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ARTICLE INFO ABSTRACT

Keywords: The rapid increase of offshore wind turbines size has made fatigue calculation a critical design and assessment
Offshore wind challenge. Increasing turbine dimensions, hub heights, and environmental exposure introduce significant uncer-
Fatigue tainty across all the steps of fatigue assessment, while detailed long-term simulations remain computationally
Damage

demanding.

This review aims at providing a structured overview of the engineering-standard framework used for fatigue
prediction in large offshore wind turbines, encompassing climatological characterization, load evaluation, and
fatigue damage calculation. Across the entire estimation chain - from wind and wave data characterization
and modeling, through aerodynamic and hydrodynamic load evaluation, to structural modeling and fatigue
assessment — multiple commonly adopted approaches are systematically reviewed and compared.

In addition, the review explicitly discusses, for all the above-mentioned sections, the trade-offs between
modeling fidelity and computational cost associated with different methodological choices, highlighting their
impact on fatigue predictions.

By adopting this broad, system-level perspective aligned with engineering practice and design standards
- rather than focusing exclusively on latest academic development - this work supports informed method
selection for design optimization, iterative assessment procedures, and fatigue-oriented design of large offshore

Renewable energy

wind turbines.

1. Introduction

The current climatological and geopolitical context is forcing coun-
tries and governmental unions to act in order to reduce the carbon
dioxide emissions. This represents an ultimate attempt to contain the
global warming well below +2 °C with respect to the pre-industrial age
(Paris Agreement) [1].

Energy production is one of the main drivers of increasing CO, emis-
sions, accounting for almost 75% of the total [2]. Despite the recent
progress, achieving a CO,-free energy system remains challenging, as
meeting net-zero targets implies a substantial large-scale deployment of
renewable generation rather than marginal increases. According to the
International Energy Agency (IEA) projections, for reaching net-zero
emissions by 2050, nearly 70% of global electricity generation should
be supplied by solar photovoltaic (PV) and wind energy [3]. Both
technologies already play a significant role in renewable electricity
production, contributing approximately 18% (solar) and 26% (wind),
respectively [4]. However, it is evident that a massive effort is still
required.

* Corresponding author.
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Concerning wind energy, the path towards the future consists in
a rapidly increasing trend for offshore installations. The growth that
offshore technologies are witnessing is related to a series of benefits
associated to open sea environment.

The first one is a better wind resource, namely usually higher speed
and less turbulence with respect to the onshore case, which drastically
reduce the fatigue issues of the turbines and allows lower hub heights.
The second one is related to the space availability and the reduced
impacts on the population in terms of noise and, in some cases, of
visual. Being far from urbanized areas can help dealing with people
acceptance and can also allow to install bigger units [6]. According
to the bathymetry, it is possible to choose between bottom fixed or
floating technologies. The first typology is suitable for water depth
below 50 m, otherwise the latter is preferred [7].

As previously mentioned, the possibility to install bigger units has
fostered companies, universities and research centers to develop con-
cepts of floating wind turbines with rated power of 22 MW and beyond
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Fig. 1. Offshore wind turbine size growth.
Source: adapted from [5].

(e.g. IEA [8]). Meanwhile, in China, 18 MW turbines have already been
installed and now a 26 MW has been tested [9-11]. This progressive
growth of the rated power (Fig. 1) implies longer blades, as well as
higher towers, hence higher forces acting on the structure which can
lead to more fatigue damage [12]. Accordingly, it has already been
demonstrated that the design phase of large monopiles is lead by the
fatigue behavior [13]. Indeed, despite being subject to both wind and
wave loading, bottom-fixed turbines’ fatigue behavior is dominated
by wind loads, especially for large structures [14]. When it comes to
floating concepts, in addition to the influence of upscaling dimensions
and wind loading, a dominant role is played by the continuous dy-
namic excitation derived by wave loading and wind-wave coupling
phenomena [15-17].

The above-mentioned issues are leading to an ever-increasing at-
tention to the fatigue problem. The reason behind the importance of
this calculation relies on costs and downtime losses associated to non-
programmed intervention due to fatigue failure [18] and the possibility
to avoid them.

The main sources of uncertainties that affect fatigue life estimation
are related to climate data, load modeling, material resistance and
fatigue assessment approach [19]. Most of the existing review studies
address uncertainty-related features by focusing on separate individual
stages of the fatigue assessment. A comprehensive overview encom-
passing all the modeling steps of fatigue prediction is still missing. In
particular, current reviews lack a system-level perspective considering
how modeling choices performed in each step of the assessment influ-
ence the final result of fatigue evaluation. This approach is fundamental
for making informed decisions regarding the modeling of the entire
fatigue assessment process.

Concerning climatological and environmental modeling, in Toft et
Al. (2016) [20] the uncertainties in wind climate estimation and the
following impact on the wind turbine loads are addressed. However, the
variability evaluation introduced by fatigue evaluation methodologies
is missing. In Warder et Al. (2025) [21], the influence of climate change
and wake on wind resource is discussed. The focus is posed on the
future changes in the distribution of the wind resource, which will
influence production and fatigue damage of the turbines. Nevertheless,
no real investigation on the structural side is present. In Ramezani et
Al (2023) [22], the discussion is deeply focused on the uncertainties in
environmental load evaluation and materials, as well as on uncertainty
evaluation methods. On the other hand, the influence of the structural
model adopted to mimic the behavior of the structure is not analyzed.
Also fatigue evaluation methods are not addressed in this work.

Conversely, other review studies aim at discussing more the me-
chanical and fatigue assessment side. In Liao et Al. (2022) [23], recent
developments and future prospects in the field of wind turbines fa-
tigue are proposed, analyzing in detail the main issues related to the
components, without focusing on the environmental loads modeling.
In Dong et Al. (2022) [24], the uncertainties in fatigue loads and life
for ships and offshore structures is treated in detail, focusing on fatigue
modeling. However, minimal reference is shown on the wind and wave
or climate change impact in the fatigue estimation, relevant for offshore
wind turbines.

As a result of the above discussion, a systematic and integrated
assessment of how modeling choices and uncertainties influence the
entire fatigue estimation framework is still missing. To address this gap,
the present review provides a comprehensive and critical overview of
engineering-standard fatigue assessment methodologies. The goal is to
examine the combined influence of climatological, aero-hydrodynamic,
structural, and fatigue modeling strategies on the accuracy and reliabil-
ity of fatigue predictions. The focus is posed on the primary structural
elements of offshore wind turbines (tower, blades and support struc-
ture). For the sake of clarity, the term ’uncertainty’ is defined herein
as encompassing the variability in the results of a calculation or in the
estimation of a quantity arising from the range of possible approaches
and methodologies employed to perform the task.

The remainder of this paper is organized as follow: climatological
data uncertainties (Section 2) load evaluation uncertainties (Section 3),
fatigue evaluation methods (Section 4), discussion (Section 5) and
conclusions (Section 6). A more detailed subdivision of the sources of
uncertainties can be found in Fig. 2.

2. Climatological data uncertainties

Generally, wind and wave spectra and time series are used as
starting point to evaluate the fatigue loads that the turbine and its
support structure must withstand during the entire lifetime. Hence,
when evaluating the fatigue damage it is important to be aware also
of the uncertainties produced by the differences between the dataset
and reality. This point is remarked in [20], where it is shown that
the uncertainties related to site specific climate conditions are usually
between 10%-30% of the total uncertainty in the structural reliability
analyses.

2.1. Wind data

Wind can be defined as the horizontal movement of air from areas
of high pressure to areas of low pressure, primarily due to the uneven
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Fig. 2. Uncertainties sources analyzed in this paper.

Synoptic peak

5} v Diurnal peak

4l Turbulent peak
i /
BT
= Spectral gap
[ -—
2
=

0 1 1 1 1 1 1
1e+2 1e+1 1e+0 1e-1 1e-2 1e-3

Frequency expressed as period [h]

Fig. 3. Wind speed fluctuation spectrum.
Source: adapted from [27].

heating of the Earth’s surface by the Sun. It is influenced by several
factors as Earth’s rotation (Coriolis effect), friction with the surface, and
geographic features, which together play a crucial role in determining
its speed and direction.

Its variations can be described with the aid of Van Der Hoven
spectrum [25], which is characterized by three peaks as shown in Fig.
3. The synoptic peak is the result of synoptic meteorological conditions
which usually change in a range of 10 days - 24 h. The diurnal peak
is representative of daylight wind increment, hence is located in a
range between 24-10 h. The turbulent peak is caused by high-frequency
fluctuations which produce those wind variations in the order of tenth
of seconds or minutes [26].

The impacts on loads estimation caused by the adopted wind mod-
eling strategy have been investigated in [28]. In this study it is high-
lighted that the turbulence spectral region has the most significant
impact on the loads and consequently on the fatigue life of the wind
turbine, as increasing turbulence is associated to higher damage and
vice versa [29]. In the context of short-term wind loads modeling, the
reference is represented by the use of IEC-61400-1 [30] and DNVGL-
ST-0437 [31] standards which suggest the simulation of constant mean
flows associated with a turbulence intensity, intended as the variation
between the instantaneous value of the wind with respect to its 10-
minute average. For fatigue applications, it is recommended to divide
the wind speed range in bins of maximum 2 m/s width and to perform
ten minutes simulations (each one having its own generation seed) for
a minimum total amount of 1 h. The standards suggest two turbulence
models that can be used for the design load calculations: Mann uniform
shear turbulence model [32] and Kaimal spectrum and exponential
coherence model [33]. In the first one, the coherence naturally emerges
from the three-dimensional field, while in the second model it is
empirically imposed. For this reason, the first one is more physically
consistent, but requires a more complex expression and higher compu-
tational costs [34]. Both of them are involved in the Normal Turbulence
Model (NTM) framework, which prescribes the turbulence standard

deviation. In DNV standard [31] this parameter is further discussed
taking into account also offshore conditions which are different with
respect to onshore ones.

The IEC standard also allows the possibility to use other turbulence
models, provided that the related fatigue loads are higher than those
obtained using the recommended models. Despite the large agreement
for high frequencies, significant differences rise in the lower frequency
section of the turbulence spectra. DNV-RP-C205 standard [35] recom-
mends the empirical Ochi and Shin spectrum, the Simiu and Leigh or
the Frgya spectrum for offshore ambient. These three spectra have more
energy content at lower frequencies but below 0.001 Hz the first one
is not calibrated using any measured data, while the third one is based
on neutral conditions on the Norwegian sea. It is important to highlight
that these models are focused on the description of wind on a short to
very-short timescale, hence the very low frequency (< 10~> Hz) synoptic
and diurnal peak are omitted [36]. Further details and equations of the
most common short-term wind spectra and turbulence models can be
found in Appendix.

Very low frequency wind changes are generally taken into account
using medium/long term wind probability distributions, Rayleigh or
Weibull [37,38]. These statistical representations relies on long-term
wind data sources, which play a crucial role in defining the occurrence
of slow wind speed variations. Long-term wind characterization is
usually based on a combination of in situ measurements, commonly
performed using wind masts and lidar systems, together with reanalysis
datasets and satellite-based observations. These methodologies provide
extended temporal coverage but differ in terms of spatial resolution
and local representativeness. While offshore wind masts and lidar
measurements offer high accuracy at specific locations [39], their
limited temporal extent often restricts their ability to capture multi-year
synoptic and seasonal variability. Conversely, reanalysis and satellite
datasets enable long-term characterization of wind climate but may fail
in representing local features and extreme events [40,41]. This aspect
is particularly critical for large offshore wind turbines, since fatigue
appears to be a dominant failure mode for severe weather events like
typhoons [42,43].

In standard fatigue assessment engineering frameworks, short-term
time-domain simulation are usually combined with long-term wind
speed occurrence in order to estimate fatigue damage. This approach
can generate an underestimation of load cycles as seen in [44] where a
methodology is developed to take into account even very low frequency
fatigue dynamics caused by the slow variations of wind speed (i.e
synoptic and diurnal peak driven) which have periods well above the
commonly used 10 min signals. In [45,46], a validation of a corrective
factor to account for very low frequency dynamics is presented. This
parameter, called ’ratio of damage’ converges to a constant increasing
the days of observation. In [47] the influence of atmospheric conditions
on the spectrum, and consequently on the loads, is investigated using
the Hgjstrup 1981 Unstable Spectra Model [48] finding that in highly
unstable environment larger loads are expected, up to 47% more than
in neutral conditions.

In the above paragraphs it has been shown that standard short-
term wind modeling typically relies on the assumption of Gaussian
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statistics. However, wind measurements have demonstrated that real
wind time series often deviate from Gaussian behavior, exhibiting
intermittency or encompassing skewed probability distributions. To ad-
dress this limitation, recent research has explored Non-Gaussian wind
modeling approaches (e.g., [49]). These methodologies have predicted
higher loading, especially for extreme weather conditions, which has
translated into higher blade crack propagation rates.

In parallel, data-driven technologies based on Machine Learning
(ML) have been intensively investigated both for wind data modeling
and long term resource characterization. Rather than replacing physical
models, these approaches are primarily used for reanalysis downscal-
ing, fusion of multiple wind data sources, and reconstruction of wind
statistics for partially sampled locations. Additional information con-
cerning the applications of Artificial Intelligence (AI) - in particular
ML - on wind data, can be found in [50,51].

2.2. Wave data

In contrast to onshore installations, offshore wind turbines are sub-
jected to additional hydrodynamic forces, necessitating the integration
of wave modeling for a comprehensive and accurate load assessment.
A common mathematical description of the phenomenon begins with
the definition through the Airy linear theory [52] of the expression
for a single, regular sinusoidal wave which can be represented by the
equation:

7(t) = asin(ot + ¢) 1)

where 7 represents the free surface elevation, ¢ the wave phase, a,T C
R* are respectively the wave amplitude and period with ¢ = H/2 and
H the height of the wave. w = 2z /T is the wave angular frequency. The
apparent confusion of the sea can be represented, as a first approxima-
tion, using a superposition of a large number (N) of regular sinusoidal
waves [53].
N
0 =Y asin(@; +¢,) (@)
i=1
Moreover, it is reasonable to assume that for time periods between
20 min to 6 h (e.g., in the short term) the sea surface is stationary [35].
Given these features, for a short term time series of the free surface
elevation it is possible to obtain a spectral density function. Some of
the most widely used are the Pierson-Moskowitz spectrum [54], mostly
suitable for fully developed seas, and the JONSWAP spectrum [55]
which is used for growing seas. They can be represented by (3) and
(4) as per [56]:

ag? @,

S @) = 22 expl-p—2] 3)
wr w
2 ot

S (@) = “5expl—p—21y@ )
[0) [O)

where a,f C R are constant values, g is the acceleration of gravity,
@ = 2x/T,, € R* is the peak-frequency, and @ : Rt — R* is the
exponent of the peak-shape parameter, depending on the frequency w.

Accordingly, it is possible to characterize the short term sea state us-
ing only a set of parameters as the significant wave height H,, defined
as the average height of the highest one-third waves in the analyzed
period, and the peak period T, which can be calculated as the inverse
of the frequency at which the peak of the spectrum is registered. The
JONSWAP spectrum contains also a peak shape parameter y: its value
can be tuned from 1 to 7. For y = 1 the JONSWAP spectrum reduces
to the Pierson-Moskowitz. The tuning of the parameter y represents
itself a source of uncertainty: in [35] an average value of y = 3.3 is
proposed, even though it is highly recommended the use of site-related
data to find a more reliable value of y [57]. An example of JONSWAP
spectra for varying y is shown in Fig. 4. Indeed, other spectra have been
proposed in literature, including two peaks spectra for locations where
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two dominant wave systems with different peak frequency are present
(usually wind and swell waves) [58,59].

Another important issue associated to wave data and modeling is
the multi-directionality. Waves are usually described through unidi-
rectional spectra, leading to uncertainties both in power production
evaluation of wave energy converters [60], as well as in the offshore
structures loading. Actually, in irregular sea states, the wave com-
ponents come from several directions; therefore, to account for this
phenomenon, the wave spectrum can be modified to become function
of two parameters, the frequency » and the direction 0 [61], as per
Eq. (5)

S(w,0) = S(w)D(O, ) (O]

where S(w) is the frequency dependent spectrum, while D(6,w) is
the directional spectrum whose integral is equal to 1. For additional
information about this spectrum, [60,62,63] are recommended. In [64],
considering multidirectionality can lead to fatigue damage reduction of
40/60% with respect to the unidirectional approximation.

After the analysis of the short term, it is necessary to extend the
analysis to the long term. To do so, in wave analysis is common the
adoption of scatter plots: these graphs are matrices characterized by
a discretization for the two main wave parameters, H, and T}, and
for each couple of values an occurrence is associated. To obtain this
data it is possible to use several methods: satellite data, in-situ buoy
measurements or reanalysis models (e.g., ECMWF Reanalysis v5 known
as ERAS) sometimes coupled with a third generation wave model like
SWAN (Simulating WAves Nearshore) [65]. In particular, third genera-
tion wave models are spectral models that emulate the evolution of the
sea-state without imposing a predefined spectral shape, but solving the
wave action balance equation. These models are able to consider wind
energy input, non-linear wave interactions and additional phenomena
which allow for a more physically consistent representation of wave
conditions.

Indeed, there are several uncertainties related to these approaches.
Reanalysis models bring temporal and spatial resolution issues
(e.g., ERA5 provides hourly data, spatially distributed in a 31 km
grid [66]) hence they cannot accurately characterize waves in a small
area [67] and they do also require proper calibration [68]. However,
they are able to provide global coverage as well as great reliability.
Despite world-wide coverage, satellite data are subject to revisit time,
namely the time required by the satellite to pass again over a certain
location. This can lead to the loss of short term meaningful events
and their misrepresentation. They can be also disturbed by objections
on sea surface, by salinity, sea ice and resolution decreases if the
target area is expanded [69]. In-situ buoy measurements may suffer of
reliability issues of the instruments as they can be damaged by vessel
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Table 1

Qualitative comparison of accuracy, reliability, cost-effectiveness, spatial/temporal resolution, and coverage for wave data collection methods.
Method Accuracy Reliability Cost-Effectiveness Spatial/Temporal Resolution Coverage
Satellite data ++ ++ +++ ++/+ 44+
Reanalysis models +/++ +++ +++ +/++ +++
In-situ measurements +++ ++ +++/+++ +

Highest astronomical tide

Mean high water spring tide

Mean high water neap tide
- — Mean sea level

- - - Meanlow water neap tide

Fig. 5. Tides ranges.

or debris and extreme meteocean conditions, mooring system requires
maintenance. On the other hand, they can provide local data with high
temporal resolution and high accuracy but at higher costs. A qualitative
comparison of the methodologies is resumed in Table 1.

Recent advances in wave modeling show a progressive integration
of data-driven and hybrid approaches combining ML techniques to
physics-based models. This methods can be used to reconstruct missing
data [70], improve predictive capabilities [71] as well as increase the
fidelity of spectral representation [72]. Despite being very promising,
these techniques still lack of a regulatory framework and standardiza-
tion. For this reason, these approaches may be used for complementary
analyses.

2.3. Sea currents and sea water level

Sea currents can be mainly divided into tidal currents and wind
driven currents, despite additional components (e.g., storm surges) may
be present. Tidal currents are associated to astronomical forces and
appear concurrently with the rise and fall of water sea level [22]. Wind-
driven sea currents, at the surface level, can be estimated as a fraction
of wind speed U4 = kV,,;nq With values of k from 0.016 to 0.033. For
increasing water depths [31] suggests to approximate the wind driven
current using a linear decreasing behavior. Sea water level is subjected
to tidal, wind and pressure fluctuations. Usually, the astronomical tidal
range is described as the variation between the highest astronomical
tide and the lowest astronomical tide (Fig. 5), while its average is
defined as mean sea level.

It is also possible to observe intermediate water levels caused by
the variations in the gravitational forces acting on water masses. In
particular, spring tides occur when the Sun, Moon, and Earth are
aligned (during full moon and new moon), causing a greater tidal
range than usual. Neap tides are the opposite of spring tides. They are
observed when the Sun and the Moon form a 90° angle relative to the
Earth (during the first and last quarter phases of the Moon). In this
configuration, the gravitational pull of the Sun partially cancels out
that of the Moon, reducing the tidal range. The highest sea water level
can be reached when a positive storm surge is coupled to the highest
astronomical tide, vice versa the lowest sea water level is reached when
a negative storm surge is coupled with the lowest astronomical tide.

Concerning the effects that current and tides have on fatigue cal-
culations, in [73] an increase on fatigue load is observed for the

case in which current and waves are opposite, while a reduction is
expected when they are aligned. In addition to this, in [15] it is high-
lighted the importance of wave—current interaction that can lead up
to 15% variation in substructure fairlead tensions, which may enhance
fatigue damage. For the changes in sea water level, standards like
DNVGL-ST-0437 [31] do not prescribed particular study on this aspects,
recommending normal water sea level ranges.

2.4. Climate-change effects on data

The evidence that the world is undergoing deep changes from a
climatological perspective has already been presented in the intro-
duction chapter. Since the majority of the studies related to offshore
wind turbines is currently performed using datasets that describe the
climatological environment from a certain point in the past up to the
present, a discussion is open in literature on the reliability of this data
to predict future climatological means and extremes. Most of the studies
that have been conducted are based on the Shared Socioeconomic
Pathways (SSP) SSP 2-4.5, SSP3-7.0 and SSP5-8.5, which represent hu-
man development based on socio-economic features that still increase
greenhouse gas emissions at least in the medium term (Fig. 6).

In [74] for 2-4.5 (SSP2-4.5), a reduction of 5%-15% wind potential
across Europe is forecast, while for SSP5-8.5 the reduction reaches
even 10%-20%. Also in [75,76] an overall reduction of the European
wind potential is expected, in particular for the Mediterranean basin.
In [77] the north America region is investigated, with results show-
ing a decrease up to 15%-20%, in line with previous investigations
performed by [78]. Nevertheless, there are also regions in which an
increase of the wind power density is forecast: in [77,79] higher values
up to +10% are expected for Canadian west coast and Hudson bay.
Hence, it is evident that in the productivity assessment, but also in
the structural design including the fatigue behavior, it is crucial to
account for the forecast changes in wind speed and potential. In [80],
the climate change effect on wind and on fatigue calculation has been
investigated using a surrogate model. Results show that fatigue damage
on a monopile structure is more impacted than the energy production
when climate change effect is introduced. However, these simulations
are subject to several uncertainties, such as biased initial conditions,
imperfect model physics, downscaling issues [81] which can alter the
final results. For this reason, it is difficult to provide a standardized
framework to take into account the phenomenon rather than using
safety factors.
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3. Load evaluation uncertainties

Offshore wind turbine loads are generated by the combined action
of aerodynamic, hydrodynamic, and structural effects and represent a
key driver for design and lifetime assessment. As already mentioned
in the introduction chapter, according to the bathymetry the support
structure can be bottom-fixed or floating. These two technological
options exhibit fundamentally different dynamic responses. Bottom-
fixed turbines are primarily governed by aerodynamic excitation and
wave-induced loads [14]. In addition to this, floating wind turbines
experience platform motions that strongly couple aerodynamic and
hydrodynamic loads [17]. Consequently, the latter require aero-hydro-
servo-elastic simulations to capture complex coupling effects.

Hence, load evaluation and the associated uncertainties depend
both on the environmental conditions but also on the adopted turbine
and foundation concept, as well as on the modeling assumptions used
to represent the underlying physical processes. For this reason, in
the following sections a review of the standard modeling frameworks
employed to describe aerodynamic loading, wave-induced loads, and
structural response, is presented. Moreover, emerging techniques aimed
at improving load prediction, uncertainty quantification and reducing
computational costs, are reported.

3.1. Aerodynamic loads evaluation

Aerodynamic loads on offshore wind turbines are generated by the
interaction between the atmospheric flow and the rotating blades. They
are influenced by a variety of factors, including wind field character-
istics and control strategies. In particular, turbine control systems — as
pitch and torque control - play a central role in regulating aerodynamic
loading. By continuously adjusting the rotor response to changing wind
conditions, they affect load amplitudes influencing fatigue damage.
Additional information on this topic can be found in [84,85].

However, an accurate modeling of the interaction between wind-
turbine remains essential for reliable load predictions and can be
addressed using different aerodynamic modeling frameworks. Four
methods are generally employed: Blade Element Momentum theory
(BEM), Boundary Element method (BE), Free Vortex Wake method
(FVWM) and Computational Fluid Dynamics (CFD) [86].

BEM theory is at the base of wind turbine aerodynamics modeling
given its low computational cost and the good reliability of the results,

Journal of Ocean Engineering and Science xxx (xxxX) xxx

Rotor plane

Fig. 7. Construction of velocity vectors.

providing that sufficiently good airfoil data are used for lift and drag
coefficients as function of the attack angle and Reynolds number [87].
The methodology is based on the possibility to independently consider
10-20 sections along the rotor, where a wind speed loss is established
between the front and the rear of the foil. This reduction is derived
by the extraction of power through the axial forces, generated by the
pressure gradient over the blade section. However, BEM approach is
based on some simplifying assumptions: the static pressure drop driven
by wake rotation is not considered, as well as the radial velocity.
This leads to some inconsistencies between this theory and reality,
hence additional corrections can be applied to increase the accuracy
as in [88].

In Fig. 7 it is possible to see the velocity triangle representing the
vectors involved in the BEM theory. V, is the undisturbed wind speed,
V,,: is the rotor speed, W is the induced velocity, namely the additional
wind field generated by the action of the loads [87]. V},,,. is the blade
velocity without the component generated by rotor rotation (the minus
sign accounts for the reference systems, set on the blade section) while
vV, is the wind relative velocity with respect to the blade. The figure
shows also the angle of attack « and the flow angle ¢. It is therefore
possible to extract the induced velocity components and then the thrust
coefficient C; [87]:
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where B is the number of blades, L is the lift force, a = l://z is the
axial interference factor, and f, is the Glauert correction for turbulent
wake state and F is Prandtl’s tip loss correction. To further increase
the accuracy of BEM based codes, which usually overestimate the blade
loading by 15%-20% [89], empirical corrections to model root losses,
nonuniform inflow, unsteady inflow, and skewed flow have been intro-
duced as well as adjustments to extend the validity also in turbulent
wake state and vortex ring state [90]. Nevertheless, the complexity
is increased when it comes to floating wind turbines, because of the
additional vibrations generated by the platform and by the presence of
the turbine in its own wake [91].

These physical challenges can be handled by using CFD method-
ologies, commonly used to obtain complex aerodynamic results like
wake flow features and complex inflow conditions [86]. CFD can
accurately solve and obtain the required information of the flow by
solving Navier—Stokes equation, at the expense of computational cost.
Nonetheless, some aspects still need to be improved: for example, the
turbulence model requires corrections using empirical parameters and
the method is dependent on the experience of mesh generation [91].
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Table 2

Qualitative comparison of standard aerodynamic load modeling approaches for offshore wind turbines. (*if corrections are implemented).
Method Core assumptions Physical behaviors captured Computational speed Accuracy
BEM Inviscid, steady flow; annular independence Axial induction; empirical wake rotation* +++ (real-time capable) +/++*
FVWM Inviscid, irrotational flow; free wake Wake convection, rotation; radial velocity ++ (minutes-hours) ++
CFD Viscous Navier-Stokes, fully resolved Separation, turbulence, complex wake dynamics + (hours-days) +++
BE Inviscid, potential flow; blade singularities Unsteady loads; wake-induced velocities ++ (minutes-hours) ++

Another methodology that is used to deal with floating wind turbine
aerodynamics is the family of FVWMs. This methods are based on a
Lagrangian approach, meaning that the turbine wake is discretized in
Lagrangian markers; this representation can be performed using several
methods (e.g., lattice method, filament method etc.). For a complete
understanding of the methodology, more material can be found in [92].
Under unsteady flow conditions, FVWMs perform better compared to
BEM methodologies [93] but remaining less computationally expensive
than CFD [94] and its reliability has been widely confirmed. Moreover,
despite generally overestimating aerodynamic loads, in large yaw mis-
alignment conditions, BEM tends to underestimate the blade loads up
to 30% with respect to the FVWM [94].

Finally, the BE method is based on the potential flow theory and
it is valid provided that the flow is irrotational, inviscid and incom-
pressible. This methodology is rarely used for aerodynamic simulation
of wind turbines [95] while widely employed for hydrodynamics and
it is treated more in detail in the next paragraph. A more concise
comparison can be found in Table 2.

3.2. Wave load evaluation

The evaluation of the loads on the structure caused by incoming
waves and their dynamics is defined as hydrodynamic modeling and
can be performed using several methodologies, each of them suitable
for a certain typology of event and introducing more or less complex-
ities. In particular, it is possible to adopt either a linear approach,
generally suitable for small/moderate wave conditions or a non-linear
one, which is more common for the analysis of extreme events [96].
Clearly, solving a non-linear model requires more computational effort
with respect to the linear one. On the other hand, it is able to produce
more accurate results. In the next paragraphs, an overview of the most
common strategies is presented which are then resumed in Table 3.

3.2.1. Linear methodologies

The most common linear approach to evaluate the wave-structure
interaction is the linear potential flow theory. Herein, starting from
Bernoulli and Continuity equations and under the hypothesis of incom-
pressible fluid, frictionless (inviscid) and irrotational flow, it is possible
to describe the velocity through the definition of a potential function
¢, so that v = V¢ (as resumed in Fig. 8). To solve the equations for ¢
it is necessary the coupling with appropriate boundary conditions:

Linear dynamic boundary condition:

fluid pressure must be equal to atmospheric pressure at the undis-
turbed free surface boundary;

Linear kinematic boundary condition:

surface velocity and the normal component of fluid particles
velocity at the undisturbed free surface boundary must be equal;
Impermeability of the body:

the fluid particle velocity at the boundary of the body must be
the same as the normal component of body velocity;

Flatness and impermeability of the seabed:

at the seabed, the normal component of fluid velocity must be
equal to zero;

Wave field decaying far from the body.

Bernoulli and continuity equations
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==+ v—pp
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Hypotheses
* Incompressible fluid
* Non-viscous flow
* Irrotational flow
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Fig. 8. Flow chart for linear potential flow theory.

If the reader is interested in exploring further details about the mean-
ing of the previous equations, more insights can be found in [56].
The potential flow equation coupled with the boundary conditions is
solved to extract the hydrodynamic characteristics in case of floating
substructures. To do so, solvers based on Boundary Element methods
are widely used in literature, such as ANSYS AQWA [97], WAMIT [98],
NEMOH [99]. All the solvers based on these methods are characterized
by the integration of the potential equation over the wet surface of the
body and a small portion of free water area, discretized through a mesh.
The main sources of error/uncertainty for these solvers are numerical
errors: they are divided into round-off, iteration and discretization errors.
The latter are the direct consequence of the approximation of partial
differential equation into discrete and algebraic ones. Since discretiza-
tion depends on the mesh size, refining the mesh is useful to reduce this
type of errors [100]. As the wave can be divided into three components,
incident, radiated, diffracted, also the forces and the moments exerted on
the body and obtained through the integration of the potential, can be
categorized into two classes: excitation (Froude-Krylov and diffraction)
forces and radiation forces. To complete the dynamic analysis of the
body, the hydrostatic force must be considered.

LD e ft s ©
where m is the body mass, z is the velocity for one of the degree of
freedom, f,, f,, f4 are the excitation, radiation and diffraction forces.

3.2.2. Non-linear methodologies
When the hypotheses of small/moderate wave conditions are not
satisfied, or even for wide oscillation of the body, linear models rapidly
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Table 3
Qualitative comparison of standard hydrodynamic load modeling approaches for offshore wind turbines.
Method Core assumptions Physical behaviors captured Computational speed Accuracy
Linear potential Inviscid, incompressible, Radiation and diffraction forces; ++ (minutes-hours) ++
flow irrotational flow; linear free wave excitation; hydrostatic restoring
surface
Morison Slender body assumption; Inertial and viscous drag forces; +++ (real-time +
equation empirical drag and inertia terms; capable)
Partially Potential flow with selected Non-linear wave kinematics; weak ++ (minutes-hours) ++/+++
non-linear non-linear free-surface and body-wave coupling
potential flow body-motion terms
Fully non-linear Inviscid, irrotational flow; fully Wave steepening; non-linear + (hours) +++
potential flow non-linear free surface boundary wave-structure interaction;
conditions higher-order loads
CFD Viscous, turbulent flow; fully Wave breaking; slamming; green + (hours-days) +++

resolved fluid domain

water; flow separation; viscous effects

become inaccurate [101] and the non-linear hydrodynamics effects
must be considered to increase the accuracy of the model. An example
of the causes of non-linear behavior are overtopping, slamming, flow
separation and viscosity, which derive from the fluid-body interac-
tion [102]. To account for these non-linear effects, it is possible to
either use fully non-linear approaches, characterized by high accuracy
and computational time, or partially non-linear models, which address
only the most influential nonlinearities ensuring less computational
burden but lower accuracy [103].

Partial non-linear models are usually based on potential flow meth-
ods which include nonlinearities by extending the linear model or
considering the Cummins equation as an external load [104]. Fully
non-linear methodologies, instead, analyze the interaction fluid-body
through the solution of Navier-Stokes equation, which must be per-
formed through a numerical discretization of space and time as it is
not possible, up to now, to solve them analytically. The choice depends
entirely on the aim of the modeling, as there could be applications in
which the computational speed is essential and does not allow long
simulations. It is also possible to perform an hybrid approach, coupling
CFD and potential flow theory to integrate viscous effects [105,106]
and to calculate hydrodynamic coefficients reducing the computational
burden [104]. For slender structural geometries, non-linear hydrody-
namic loading can be efficiently modeled using the Morison equation,
which accounts for both inertia and drag contributions.

3.3. Structural modeling approaches

According to the fidelity that is required, several methodologies can
be used to model the structural behavior of offshore wind turbines. At
the highest fidelity level, 3D Finite Element Method (FEM) models can
be used for blades, tower and substructure [107-109], with the external
loads that can be calculated externally and then applied at each nodes.
Despite offering a great accuracy, this method is characterized by
very high computational costs, hence when the number or the time of
simulations increases, other options are preferred.

To reduce the computational effort, reduced-order structural rep-
resentations are commonly adopted. An example is represented by
1D beam theories coupled with two-dimensional FEM section analy-
ses performed for the blades in [110], where interesting results are
extracted comparing the three different beam models implemented in
OpenFAST [111] and the variability induced in the FEM analysis. To
further reduce the complexity and increase the computational speed,
it is even possible to avoid the FEM section analysis [112,113] limit-
ing the analysis to the blade root, where the stress can be extracted
analytically. Such approaches, however, require the adoption of appro-
priate safety factors to account for the introduced simplifications, as
recommended by current standards [114].

Reduced-order beam formulations are also commonly employed for
tower modeling. In OpenFAST, for instance, the tower is modeled as a
cantilever beam using a modal approach, deriving the first mode shapes

using a precomputed FEM, thus limiting the degrees of freedom and the
computational effort.

For floating offshore wind turbines, a multibody dynamics formu-
lation is often employed to enable the coupled time-domain simula-
tion of rigid (e.g., substructure) and flexible components (e.g., tower,
blades) [96]. OpenFAST adopts Kane’s method to efficiently derive
the equations of motion of the aero-hydro-servo-elastic system [115].
This approach allows to avoid the explicit introduction of Lagrange
multipliers, thus obtaining compact governing equations and improving
numerical efficiency. This is particularly useful for long time-domain
simulations and large-scale parametric studies. Another formulation
of multibody dynamics, the momentum cloud method, is presented
in [116]. This methodology is based on the direct application of the
conservation of momentum to an entire system, and makes also use
prescribed motions between contiguous bodies. The main advantage
of using this approach is that an N-body system can be conveniently
represented using only six equation of motions, drastically reducing
the computational demand. Time-domain solvers relying on lumped-
mass representations, such as OrcaFlex [117], are also commonly used
to model the coupled structural response of offshore and floating
wind systems under combined environmental loading. These tools are
particularly suited to analyze large motions and non-linear structural
dynamics. A schematic comparison of all the mentioned methodologies
is present in Table 4.

3.4. Recent developments in loads calculation

The above sections report the standard frameworks for offshore
wind turbine loads evaluation and their strengths and limitations. How-
ever, through research and innovation, new theories and technologies
are investigated to increase fidelity and reduce the computational costs.
An example in the field of aerodynamics is the new 'Unified Momentum
Model’ [118]. This theory allows to well-predict the behavior of wind
turbine forces and power without the empirical corrections required
by BEM models for some flow regimes. Additionally, emerging ML
techniques are used to accelerate CFD simulations, improve turbulence
modeling and reduced-order models [119].

Concerning wave loads, similarly to the wind case, the goal is to
increase accuracy while reducing the computational burden. In [120]
non-linear kinematics is incorporated to the relative form of Mori-
son’s semi-empirical force model to significantly improve the accu-
racy of rapid simulations. ML frameworks are also used to reduce
the use of computational intensive simulations and predict hydro-
dynamic loads [121]. Regarding the structural side, recent advances
are driven by the need to capture increasingly complex non-linear
behavior, preserving computational efficiency. Models like the fully
non-linear geometrically-exact beam theory are gaining growing at-
tention, since they are able to represent structural coupling and large
deflections overcoming the limitations of classical linear beam formu-
lations [122] Moreover, digital twins and data-driven approaches are
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Qualitative comparison of standard structural modeling approaches for offshore wind turbines.

Method Core assumptions Physical behaviors captured Computational speed Accuracy

3D FEM Continuum mechanics; detailed Stress and strain distribution; local + (hours-days) +++
spatial discretization deformation; modal response

Beam + FEM 1D beam theory; sectional Global bending and torsion; sectional ++ (minutes-hours) ++/+++

section properties from 2D FEM stiffness effects; modal dynamics

Simplified 1D beam theory; analytical stress Global loads; root bending moments; +++ (real-time +

beam/blade root evaluation; fatigue indicators capable)

models

Multibody Rigid and flexible bodies; Coupled aero-hydro-servo-elastic ++ (minutes-hours) ++

dynamics (Kane’s generalized coordinates; response; large motions; modal

method) kinematic constraints deformation

Momentum System-level momentum balance; Distributed inertia effects; global ++ (minutes) ++

cloud method prescribed relative motions coupled dynamics

Lumped-mass Lumped-mass approach; Large displacements; non-linear ++ (minutes-hours) ++

solvers (e.g., non-linear kinematics

OrcaFlex)

structural response; coupled
environmental loading

increasingly used to evaluate the loads and the damage on the blades
and structure. These approaches are discussed among the novelties in
the next chapters.

4. Fatigue evaluation methods

Fatigue failure refers to the abrupt fracture of a material resulting
from repeated or fluctuating stress cycles applied over time. A distin-
guishing characteristic of these stresses is that they typically remain
below the material’s ultimate tensile strength, but they have been
repeated or fluctuating a large number of times [123]. Fatigue regimes
are often classified according to the number of cycles that precede
failure: Low Cycle Fatigue (LCF) if they are below 10* cycles, High
Cycle Fatigue (HCF) when they are between 10* and 107 and Very High
Cycle Fatigue (VHCF) if they are above 107 [124]. Concerning wind
turbines, they experience > 107 random cycles during their average life,
therefore they can be inserted in the last section (VHCF). This cyclic
loading is related to wind, gravity, and gyroscopic effects, which cause
the turbines to be vulnerable to structural failure. Among those, wind
load fluctuations are considered the most detrimental for the fatigue
life [23].

Fatigue failure is a process structured in several stages: at the
beginning, the initiation of microcracks (nucleation) is induced by
cyclic plastic deformation, followed by crystallographic propagation
from two to five grains. This kind of cracks are not detectable to the
naked eye. Later, microcracks become macrocracks, creating parallel
plateau like fractures, divided by longitudinal ridges: they are smooth
and normal to the direction of the maximum tensile stress. At the next
stage, the remaining material is no more able to ensure the resistance
to the loads, and this leads to a sudden and rapid fracture that can be
ductile, brittle or a combination of both.

Fatigue cracks will typically initiate at discontinuities in the ma-
terial where the cyclic stress is a maximum and, if other external
mechanism are involved in the nucleation phase (e.g., temperature
effects like creep, corrosion), damage modeling become even more
complex [123,125].

Although fatigue damage is evaluated using similar frameworks for
blades, tower, and substructure, differences in material behavior and
dominant loading mechanisms must be considered when interpreting
load predictions for component-specific design. As described by IEC
61400-1, to calculate the fatigue life of a wind turbine an appropriate
fatigue accumulated damage calculation method should be used [30]:
the most common is the Miner Rule [126-128], a linear approach,
whose main drawback is that it does not take into account the loading
history as well as overlooking interaction events [129]. To derive the
damage induced by a cyclic loading, S-N curves are often used. S—
N curves, also known as Wohler curves, represent the relationship

between the stress range applied to a material and the number of cycles
to failure under cyclic loading. The data are typically plotted with
the stress range on the vertical axis and the number of cycles (on a
logarithmic scale) on the horizontal axis.

Nevertheless, also fracture mechanics can be employed to evaluate
fatigue life as support to S-N curves as DNV-RP-C203 suggests. Fracture
mechanics is a section of mechanics that investigate the initiation
and propagation of cracks in materials. It provides theoretical and
quantitative tools to predict failure due to crack growth under various
loading conditions. By considering material properties, stress intensity
factors, and energy release rates, fracture mechanics is able to assess
structural life in the presence of defects or pre-existing flaws. Despite
this, since crack initiation is not included in this methodology, a
shorter fatigue life is obtained through fracture mechanics than by S-N
data [130]. In the next paragraphs, a more detailed description of these
two methodologies is presented.

4.1. S-N curves

S-N curves are diagrams that represent the fatigue strength of the
material versus the life (expressed as cycles) when subjected to constant
stress range loading and fixed stress ratio R = ¢,,;,/0,,.x- These charts
are the product of the loading of controlled specimens, hence they do
not entirely represent a machine part and require corrections [131].
In order to take into consideration the differences between the con-
trolled specimens and the real components, factors are defined with
regard to surface conditions, loading, size and geometry (including
stress concentration effects), reliability, temperature and miscellaneous
factors [123]. The S-N curves can be derived for both metals and
composites, hence they can correlate stresses and allowable load cycles
for every material composing wind turbines. The structure of an S-N
curve for a metal is reported in Fig. 9 and can be described as follow:

+ A diagonal line discovered by Basquin [132], who was the first
to approach the fatigue behavior. It is described by the following
equation:

o =C|(N)©2 10)

where C, and C, are material constants, ¢ is the stress and N are
the cycles to failure.

A knee that introduces a straight horizontal line, which was dis-
covered by Stromeyer [133], who firstly introduced a truncation
of Basquin curve at fatigue limit stress o, namely the stress below
which the material can ideally undergo an infinite number of
cycles.

6 =0,+C10°/N)!/* 1n

while N is the number of cycles and C is a material constant.
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There are also other models of S-N curves, such as Palmgren [134] or
Weibull [135]. The common point of all these methodologies is that
they are not proper models, but rather data fitting procedures which
are dependent on the specimen features [136]. Despite most material
see a fatigue limit in the regime of high cycle fatigue, this concept has
to be treated carefully, especially in free corrosion conditions or even
with variable amplitude loading [137]. In fact, with proper testing, it is
possible to highlight that in steel alloys after a first horizontal limit, a
second descending curve trend is present, followed by a second fatigue
limit at lower stress. This behavior is caused by a second mechanism of
crack formation, namely the passage from surface to subsurface crack
initiation. An example of the two mechanism is presented in Fig. 10.
Concerning aluminum alloys, an ever decreasing stress S-N curve is
usually found, even up to 10'° cycles [138]. Hence, sufficient testing
data is required to correctly evaluate the corresponding remaining
cycles. Being derived by specimen related data, the values assumed by
S-N curves are highly dependent on the methodology used to fit them.
Moreover, it is common to find a huge scatter range even in controlled
experiments; this is basically due to the variability of the microstructure
and the scatter of defect size, but it can also be caused by poor
alignment of specimen and testing machine [136]. For this reason, it is
also widespread the use of probabilistic S-N curves [139]: in this way,
applied stress and fatigue life are related by iso-probabilistic curves,
giving an indication also on the chance of failure. It is possible to
choose the among several confidence level of survival and one of the
most used is the curve with 97% chance of survival.

Since the curves are evaluated for unloaded material, it is also pos-
sible to modify the S-N curve to take into account the damage induced
by precedent cycles. The idea behind this procedure is illustrated in
Fig. 11: given a stress o, with corresponding cycles to fatigue failure
N,, after a number of cycles n, at ¢;, the maximum number of cycles
that can be performed again at ¢, is N| — ny; (6, Ny — n;) is the first
point of the new S-N curve. The second point is obtainable knowing
the previous fatigue limit o, and its corresponding Nj,: after the cycles
performed at o, the number of cycles n, allowable at ¢, will be:

n ny
— + 2 12
NN, (12
hence:
Ny
n0=(N1—n1)F 13)
1

the number of cycles at which the fatigue limit is reached is to be
considered as a constant. In this way the new S-N curve is complete.
There are also other methodologies to update the curves following the
progressive damage: more detailed information can be found in [123].
When it comes to composite materials, the behavior is much more
complex due to the inhomogeneities and the anisotropy at the nanome-
ter length scale. This feature is cause of several damage phenomena
(e.g., matrix cracking, matrix crazing, fiber fracture and buckling etc.)
which inevitably influence the damage behavior [140] and conse-
quently the variability of S-N curves shape (Fig. 12). In [141], com-
posite S-N curve models proposed by Weibull [142], Sendeckyj [143],
Kim and Zhang [144] are found to be the best fitting equations for
experimental fatigue data obtained by Weibull for R = —1, Sendeckyj
for R = 0.1, and Kawai and Itoh for R = —0.43, —3, and 10 [145].

4.2. Miner’s rule limitations

As mentioned in the previous paragraph, S-N curves represent the
relationship between the cyclic stress range and the number of cycles
required for fatigue failure, keeping constant the stress ratio R. Hence,
when it comes to variable loading, each cycle has to be identified
and associated to a certain damage to estimate the fatigue life of
the component. To do so, the stress history has to be analyzed and
cycles counted. Standards like ASTM E1049-85 [130,147] cite rainflow
algorithm and similar among the acceptable methodologies for variable
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Fig. 9. S-N curve for a metal.
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Fig. 10. Crack initiation modes: surface (left), sub-surface (right).
Source: adapted from [146].
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Fig. 11. Example of S-N curves translation for precedent loading.

loading cycles counting. In addition to time-domain cycle counting
methods, fatigue cycles can be also estimated using frequency-domain
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S-N curves

N

Fig. 12. Example of S-N curves variability for composite materials.
Source: Adapted from [140].

approaches based on the statistical properties of the stress response.
Spectral methods, as the Dirlik formulation [148] and the Benasciutti—
Tovo model [149], derive the stress range distribution directly from
the power spectral density of the load or stress signal, avoiding the
need for long time-history simulations and explicit rainflow counting.
These approaches are mostly employed for stationary random loading
conditions and offer significant computational advantages for long-
term fatigue assessment. After having established the number of cycles,
damage accumulation models like Palmgren-Miner rule are used to
evaluate the fatigue life of both structure and blades.

o1
D= <A
,Z‘N(”i)_

In the above equation, D is the cumulative fatigue damage, N are the
cycles performed at a corresponding fatigue failure stress o; while A
corresponds to the value of cumulative damage associated to failure.
Generally, 4 is considered equal to 1, but indeed it is a distribution
of values whose mean is equal to one [150]; this feature derives from
the intrinsic variability in fatigue strength of the material and adds
another source of uncertainty representable through the covariance
of the distribution itself. Typical values of the coefficient of variation
of A (COV,) are 0.3 or 0.45 [24]. Miner’s rule is a linear method,
widely used because of its simplicity, and also because the accuracy
of results obtained using other more complex methodologies is still
affected by equal or higher uncertainty. Nonetheless, there are other
approaches that try to overcome Miner’s rule limitation as the inclusion
of the chronological order of loads series, as Mesmacque et al. [151]
and also non-linear theories which address the non-linear phenomena
excluded in Miner’s approach [152]. As an example, in [153,154], new
models for the evaluation of cumulative damage are presented, which
include load interaction phenomena and also the strength degradation
induced by loading history. Nevertheless, to determine the fatigue
damage produced by each stress level, S-N curves are used, as they are
commonly adopted for high cycle fatigue and gigacycle fatigue [155].
It is also worth mentioning that for wind energy application, fatigue
assessment is often performed through the concept of Damage Equiv-
alent Load (DEL). Instead of directly evaluating the damage, variable
amplitude loading histories (46; = 6,4, ; — O;n; and associated num-
ber of cycles n;) are converted into an equivalent constant-amplitude
stress (as shown in Eq. (15)) which induces the same fatigue damage
over a predefined number of cycles N,,. This approach is still based
on Palmgren-Miner linear accumulation damage and on material S-N
curves, hence it involves the same uncertainties discussed above.

X, (4o, > "

N,

(14)

DEL = ( (15)
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4.3. Stress concentration factors

When it comes to offshore support structures and platforms, the
presence of welded joints leads to local stress hotspots where the real
value of the stress can be higher than the nominal one, calculated using
simple beam theory and superposition theory. This phenomenon may
lead to unexpected crack initiation and fatigue failure and therefore
has to be taken into account. To do so, the use of Stress Concentration
Factors (SCFs), which are defined as the ratio between the local stress
at the welding surface and the nominal stress [156], is recommended
by several standards [130,157,158]. The SCF depend on the welding
profiles and can be calculated using several methods which can be
classified into three groups [159,160] and are resumed in Table 5:

« Experimental evaluations: in this methodology, local strain/stresses
are measured through strain gauges placed at the weld toe. Nom-
inal stress can be calculated using measurements or analytical
solutions.

Empirical equations: it is possible to obtain SCF using the empirical
equations given by standards even though they are useful only in
case of simple geometry. Among the empirical approaches, [161]
is the most used and suggested in standards like [130], because
is able to provide SCFs for axial load, in-plane bending, and
out-of-plane bending, according to the joint type.

Finite Element Analysis (FEA): This methodology is able to identify
the locations of critical points in addition to the value of local
stress.

Moreover, hybrid approaches are present in literature, such as
[159]. These methodologies can be useful to overcome some accuracy
limitations while keeping the costs and the time still acceptable. Finally,
in [162] a comparison is presented among two empirical approaches
and FEA, resulting in the latter being less conservative and highlighting
the influence of the SCF methodology choice on expected fatigue life.

4.4. Fracture mechanics approach

Although S-N curves are used in many standards for the design of
offshore wind turbines, they do not lead to crack growth information
(i.e., size of the crack) but can only estimate the cumulative fatigue
damage [163]. Hence, besides the importance of good design, in-
service inspections as well as maintenance and repair are needed to
keep structural safety and system integrity throughout the life of the
turbine. This has contributed to the development of fracture mechanics
(FM) and reliability-based methods to evaluate crack growth in any
structure [164]. As previously mentioned, the fatigue phenomena is
divided into three stages: the first one is associated to crack initiation,
the second one is related to crack extension and the third one to the
rapid acceleration in crack growth with final failure. To evaluate the
effect that the stress produces on the crack and its growth, the stress
intensity K is introduced [123]:

K, = fo\/za

where f is the stress intensity modification factor, ¢ is the nominal
stress and a is the characteristic crack length. Similarly, given a stress
range associated to a cycle 4o = 6,,,, — 6,nin» it is possible to evaluate
the stress intensity range:

AK, = pAc+/7a.

Not every AK is associated to crack growth as there is a threshold
value generally called AK,;,. Assuming that the crack is in the second
stage, namely the crack growth region, its progressive growing can be
approximated using the Paris Equation:

da
— = CK)"
IN (4Ky)
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Table 5
Qualitative comparison of the three methodologies to model SCF [159].
Method Accuracy Time Limitations
Experimental evaluations +++ +++ Not always possible to place the gauges close to
the weld toe.
Empirical equations ++ + Only valid for simple geometries, incapable of
detecting the location of crack initiation.
Finite Element Analysis ++ ++ Inaccuracy in the geometry may lead to significant

discrepancies.

where C and m are empirical, tabulated material constants and N is the
number of load cycles. By simply integrating the above equation, it is
possible to evaluate the growth of the crack until a predefined failure
length a - In [24] a comprehensive review of the main uncertainties
related to fracture mechanics approach is presented. They can be
divided into uncertainties related to initiation phase and initial crack
size, crack growth rate, stress intensity factor, inspection and repair and
crack propagation models.

Concerning the crack initiation phase and the initial crack size,
in [165] the Weibull function is used to correlate the mean value of
crack size and time. Moreover, the time to crack initiation is considered
as proportional to the propagation time, hence it is possible to model
both the phases obtaining the crack dimensions throughout the fatigue
life. Nevertheless, this approach requires the initial crack length, which
is difficult to be estimated. A possible approach to overcome this issue is
to use the S-N curves. This methodology consists in estimating the size
of the crack in order to reach the same expected fatigue life derived
by the S-N curves, as a sort of calibration [166,167]. The process of
crack growth has a stochastic nature as well, hence the rate in crack
growth contains a statistical variability that is a direct consequence
of material properties variability, geometrical tolerances, pre-existing
defects and loading conditions [168]. The problem in evaluating these
uncertainties is related to the estimation of the constants C and m in
Paris law equation, which is the most used to model the fatigue crack
growth rate [24]. It is possible to use both experimental methodologies
using standard specimens, pre-cracked and notched or even numerical
calculation as discussed in [169].

Moving to the stress intensity factors, standard procedure is the use
of FEM and theoretical predictions available in literature. Nonetheless
other methods are also proposed such as Strong Formulation Finite
Element Method (SFEM) in [170] or [171] where the measured crack
opening displacement is used coupled with a least-squares method to
obtain stress intensity factors. For steel structures the main uncertainty
issue is related to the welds geometry, which influences the SCF dis-
tribution and the location of the most critical fatigue location [172],
hence in addition to the conventional theoretical correlations or fi-
nite element methods, also hybrid approaches have been developed
as [159].

Finally, also crack propagation modeling options create an uncer-
tainty on the results of fatigue analysis. As previously mentioned, Paris
model of crack growth is the most common, nevertheless brings the lim-
itation of not considering the R stress ratio parameter. An example of
going beyond these limitation is the Walker Law [173] which addresses
this issue for metallic materials by introducing a third parameter y,:

c [ AK, ]'"W
Y la-pi-w

where Cy, and my, are equivalent to the C and m of Paris Law. Note
that if y,, is 0, the crack propagation is not influenced by the stress
ratio. For additional and more detailed information, a comprehensive
review of crack propagation models for metallic materials is carried out
in [174].

Concerning composite materials, the anisotropy and heterogene-
ity typical of composites generates uncertainty in their crack growth
evaluation. A lot of effort has been performed in the recent years, in
particular through the use of numerical calculation methods such as

da

= 19)
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the extended Finite Element Methods (XFEM) [175,176], and also other
approaches such as peridynamic (PD) based models [177].

In [164] a comparison between fracture mechanics and S-N curve
approach is performed for a bottom fixed wind turbine. The results
show that the reliability index of the structure calculated at the end
of life using the S-N curves is 3.4 times higher than using fracture
mechanics. Hence the latter approach is more conservative. This result
is confirmed also in [178]. In [179] a comparison of the fatigue
damage at the tower base section is performed. The fracture mechanics
approach forecasts two times higher damages with respect to the S-N
curves in all the locations of the section.

It is important to remark that, in this work and explicitly in the
present section, fracture mechanics has been introduced primarily as
an extension of fatigue modeling through crack growth laws. However,
when pre-existing and detected defects are explicitly considered, frac-
ture mechanics assumes a fundamentally different role within structural
integrity assessment. In such cases, fracture assessment is aimed at
evaluating the safety and fitness-for-service of offshore wind structures
rather than predicting fatigue life. In such cases, fracture assessment
aims at evaluating the safety and fitness-for-service of offshore wind
structures rather than predicting fatigue life. As an example, the reli-
ability of a structure can be enhanced and updated through a fracture
mechanics-based approach coupled with inspection and repair strate-
gies. In [180], a comparison is performed between scenarios involving
crack detection followed by repair and detection-only strategies, show-
ing that reliability increases when repair is applied. Nevertheless, crack
detection in offshore structures is often based on non-invasive tech-
niques to avoid material damage, which introduces a non-negligible
probability of missed detection and associated uncertainty in relia-
bility predictions. Therefore, it is common to define a probability
of detection (POD), which is dependent on several variables as the
nondestructive evaluation method, human factors, test environment,
and defect size. Usually, the 95% confidence curve is plotted against
the crack size [181]. To reduce detection-related uncertainties, statis-
tical methodologies have been developed [167,182] and also a DNV
standard has been released [114].

4.5. Recent developments in fatigue assessment

Fatigue assessment methodologies are now experiencing a signif-
icant influence by the growing interest towards ML approaches. In
particular, the most promising seem to be hybrid solutions, which em-
brace both physical significance and data-driven methodologies [183,
184]. ML models are increasingly used to go beyond the S-N curves and
linear damage accumulation, directly using material properties and lim-
ited sets of experimental data [185]. Moreover, data-driven approaches
can be used to predict crack growth rate, improving computational
speed but still obtaining accurate predictions [186]. However, despite
their strong potential, the lack of an established regulatory framework
currently confines these methodologies mainly to research-oriented
studies rather than practical engineering applications. Research is also
focusing on the field of digital twins [187,188], which can be used to
overcome the gap between the design phase and the operative condi-
tions. Using these tools, structural damage is updated using real data,
resulting in lower uncertainties and increasing accuracy of remaining
life predictions.
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Table 6
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Literature review of the most common modeling strategies. CE= Cummins equation, MCM= Momentum Cloud Method, BM= Beam Model, RC= Rainflow Counting,

FM= Fracture Mechanics, PSD= Power Spectral Density.

Ref. Aerodynamics Hydrodynamics Load evaluation methodologies Softwares Fatigue evaluation Component
methodology
[110] BEM CE 1D BMs (comparison) + 2D FEM OpenFAST, Becas RC, Miner’s rule Blades
[112] BEM CE Euler-Bernoulli BM (ElastoDyn) OpenFAST, MLife RC, Miner’s rule Blades, Tower
base
[189] BEM Morison/ CE 1D BM Bladed RC, Miner’s rule Blades
[190] BEM Morison Non-linear Geom. Exact BM Loose RC, Miner’s rule Blades
[191] BEM CE Euler-Bernoulli BM (ElastoDyn) OpenFAST RC, Miner’s rule/ Linear Substructure
elastic FM welded tubular
joints
[192] BEM CE Euler-Bernoulli BM (ElastoDyn) OpenFAST RC, Miner’s rule Tower base
[193] BEM CE Euler-Bernoulli BM (ElastoDyn) OpenFAST RC, Miner’s rule Tower base
[113] BEM CE Euler-Bernoulli BM (ElastoDyn) OpenFAST, MLife RC, Miner’s rule Blades, Tower
base
[194] / / Strain measurements / RC, Miner’s rule Tower base
[195] BEM CE Euler-Bernoulli BM (ElastoDyn), Floris, OpenFAST RC, Miner’s rule Blades, Tower
Non-linear Geom. Exact BM base
(BeamDyn)
[196] BEM CE Euler-Bernoulli BM (ElastoDyn) OpenFAST FM Monopile
[179] BEM CE Euler-Bernoulli BM (ElastoDyn) OpenFAST S-N curves/ FM Monopile
[197] / / Strain measurements / RC, Miner’s rule Tower base
[198] Drag-based Morison 3D FEM Fe-safe, ABAQUS PSD + Miner’s rule Monopile, Tower
[199] BEM Morison 1D BM (BeamDyn, SubDyn) OpenFAST PSD + Miner’s rule Jacket

5. Discussion

In this article, a review of the uncertainties in the possible ap-
proaches and theories to model the fatigue life of an offshore wind
turbine has been performed.

In the climatological section, the uncertainties related to the wind
evaluation have been discussed, showing that fatigue damage is sen-
sitive to the adopted turbulence model and that approaches involving
also low frequency wind cycles lead to lower fatigue life estimations.
Among those factors it appears that more priority should be given to
the investigation of turbulence. In [200] a comparison of IEC 61400-
1 prescriptions on turbulence and wind shear and a model based on
wind measurements with full wind, characteristic turbulence intensity
and wind shear shows that the standard overestimates of 7.5% the
equivalent fatigue loads, with relatively small impact of the wind shear.
Standard turbulence models like Mann’s and Kaimal’s do not account
for non-Gaussian effects and other phenomena like wakes generated
by nearby turbines, which can affect the turbulence intensity and
the calculations with a variability of 5%-15% of turbine loads [201].
However it is still not possible to identify a single turbulence model that
universally best represents the atmospheric conditions of a site and to
generalize its impact on the loads [202]. In fact, each site may be better
or worse characterized by different spectral formulations depending on
its specific meteorological and environmental features.

Concerning the wave data and modeling, satellite data and re-
analysis models offer an acceptable accuracy at low cost with error
estimations on the order of 7% and 10% with respect to the in situ
measurements error which are around 6% [203]. The main issue of
using satellite data is the revisit time, while in situ campaigns provide
the highest accuracy but at high cost and suffering reliability issues.
Given the marginal difference in accuracy and in accordance with
standard guidelines, both the model and satellite-derived data can be
considered sufficiently accurate for fatigue life estimation, provided
that appropriate safety factors are applied. Moreover, the importance of
spectrum choice, as well as its parameters’ tuning has been highlighted,
showing their strict dependency on the location features and directly
influencing the consistency of fatigue analysis. In [204] the JONSWAP
spectrum leads to a shear force root mean square (RMS) value at
the mudline around 3% higher than the one calculated using the
measured wave spectrum. In the same study, additional comparisons
are performed in other locations using JONSWAP and swell-dominant
wave spectra, reaching up to 40% variability in the shear force RMS.
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This highlights the importance of spectrum choice and tuning according
to the local wave climate. Some studies have also investigated the
influence of sea currents, showing higher fatigue damage for opposite
waves-currents. However, their influence according the standards is
trivial with respect to the above-mentioned factors.

Additional climatic uncertainties have also been discussed: the cli-
mate change context influences the reliability of historical data to
forecast future wind and wave distributions. Hence, fatigue damage
estimation is also affected, since several world areas are experiencing
reduction or increase for both the resources. Nevertheless, it is dif-
ficult to provide a quantitative range of uncertainty given the high
output variability of those forecasts. Concerning the novelties related
to the climatological section, non-gaussian turbulence models are now
explored to account for extreme weather conditions while machine
learning and data-driven approaches are becoming ever more used,
especially for compensating lack of data or reproducing ad-hoc local
spectra. However, a standard framework is still missing, hence their
application is confined to complementary or research analyses.

In the load evaluation section, aerodynamic loads modeling has
been discussed: the most common approach is the BEM theory, which
allows good reliability at an affordable computational costs. This
methodology is used for aerodynamic calculations in several softwares
like OpenFAST, the most common aero-hydro-servo-elastic software
used for offshore wind turbine simulations. Some corrections are often
implemented to increase accuracy. A comparison between BEM codes
and FVWM in [205] shows that BEM codes overestimates the lifetime
damage equivalent loads (DELs) of 9%. CFD represents the most ac-
curate modeling strategy, however tends to be avoided in long term
fatigue analysis, due to its computational burden and its role is often
limited to validation.

For the hydrodynamic loads modeling, linear potential flow theory
is usually adopted and Boundary Element method-based solvers are
used to extract hydrodynamic coefficients. This methodology is used
in several long term fatigue approaches (see Table 6) and can be
also integrated with non-linear methodologies (i.e.,CFD) to increase its
accuracy. The use of non-linear methodologies is also investigated in
literature. In [206] the influence of second order waves leads in an in-
crease of bending moments at the foundation up to 7.5% with respect to
linear waves. In [207], the opposite is found for a floating wind turbine
tower, where bending moments simulated adopting fully non-linear
waves are lower. Nevertheless, for long term fatigue estimations, non-
linear methodologies are usually avoided to reduce the computational
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burden, providing that appropriate safety factors are used. The effect
of multidirectionality and wind-wave misalignment influence is instead
less investigated. Despite this, reduction in the loads up to 40/60% is
possible as per [64].

As seen in the previous chapters, also the structural model plays
a crucial role in the accuracy of fatigue life estimation. High fidelity
3D FEM models provide the most accurate evaluation of local stress
field in offshore wind turbines. However, their computational cost
hinders their coupling with long-term aero-servo-hydro-elastic simu-
lations. Two main strategies can be adopted to overcome this issue.
The first one consists in using the 3D FEM models, calculating the
external loads adopting frequency-domain wind and wave analyses.
This methodology allows for detailed local fatigue assessment but it
is not able to account for coupling effects. The second one, which
represent the state of the art of the engineering framework, is to rely
on time-domain aero-servo-hydro-elastic simulations based on reduced-
order beam type structural models, at the expense of local stress
resolution. In [208] a comparison between these two strategies leads
to differences in bending moments estimations of 5%-15%. Moreover,
in [209] a comparison among a beam model for the blade and its
finite element representation shows only 5% difference, showing the
validity of both the approaches. Beside the comparison of standardized
frameworks, new load evaluation methodologies have been reported,
like the 'Unified Momentum Model’ for aerodynamics or the ‘non-linear
geometrically-exact beam theory’ for the structural analysis. Together
with machine learning techniques, all these strategies aim to reduce
computational burden while preserving accuracy.

Finally, in the section related to fatigue evaluation methodologies,
the possible approaches to model the process of fatigue damage have
been discussed. S-N curves tend to underestimate the fatigue damage
with respect to fracture mechanics, with fatigue life estimations that
can be two times higher. For both steel based components (i.e, substruc-
tures, tower) and composite materials (blades) S-N curves are usually
employed for the sake of long term fatigue evaluation. Safety factors are
also applied to the stress values used to enter the curves in order to take
into account possible load underestimations, additional uncertainties
and the statistical variability of the phenomenon. Stress concentration
factors should be also used for particular geometries or weldings, which
locally increase the load. To extract the fatigue damage, the use of S-N
curves is coupled to damage accumulation methods: linear method-
ologies (e.g., Miner’s rule) are preferred since non-linear ones do not
add significant confidence to the analysis. Miner’s rule is associated to
uncertainties in failure between 30%-60% as per [24].

Fatigue life can also be evaluated through fracture mechanics. Nev-
ertheless, several uncertainties are present, which are directly corre-
lated to the stochastic nature of the process and are challenging to
estimate. In particular, the evaluation of Paris law equation param-
eters is not trivial. Another important issue is related to inaccuracy
induced by the estimation of initial crack dimension: usually, S-N
curves calibration is adopted to obtain the initial crack dimension.

Regarding the recent developments in fatigue, machine learning
techniques are explored to overcome the limitations related to S-N
curves and linear accumulation models as well as improve the pre-
diction of crack growth rate. As previously discussed, in absence of a
regulatory framework, this methodologies are confined to innovation
rather than standard engineering practice. Research is also focusing
on digital twins, to reduce the gap between design phase and real
operative conditions.

6. Conclusion

This review has examined the main engineering methodologies
currently adopted for fatigue assessment of large offshore wind tur-
bines, with a focus on the balance between modeling accuracy and
computational efficiency. The analysis proves that no single approach
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is universally optimal, and that model choice must be driven by the
aim of the study.

Concerning preliminary design stages, broad parametric analyses,
and large-scale optimization tasks, frequency-domain load estimation
based on simplified aerodynamic and hydrodynamic theories
(e.g., BEM, linear potential flow, and Morison-based formulations)
provides an effective compromise between accuracy and computational
cost. If combined with FEMs, these approaches enable stress-oriented
evaluations while maintaining computational feasibility. Further sim-
plifications through beam-type structural models offer additional re-
ductions in computational effort when local stress resolution is not
required.

On the other hand, for detailed investigations of few configura-
tions and especially for floating offshore wind turbines, fully cou-
pled time-domain aero-hydro-servo-elastic simulations represent the
current state of the art. These models are essential to capture the
non-linear interaction between wind, waves, and structural dynamics,
which strongly governs fatigue accumulation. State-of-the-art tools rely
on beam-based structural representations coupled with aerodynamic
and hydrodynamic solvers, and can be complemented by high-fidelity
finite element submodels for localized stress and hotspot fatigue analy-
ses in design phase. Concerning fatigue assessment, the combination of
S-N curves and Miner’s rule continues to represent the most convenient
and established methodology. This is largely driven by its consistency
with fracture mechanics approaches, in which crack growth parameters
are typically identified by enforcing equivalence with the damage
predicted through S-N-based fatigue models.

Future developments in fatigue modeling are expected to be driven
by three key directions. First, improved representations of wind and
wave excitation, including non-Gaussian turbulence models and refined
wave spectra, are required to account for the increasing relevance of
extreme environmental events under climate change conditions and
local climatological features. Second, machine learning techniques are
likely to play a central role in reducing data gaps and enhancing load
reconstruction from limited measurements, although their integration
into engineering practice will require robust validation and standard-
ization. Third, digital twin frameworks provide a promising pathway
towards continuous, data-driven fatigue life updating, narrowing the
gap between design assumptions and operational behavior.

Overall, the advancement of offshore wind turbine fatigue assess-
ment will depend on the integration of the above-mentioned novelties
(especially data-driven techniques) within unified engineering frame-
works, enabling more reliable and efficient predictions of structural
integrity over the turbine lifetime.
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Table A.1
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Summary of commonly adopted wind spectra and turbulence models and their treatment in design standards.

Spectrum/model Equation (compact form)

Standards/typical use

4‘7;% Li/Viuwo

Kaimal (1D) S ()= —_— IEC 61400-1: wind turbulence spectrum,
(146 L/ Vo)™ commonly combined with exponential
coherence [30]
S, o
Mann (3D—1D equiv.) Ljﬂ = LZ" ?ﬁ ¥, (i’/’ﬂ) IEC 61400-1: the 3D field is commonly
i O Thub hub represented through equivalent 1D component
spectra derived from the Mann formulation
[30]
583 f., f.<0.003
S0 420 f07
Ochi-Shin # =9 (1+ f035)115° 0.003 </, <01 DNV-RP-C205: empirical offshore wind
e 838 f, spectrum with enhanced low-frequency energy
g fomyins’ f.>0.1 content (but less than Frgya), particularly
* suited for offshore ambient wind conditions
[35].
af b fi+d [ fo < fu
Simiu and Leigh ffz(f) = o tayf, +byfr fu<f.< [ DNV-RP-C205: empirical wind spectrum
* 026 /2 B fs proposed by Simiu and Leigh; it is developed
accounting for wind energy in low frequency
range [35].
U, 045 s/t
S(f)—320(—0) (1+77) 5/Gn

Frgya

U, \ 07
7 o)

¢

i
0

DNV-RP-C205: offshore wind spectrum
calibrated for North Sea conditions, commonly
used when low-frequency range is of
importance [35]

Appendix. Commonly adopted short-term wind spectra and turbu-
lence representations in design standards

Table A.1 summarizes the most commonly adopted short-term wind
spectra and equivalent one-dimensional turbulence representations,
used in wind engineering design standards and guidelines.

In Kaimal spectrum: f [Hz] is the frequency, k refers to the velocity
component direction (i.e. 1,2,3), .S is the single-sided velocity compo-
nent spectrum, o, is the velocity component standard deviation, L is
the velocity component integral scale parameter. V,,, is the hub height
mean wind speed.

In the one-sided spectra derived from Mann’s turbulence model:
f [Hz] is the frequency, i refers to the velocity component direction
(>i.e. 1,2,3), S; is the single-sided velocity component spectrum, aiz is the
velocity component variance, aizw is the unsheared, isotropic variance,
I is the scale parameter, ¥;; is the one-dimensional, wave number
autospectrum. ¥}, is the hub height mean wind speed.

In Ochi-Shin:
fo= L

10(2)
where f is the frequency [Hz], U, is the 10-minute mean wind speed
at height z above the sea surface. u* represents the frictional velocity.

In Simiu and Leigh, f, is the same as Eq. (A.1). In addition:

(A.1)

a = “Tﬂ (A.2)
B =026 1", (A3)
Layfu+ (g +1n/’f—:1)ﬂl )
e 2= P+ 3R = D+ 2l = S+ s =2 ) 0
(A.4)
ay = =2by f, (A.5)
dy = firi (”'f’” B+ by(f - fs)2> : (A6
by = —;—‘m ~15f,d,, (A7)
=P —ayfy— b (A8)
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[N}

B = =6.0. (A.9)

Y | =)

Furthermore, f,, is the dimensionless frequency at which fS(f) is
maximum, f; is the dimensionless frequency corresponding to the
lower bound of the inertial subrange, L, is the integral length scale
and o, is the standard deviation of the wind speed. In Frgya spectrum:
U, is the 1-hour mean wind speed at 10 m height [m/s] and z is the
height above sea [m], n = 0.468 and f is the frequency [Hz]. Additional
information may be found directly in the standards [30,35].
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