substructure to develop a risk-based design and operation
management framework.
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