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As yet, the wind is an untamed, and unharnessed force;
and quite possibly one of the greatest discoveries hereafter to be made,

will be the taming, and harnessing of the wind.

- Abraham Lincoln





Abstract

If the ambitious targets for growth in installed capacity of offshore wind turbines
over the next decades are to be met, more cost-efficient wind farms need to be
developed. One way of achieving this can be to reduce the uncertainty in the
design calculations, which will allow for reducing the conservatism in the design
process. Focusing on the support structure of monopile offshore wind turbines,
this thesis aims at identifying the major sources of uncertainty when performing
fatigue calculations. This spans both uncertainty in the design basis parameters,
productions tolerances, and operational parameters, as well as uncertainties in the
engineering models and software used. Further, an efficient method for fatigue
calculations has been developed. In total, the results of this thesis will: (i) help
designers prioritize which parameters to focus on to gain more confidence in the
fatigue design calculations; (ii) identify the engineering models that should be the
focus of further research; and (iii) provide a computationally efficient method for
performing fatigue analysis in early design stages or in screening studies.

To identify the parameters accounting for the majority of the uncertainty in the
fatigue calculations, a screening study was performed. This included 16 parameters
from a variety of fields, including the environmental design basis, aerodynamic
loads, hydrodynamic loads, geotechnics, material properties and turbine operation.
The fatigue properties of steel were found to have the largest influence on the
calculated fatigue utilization. However, the uncertainties of these parameters have
been unchanged for nearby 40 years (since 1984), with no promises of improvement
in the near future. The second largest influence on the uncertainty was seen for
a group of parameters describing the environmental conditions at the site. The
uncertainty in these may be reduced by using longer time series of data when
determining the design basis. As the turbine size increases, the effect of uncertainty
in design turbulence intensity increases, as wind loads become more important
compared to wave loads. In the monopile below seafloor, the soil conditions also
have a significant effect on the total uncertainty.

When using different engineering models in the design calculations, the largest
variation in predicted fatigue damage was seen when waves were modelled as short-
crested rather than long-crested. The software used for performing the calculations
also had a significant influence, with particularly the stiffness modelling of the
blades being important. In the tower, the wind coherence model also has a signif-
icant impact on the fatigue damage. For the monopile, the difference between the
two investigated soil models depends heavily on the model calibration. These topics
are all suggested for further research to develop models and methods suitable for
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offshore wind turbines. It is also important for the designer to be aware of the large
difference in fatigue damage than can occur with the different engineering models,
as it is not known a priori which models that are conservative.

Finally, a method for performing fatigue calculations was developed. This uses
one lumped sea state per wind bin, as opposed to analysing the full wave scatter
diagram for each wind speed class. The lumped sea state is identified by performing
computationally efficient wave-only analysis. In this work, an empirical wave-to-
stress transfer function has been used, but other modelling methods may also be
applied. In this case study, the long-term fatigue damage was predicted with an
error of <6% for aligned wind and waves, and ∼10% for misaligned wind and waves,
while the computational effort was reduced by >90%.
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Chapter 1

Introduction

This chapter introduces the research questions and objectives of the thesis. First,
the background and motivation for the research is presented. Next, the research
questions and scientific contributions are formulated. Finally, the articles prepared
in the course of the thesis work are presented, and the outline of the remaining
thesis is given.

1.1 Motivation and Background

In light of climate change and increasing carbon dioxide levels in the atmosphere,
there is a need to shift from carbon-emitting energy sources (such as coal, oil and
gas) to carbon-free alternatives. In terms of electricity production, the shift should
allow for increasing both the renewable contribution to today’s energy usage, as
well as facilitating the expected growth in energy consumption. DNV’s Energy
Transition Outlook predicts that the electricity production capacity increase will
be covered mainly by growth of solar photovoltaic and wind energy capacity (DNV,
2022). The forecast predicts 30% of wind energy to be produced from offshore wind
farms by 2050 - a significant increase from 5% in 2020. This is in line with WindEu-
rope’s expectations of the yearly commissioning rate for offshore wind doubling
from 2021 to 2026 (WindEurope, 2022).

While a large number of concepts for floating offshore wind turbines (OWTs)
are being developed, the majority of the installed turbines are bottom-fixed and
supported by monopiles. This is also reflected in DNV’s forecast of ∼1700 GW
capacity installed for bottom-fixed OWTs by 2050. For floating OWTs, 300 GW
are expected to be installed (DNV, 2022). Large projects being planned include
multi-gigawatt farms like Dogger Bank in Europe (Dogger Bank Wind Farm, 2022)
and Empire Wind outside the East Coast of the US (Empire Wind, 2022). A key
enabler for planned and future projects is more cost-efficient designs. Reducing
the cost might also open up for installation of OWTs in waters now considered
infeasible. These waters may be either too deep for today’s monopiles and too
shallow for floating OWTs, or at a too large distance from shore to run maintenance
in an economical matter.

A key element for allowing the expansion of offshore wind turbines is a reduc-
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1. Introduction

tion of the levelized cost of energy (LCOE), i.e. the price of producing one unit
of energy. The major cost components of offshore wind turbines are the turbine
itself, and operation and maintenance, both accounting for approximately 25% of
the cost. A significant portion of the cost is also attributed to the substructure
(20%) and installation (15%) (Smith et al., 2015). While these figures are project-
dependent, the LCOE is in general expected to decrease with increasing turbine
size and increase with increasing distance to shore.

One way of lowering the LCOE is to reduce the uncertainty in the design of
the support structure. Design codes, such as IEC 61400-1 (IEC, 2019) and DNV
ST-0126 (DNV, 2021d), require the support structures to be designed for a target
reliability level where the probability of failure for the support structure is less
than a target probability, pf . Formally, this is written as

P(S > R) ≤ pf (1.1)

where S is the load effect on the structure and R is the capacity of the structure.
A conventional design process does not calculate the failure probability directly,
but considers the structural capacity in predefined limit states and load cases. The
limit states considered are the fatigue limit state (FLS), ultimate limit state (ULS),
accidental limit state (ALS) and serviceability limit state (SLS) (DNV, 2021d). The
ULS check evaluates the capacity against independent, extreme load events, while
FLS considers the aggregated effect of all load actions over the lifetime of the
structure. The ALS criteria takes into account accidental events not normally part
of the structure’s lifetime, such as boat collisions, and abnormal environmental
actions. SLS does not relate directly to the failure of the support structure, but
evaluates if the operational limitations of the turbine are met.

Within the limit state framework, the design requirement in Equation (1.1) is
translated into the requirement that the characteristic capacity (Rc) must be larger
than the characteristic load effect (Sc). The capacity is reduced and the load effect
increased by the use of partial safety factors:

γSSc ≤
Rc

γR
. (1.2)

Here, γS and γR are the partial safety factors on the load effect and capacity,
respectively. These safety factors are calibrated so that the limit-state design check
in Equation (1.2) will provide the same structural reliability as Equation (1.1).
This is illustrated in Figure 1.1, where the relationship between the uncertainty in
the load effects and capacity, and the design requirements are given.

Reducing the uncertainty in a design can reduce the safety factors, allowing for
more economical support structures. A first step towards reducing uncertainty is
identification of the parameters that contribute the most towards the total uncer-
tainty. The following sections will review the current knowledge on uncertainties
in the design of monopile OWTs, with focus on the fatigue limit state. Where rel-
evant, other support structures and land-based turbines are also included, as well
as other limit states. An overview of the the main sources of uncertainty is given
in Figure 1.2.
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1.1. Motivation and Background

fs

Sc

γSSc ≤ Rc

γR

fr

Rc

Load effect, Resistance

fs, fr

Figure 1.1: Probability density function of load effect (fs) and capacity (fr).
Adapted from Moan (2009).

1.1.1 Design Basis Parameter Uncertainties

While numerous studies have investigated the effect of uncertainties in the design
basis parameters for OWTs, only a few of these have considered multiple parame-
ters or parameters from different engineering fields. Hübler et al. (2017) considered
more than 100 parameters relevant for the design of monopiles, and used a four-
step method to perform increasingly accurate sensitivity analyses of the parameters
found most influential in the previous step. Robertson et al. (2019) considered a
large number of parameters of the incoming wind field and the turbine itself, and
investigated how they influenced the fatigue and ultimate loads on a land-based
turbine. While Hübler et al. (2017) found that the parameters related to the soil-
structure-interaction and pile diameter had the largest influence on the uncertainty
of the design capacity, these parameters were not considered by Robertson et al.
(2019). The latter found turbulence intensity (TI), wind shear, yaw error and air-
foil parameter uncertainties to be most important. Teixeira et al. (2019) compared
the effect of uncertainty of 13 parameters describing the environmental conditions,
considering both wind and waves. They concluded that TI contributed the most
to the uncertainty in the design. Further, Toft et al. (2016b) investigated the effect
of uncertainties in TI, wind shear and air density, and found TI to be most impor-
tant. The same authors compared the effect of the total uncertainties in the wind
parameters to the uncertainties in the fatigue parameters (SN-curve and fatigue
capacity) and “general uncertainties” (load model and stress concentration factor)
(Toft et al., 2016a). They found that the fatigue parameters were the most impor-
tant, while also the “general uncertainties” were found more important than the
uncertainties in the wind parameters. Both Peeringa and Bedon (2017) and Ve-
larde et al. (2020) support the notion that the fatigue parameters are important,
finding the fatigue capacity amongst the most influential parameters. Peeringa and
Bedon (2017) also found the SN-curve parameters important. In addition, Velarde
et al. (2020) found both the structural dynamic model and wave load model to be
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Turbulence intensity
Airfoil properties
Wind load model
Wind shear
Coherence

Long-term
environmental
description Wave load model

Wave kinematics
Load coefficients
Wave spectrum
Wave spreading

Soil damping
Soil stiffness
Soil model

Production tolerances
Installation tolerances
Material properties

Turbine operation

Software

Figure 1.2: Overview of major sources of uncertainties in the design of monopile
OWTs.

important when multiplying the stress ranges with random variables to account
for the uncertainty of these properties.

A summary of the parameters considered in the above mentioned studies is given
in Figure 1.3. The parameters are divided into three groups: “Important” denotes a
parameter found to have significantly larger influence on the total uncertainty in the
fatigue lifetime than the other parameters. Conversely, “Not important” denotes
the parameters with less influence on the total uncertainty. Of the 38 parameters
or parameter groups identified in the studies, 15 have been identified as important
by one or more studies. Of these, fatigue capacity and turbulence intensity are
the only parameters found of major importance by more than one study. For the
parameters denoted “Variability” in Figure 1.3, the long-term variability of the
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Important Not important Variability

Nacelle mass

Hub mass

Dynamics

Fatigue Parameters

Fatigue capacity

SN curve

SCF

Load model and SCF

Young''s modulus

Airfoil parameters

Embedded length

Tower thickness

Tower diameter

Pile thickness

Pile diameter

Soil friction angle

Soil unit weight

Soil stiffness

Wave load model

Marine growth

Drag coefficient

Mass coefficient

Current velocity

Wave direction

Spectral peak parameter

Wave period

Wave height

Water density

Water depth

Yaw error

Wind parameters

Wind direction

Wind speed

Air stability

Air density

Surface roughness

Wind shear

Turbulence intensity

Hübler et al. (2017)

Robertson et al. (2019)

Toft et al. (2016b)

Teixeira et al. (2019)

Toft et al. (2016a)

Peering and Bedon (2017)

Velarde et al. (2020)

Figure 1.3: Summary of the results from previous studies categorizing the pa-
rameters as “important” or “not important” w.r.t. the overall uncertainty of the
fatigue design of monopile OWTs. Parameters where the variability is considered
are marked separately. Note that only the most influential parameters are included
from Robertson et al. (2019).
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parameters has been considered. The variability is larger than the uncertainty in
the equivalent design parameter, and will inflate the importance of the respective
parameter if included in the sensitivity analysis. This is illustrated in Figure 1.4,
where the long-term variability of TI measured over several years is given by the
blue bars. The design value of TI is the 90th percentile, measured over minimum
one year (IEC, 2019). The variation of this value over different years is given by
the red curve, showing significantly less uncertainty than the variability of the
instantaneous TI. Using the long-term variability as the measure of the parameter
uncertainty will significantly inflate the importance of the parameter. The result is
that none of the above mentioned studies consider the effect of the uncertainty in
the long-term distribution of mean wind speed, significant wave height, wave peak
period and environmental load directions.

Figure 1.4: Long-term variability of turbulence intensity (TI) and uncertainty in
the 1-year design turbulence intensity (TI90) (Sørum et al., 2022b).

The works mentioned above have all looked at multiple parameters and inves-
tigated how these influence the uncertainty of a design. Numerous other studies
have investigated how variations of a single or a few parameters influence the de-
sign. Türk and Emeis (2010) used measurement data from the FINO1 platform
to demonstrate how the wind speed-dependent turbulence intensity prescribed by
IEC 61400-3 differed from the 90-percentile of the measured TI. Both approaches
are allowed by the standard. The same discrepancy in the resulting design TI was
observed by Nybø et al. (2019). Ernst and Seume (2012) demonstrated that using
the TI values from the standard may lead to a very conservative design, while Toft
et al. (2016a) showed that for a land-based turbine, the blade loads were accurately
predicted if the 90th-percentile of TI was used. The 90th-percentile was found to
be conservative for the tower base. Bakhshi and Sandborn (2016) found that any
yaw error increased the fatigue damage in the support structure and reduced the
power production. Consequently, the structural reliability was increased if any yaw
error was corrected.

Little research has been performed on the sensitivity of the design to hydro-
dynamic load parameters for monopile OWTs. Ziegler et al. (2015) showed how
the fatigue loads on a 4 MW turbine were sensitive to variations in Tp and water
depth within a wind park. This becomes important to consider if designing the
foundations by clustering turbines within a farm.
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1.1. Motivation and Background

Variations in the natural frequency may be caused by variations in either mass
or stiffness properties. Fallais et al. (2022) compared the as-built natural frequency
of monopile OWTs across a farm with the design predictions, observing differences
of 1%-9% for the 1st natural frequency and 20%-50% for the 2nd natural frequency.
Uncertainties in the soil stiffness, scour depth, inertia of the rotor-nacelle-assembly
(RNA) and linearization effects could not fully explain the discrepancies. Zaaijer
(2006) showed that uncertainty in the RNA mass may cause significant variations
in the natural period. Uncertainty in the soil friction angles and scour depths
gave smaller variations, with differences up to 4% and 6%, respectively. Haldar
et al. (2018) demonstrated that uncertainty in the variation of soil shear strength
with depth can cause weak zones in the soil that decrease the natural frequency
and reduce the fatigue life. A related study was performed by Hsu et al. (2022),
who showed that limiting the number of soil samples taken within a wind park
introduced uncertainty in the soil layering. This again influenced the foundation
designs, leading to both increased dimensions and increased probability of failure
in the vertical load bearing capacity. The importance of uncertainty in the soil
characteristics and the occurrence of scour was compared by Prendergast et al.
(2018). They found that scour depths of both 5 m and 10 m have a larger influence
on the natural frequency than the uncertainty in the soil parameters. Further, the
soil parameters had a higher influence on the natural frequency when the scour
depth increased. Jawalageri et al. (2022), Prendergast et al. (2015) and Li et al.
(2018) all showed how the 1st natural frequency of a monopile in sand is most
influenced by scouring if the sand is loose. Jawalageri et al. (2022) also showed that
the mode shape of the 1st mode was influenced most by scour in loose sand, while
the 2nd mode was influenced most in dense sand. Niu et al. (2022) performed model
tests on a pile with different soil stratification, and found that the influence of scour
was largest if the top layer was made of clay. Kallehave et al. (2015) investigated
how the natural frequency varies with changes in corrosion, soil stiffness, scour
protection height, wall thickness, marine growth, entrapped water and soil in the
pile, total mass of the OWT, and the nacelle height. For realistic uncertainties
in a design case, only the soil stiffness and height of the scour protection were
found to have a significant impact on the natural frequency. Finally, Damgaard
et al. (2015) showed that soil variations may give a coefficient of variation (C.o.V.)
of 30% for the modal damping, corresponding to a C.o.V. of 8% of the side-side
damage equivalent moment.

1.1.2 Model Uncertainty

While the previous section reviewed work performed on the effect of uncertainty
in the design basis parameters for a monopile OWT, there are also significant
uncertainties in the models used for analysing the response of monopile OWTs. A
review of the work performed on these issues is given in the following.

Wind Model

The incoming wind field is typically modelled using medium-fidelity models like the
Kaimal spectrum or Mann model, but more accurate methods based on computa-
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1. Introduction

tional fluid mechanics may also be used. Nybø et al. (2020) compared the coherence
of the Kaimal model, the Mann model, large eddy simulations (LES) and measure-
ments from FINO1. They demonstrated differences in the wind shear profiles of the
engineering models, and deviations between the engineering models, the LES and,
the measurements. Further, the difference in coherent structures of the wind fields
was demonstrated. The difference in vertical coherence between the Kaimal and
Mann models and measurements was also shown by Eliassen and Obhrai (2016).
These differences had a significant impact on the predicted tower fore-aft bend-
ing moments, as well as tower torsion and blade root moments (Myrtvedt et al.,
2020; Nybø et al., 2021). Nybø et al. (2021) focused on the low-frequency response
(f < 0.1 Hz), and demonstrated how the lower coherence of the Mann model yielded
a lower variation in the tower top and base moment than the Kaimal model. Still,
these two models were more similar to each other than the LES predictions and the
measured time series. A similar deviation in the tower fore-aft bending moments
was observed by Myrtvedt et al. (2020), who compared the Kaimal and Mann
models for cases for high TI.

Wave Kinematics

Wave kinematics are often described as linear or second-order, although more ac-
curate simulations of wave kinematics may be obtained by the use of e.g. compu-
tational fluid dynamics. Bachynski and Ormberg (2015) found that there was little
difference in the fatigue predictions when using 1st and 2nd-order wave kinematics
in fully integrated simulations including turbulent wind loads. Horn et al. (2016)
compared the extreme and fatigue response for a monopile subject to irregular
waves, with constant wind loads and aerodynamic damping included. They found
that the effect of including higher-order wave kinematics at low sea states was small,
but had a significant effect in more severe sea states. Schløer et al. (2012) investi-
gated the effect of fully non-linear wave excitation, i.e. non-linear wave kinematics
and load models. An increase in the short-term fatigue damage was observed in se-
vere sea states, associated with transient ringing-type response to steep waves. The
same was seen by Horn et al. (2016), who used the deep-water Faltinsen-Newman-
Vinje (FNV) model (Faltinsen et al., 1995; Newman, 1996). This model is known to
over-predict certain load components (Krokstad et al., 1998), and a new shallow-
water formulation has later been developed (Kristiansen and Faltinsen, 2017). An
increase in fatigue damage was also observed by Horn et al. (2016) and Horn et al.
(2019), where higher-order wave loads were modelled by a panel model. For large-
volume cylinders, such as modern monopiles, wave diffraction loads are important.
This was shown by e.g. Bachynski and Ormberg (2015) and Horn et al. (2016), both
demonstrating how the fatigue damage reduces when near-field diffraction is taken
into account. Haldar et al. (2018) showed that the choice of the Pierson-Moskowitz
or JONSWAP wave spectrum had little influence on the fatigue damage prediction
for a 5 MW turbine.
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1.1. Motivation and Background

Directionality of Loads

The direction of environmental loads is important for OWTs in operational condi-
tions, because the aerodynamic damping is substantial in-line with the wind and
almost negligible in the cross-wind direction. Horn et al. (2019) demonstrated that
the fatigue life is reduced when the directional distribution of the wind is taken
into account. The same was seen when including wind-wave misalignment. Horn
et al. (2018) showed that separating the total wave energy into a wind-driven and
swell component may reduce the total fatigue damage. The same was seen when
the waves were modelled as short-crested. Kim and Natarajan (2013) found that
the effect of modelling waves as short-crested varied with the soil stiffness. Finally,
Trumars et al. (2006) investigated the response of a turbine built outside Bocksti-
gen, and found a significant increase in the wave-induced response in cases with
wind-wave misalignment.

Soil-Structure Interaction

Modelling of soil-structure interaction (SSI) can be done in several ways. Early
recommendations were to use the p-y curve approach from the offshore oil and
gas industry where the lateral response of the soil was modelled as function of
the pile displacement. This approach was developed for long, slender piles, with
response characteristics that differ from OWT monopile foundations. Byrne et al.
(2015) showed how the parameterised curves from oil and gas become increasingly
inaccurate when the pile length-to-diameter ratio decreases. They suggested the
PISA model, adding three load components to the SSI model: a distributed moment
to capture the effect of shear forces on the wall of the pile, and a base moment
and shear force component. For the pile designs and soil conditions that were
investigated, this model showed a better fit to the response predicted by finite
element simulations.

Zaaijer (2006) aimed at providing simplified SSI models to reduce the com-
putational effort in fatigue analyses. An apparent fixity model, a model with the
SSI response reduced to uncoupled rotation and translation springs, and a stiffness
matrix applied at seafloor were compared. The stiffness matrix showed the best
agreement with the two first natural frequencies predicted by a full finite element
representation of the soil. When compared to full-scale measurements of piles with
diameter 3-4 m, the first natural frequency was predicted with an error of < 4% for
the majority of the cases when using the stiffness matrix model. Larger deviations
were obtained for some turbines. Aasen et al. (2017) compared the fatigue lifetime
of a monopile foundation when using p-y curves, a stiffness matrix, a combina-
tion of stiffness and damping matrices, and a non-linear 1D rotational model with
amplitude-dependent stiffness and damping. The latter incorporates the hysteretic
damping that is typical for the soil behaviour. The 1D model predicted fatigue
lifetimes of 1-4 years more than the other models.

A macro-element model reducing the SSI to a load-displacement relationship
at seafloor was presented by Page et al. (2018). For correctly calibrated input
parameters, it reproduced the SSI with the same level of accuracy as finite ele-
ment analysis, at a significantly reduced computational effort. Katsikogiannis et al.
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(2019) compared the response predictions for a fully integrated OWT using the
same macro-element model, non-linear p-y curves, and a linear SSI model. The
predicted fatigue damage varied significantly, particularly in load cases with little
aerodynamic damping, due to variations in both damping and natural frequency.
Only the macro-element model was capable of predicting the amplitude-dependent
stiffness and damping. Varelis et al. (2021) investigated the effect of scour, by
comparing the water flow around the monopile and the quasi-static response of a
monopile to wind and current loads. The occurrence of scour was found to change
the turbulence of the flow at the base of the monopile, as well as the hydrodynamic
loads on the cylinder.

Software

The capabilities and differences in computer codes used for analysing OWTs were
investigated in the OC31, OC42, OC53 and OC64 projects (IEA Wind TCP, 2023).
The various phases of the projects have studied different support structure con-
cepts, including both bottom-fixed and floating OWTs. A review of the findings
that are relevant for monopile OWTs is given in the following, including both ex-
treme and normal load levels. OC3 Phase II (Jonkman et al., 2007) compared the
response predictions for a monopile OWT using five different computer programs.
While the overall response predictions were similar, there were deviations due to
different SSI models, structural models, implementation of aerodynamic loads and
discretisation of the hydrodynamic loads. OC5 Phase Ia compared the hydrody-
namic loads from model tests with a rigid cylinder to those predicted by different
simulation software. While all computer codes were able to predict the 1st order
loads well, there were differences in the higher-order loads. This was attributed
to how the wave loads were integrated up to the instantaneous free surface, and
whether non-linear wave kinematics were taken into consideration (Robertson et al.,
2015). OC5 Phase Ib compared the response predicted by the computer codes with
a model test of a flexible monopile with a sloped seafloor. The importance of in-
cluding higher-order loads in extreme sea states was shown, as this can excite the
natural frequencies of the monopile. Further, the importance of taking the sloped
seafloor into account when calculating the wave kinematics was shown. This is
problematic if standard wave theories are used. Finally, the importance of includ-
ing breaking-wave events in the simulation codes was demonstrated. These events
cause impulsive loads on the structure, and may excite the natural frequencies of
the foundation.

OC5 Phase III (Popko et al., 2018, 2020, 2019) compared the response predic-
tions for a jacket mounted OWT with full-scale measurements. This phase demon-
strated the challenges related to full-scale validation of software. The different codes
were capable of representing the main structural response fairly similarly. However,
there were differences in the dynamic response that may have a significant impact
on fatigue life predictions. OC6 Phase II (Bergua et al., 2022) integrated the RED-

1Offshore Code Comparison Collaboration
2Offshore Code Comparison Collaboration, Continuation
3Offshore Code Comparison Collaboration, Continuation, with Correlation
4Offshore Code Comparison Collaboration, Continuation, with Correlation and unCertainty
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WIN macro-element for SSI (Page et al., 2019) into a number of different software
tools. The implementation was validated by comparing the response predictions in
the different software, and a comparison against other SSI-models was performed.
This showed reduced response amplitudes when using the REDWIN model due to
the non-linear hysteretic effect, which in turn leads to lower, and more accurate,
fatigue damage predictions. Following the experience from the OCX projects, a
recommended practice for verification of numerical models was developed by Huhn
and Popko (2020).

1.2 Research Questions and Objectives

While there are numerous studies determining the effect of uncertainties in the
design of monopile OWTs, there is a lack of knowledge about which parameters
have the highest influence on the total uncertainty. This is particularly true when
parameters and models from different engineering fields are compared. Further,
there have been no studies of how the design of the OWT influences this uncertainty,
for example when the size of the turbine changes. Therefore, the aim for this thesis
is to answer the following research question:

RQ What are the major sources of uncertainty in the fatigue design of monopile
offshore wind turbine support structures?

The work will include turbines of different sizes, but be limited to one geographical
location. Uncertainties due to both the modelling of OWTs and the uncertainty in
the site and operational parameters, and production tolerances will be included.
Focus will be on the uncertainty in the capacity of the monopile and tower of a
given design. In other words: Once the designer has calculated the capacity of a
support structure, how certain can the designer be that this number reflects the
true capacity of the installed turbine? Other components of the turbine, such as the
blades, hub, and drive-train are not assessed. The focus is placed on the fatigue life-
time predictions, although both ultimate strength and serviceability requirements
may govern certain aspects of the design or designs at specific locations.

1.3 Scientific Contributions

To answer the research question, focus has been on three contributions:

C1 Identification of parameters responsible for the majority of the uncertainty
in fatigue design of monopile offshore wind turbines

C2 Evaluation of uncertainty introduced in the global numerical modelling of
monopile offshore wind turbines

C3 Development of a method for efficient fatigue analysis of monopile and tower
support structures

C1 and C2 answer directly to two separate parts of the RQ, while C3 is both
a prerequisite for efficient assessment of the two other contributions and answers
parts of the RQ.
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1.4 Publications

A number of journal publications have been prepared as part of the thesis work. P1
to P5 are listed below, which all contribute towards one or more of the scientific
contributions.

P1 Stian H. Sørum, George Katsikogiannis, Erin E. Bachynski-Polić, Jørgen
Amdahl, Ana M. Page, Rasmus T. Klinkvort (2022). Fatigue design sensitivi-
ties of large monopile offshore wind turbines. Wind Energy, 25(10), 1684-1709

P2 George Katsikogiannis, Stian H. Sørum, Erin E. Bachynski, Jørgen Am-
dahl (2021). Environmental lumping for efficient fatigue assessment of large-
diameter monopile wind turbines. Marine Structures, 77, 102939

P3 Stian H. Sørum, Jan-Tore H. Horn, Jørgen Amdahl (2017). Comparison
of numerical response predictions for a bottom-fixed offshore wind turbine.
Energy Procedia, 137, 89-99

P4 Stian H. Sørum, Jørgen R. Krokstad, Jørgen Amdahl (2019). Wind-wave
directional effects on fatigue of bottom-fixed offshore wind turbine. Journal
of Physics: Conference Series, 1356, 012011

P5 Stian H. Sørum, Erin E. Bachynski-Polić, Jørgen Amdahl (2022). Wind
and soil model influences on the uncertainty in fatigue of monopile supported
wind turbines. Journal of Physics: Conference Series, 2362, 012038.

The contribution from each author towards P1-P5 is outlined in Table 1.1.
Contributions to the following publications have also been made in the course

of the thesis, but are excluded due to scope or limited contribution:

Stian H. Sørum, Emil Smilden, Jørgen Amdahl, Asgeir J. Sørensen (2018).
Active load mitigation to counter the fatigue damage contributions from un-
availability in offshore wind turbines. ASME 2018 37th International Confe-
rence on Ocean, Offshore and Arctic Engineering, V010T09A061, ASME

Emil Smilden, Stian H. Sørum, Erin E. Bachynski, Asgeir J. Sørensen,
Jørgen Amdahl (2020). Post-installation adaptation of offshore wind turbine
controls. Wind Energy 23 (4) 967-985

Wojciech Popko, Amy Robertson, Jason Jonkman, Fabian Wendt, Philipp
Thomas ... Stian H. Sørum ... Robert Harries (2021). Validation of numer-
ical models of the offshore wind turbine from the Alpha Ventus wind farm
against full-scale measurements within OC5 Phase III. Journal of Offshore
Mechanics and Arctic Engineering 143(1) 012002

Wojciech Popko, Matthias L. Huhn, Amy Robertson, Jason Jonkman, Fabian
Wendt ... Erin E. Bachynski, Stian H. Sørum ... Jifeng Cai (2018). Verifica-
tion of a numerical model of the offshore wind turbine from the Alpha Ventus
wind farm within OC5 Phase III. ASME 2018 37th International Conference
on Ocean, Offshore and Arctic Engineering, V010T09A056, ASME

Wojciech Popko, Amy Robertson, Jason Jonkman, Fabian Wendt, Philipp
Thomas ... Stian H. Sørum ... Robert Harries (2019). Validation of nu-
merical models of the offshore wind turbine from the Alpha Ventus wind
farm against full-scale measurements within OC5 Phase III. ASME 2019
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38th International Conference on Ocean, Offshore and Arctic Engineering,
V010T09A065, ASME

Table 1.1: Author contributions, following the definition from Allen et al.
(2019). The author initials are capitalized where the author has had a lead-
ing role towards the contribution, and lower case where the author has made
a contribution.

P1 P2 P3 P4 P5

Co SHS,gk,ebp GK,shs SHS,jth SHS,jrk SHS
Me SHS,gk,ebp GK,SHS SHS,jth SHS,jrk SHS,ebp
So GK,shs GK,shs SHS,JTH SHS SHS
Va SHS GK,shs SHS,jth SHS SHS
FoA SHS,GK,amp,rtk GK,SHS SHS,jth SHS SHS
In SHS,gk,ebp,ja GK,SHS SHS,jth SHS,jrk SHS
DC SHS,gk GK shs,JTH SHS SHS
W-od SHS,gk GK,shs SHS SHS SHS
W-re SHS,all GK,all SHS,all SHS,all SHS,all
Vi SHS,gk GK,shs SHS,jth SHS SHS
Su EBP,JA EBP,JA JA JRK,JA EBP,JA
PA SHS GK SHS SHS SHS
FuA EBP,JA,AMP EBP,JA JA JA JA

Contribution abbreviations : Co: Conceptualization, Me: Methodology, So: Software,
Va: Validation, FoA: Formal analysis, In: Investigation, DC: Data curation, W-od:
Writing (original draft), W-re: Writing (review & editing), Vi: Visualization, Su: Su-
pervision, PA: Project administration, FuA: Funding acquisition.
Author abbreviations : SHS: Stian Høegh Sørum, GK: George Katsikogiannis, EBP:
Erin Bachynski-Polić, JA: Jørgen Amdahl, JRK: Jørgen Ranum Krokstad, AMP: Ana
M. Page, RTK: Rasmus T. Klinkvort, JTH: Jan-Tore Horn.

1.5 Outline of Thesis

The thesis is organised into two parts, with the following content:

Part I

Part I introduces the motivation for the thesis work in Chapter 1, before Chapter 2
describes the operation and design of monopile OWTs, including the uncertain
parameters and models considered in this work. The individual contributions are
presented in Chapter 3, where the link between the publications and contributions
is also presented. Finally, Part I is concluded and recommendations for further
work are given in Chapter 4.

Part II

Part II contains papers P1-P5, presented in the same order as in Section 1.4.
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Chapter 2

Design and Analysis of Offshore
Wind Turbines

The design of a wind turbine support structure must also consider the other compo-
nents and the operational modes of the turbine. This chapter will briefly introduce
the components and operation of the OWT, as well as the design considerations,
before the external conditions relevant for the design and the models used in the
FLS analysis are presented.

The major components of a monopile-supported OWT are illustrated in Fig-
ure 2.1. Electrical power is produced in the RNA. The rotor consists of the blades,
which transform the wind velocity into rotation of the rotor. At the root, the blades
are connected to the hub. Pitching of the blades is performed by the use of the
blade-pitch actuators in the hub. The rotation of the rotor is transferred via the
shaft to the generator inside the nacelle, where the electrical power is produced.
The RNA is kept in place by the support structure, here consisting of the tower,
the transition piece, and the monopile. The support structure transfers the envi-
ronmental loads to the soil, which provides the resistance that keeps the turbine
in place. If scouring is likely to erode the top layer of soil, a scour protection may
be installed at seafloor.

The lifetime of the support structure consists of several phases, such as pro-
duction, transportation, installation, operation and decommissioning. The focus in
this work is placed on the operation phase. This phase consists of the operational
and non-operational conditions, where the turbine in the latter may be parked or
idling due to non-operational wind speeds, faults or planned maintenance. Switch-
ing between operational and non-operational conditions introduces transient loads,
but these are not considered here.

The operational regimes of a wind turbine are typically separated in four regions
(Aho et al., 2012), as illustrated in Figure 2.2. Region 1 is wind speeds below cut-
in, where the available power is so low that the generator is not engaged and the
turbine is not producing any power. Region 2 is below rated wind speed, but above
cut-in. Here, the primary aim of the controller is to maximize the power output.
This is done by varying the generator torque to give the optimal tip-speed ratio.
Above rated wind speed (region 3), the turbine is producing at rated capacity. The
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Figure 2.1: Components of the monopile OWT and external loads acting on the
turbine.

aim of the controller is then to limit the power production and structural loads.
The rotor speed is controlled to the rated rotor speed by pitching the blades,
limiting the aerodynamic power. A constant power output, as most commonly
desired for bottom-fixed turbines, is achieved by varying the generator torque with
the fluctuations in the rotor and generator speed. As the wind speed increases
above cut-out (region 4), the turbine is shut down.

In this thesis, the non-operational turbine is only included as the idling tur-
bine at operational wind speeds, neglecting wind speeds below cut-in and above
cut-out. Although the reason the turbine is non-operational may be e.g. failure
of one of the blade-pitch actuators, it has been assumed that the blades for the
parked turbine are pitched to feather in all cases. While the aerodynamic loads
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Figure 2.2: Operational regions of the wind turbine, together with the produced
power.

are greatly reduced for the non-operational turbine, the aerodynamic damping is
also significantly lower. This leaves the turbine more prone to resonant response
to wave loads close to the natural frequency of the support structure. While the
parked turbine in operational conditions only accounts for a small amount of the
time - 10% is assumed in the design standards (DNV, 2021c) - this may contribute
significantly to the total fatigue damage.

2.1 Design Considerations

There are several properties and possible failure modes that must be considered
when designing the support structure, outlined for a monopile foundation by Arany
et al. (2017). The main design parameters of the monopile are the pile diameter,
wall thickness and length. For the tower, the length is governed by the hub height
and the main design parameters are the diameter wall thickness, which typically
reduces with height. Individually produced sections of the tower are bolted to-
gether, but the detailed design of the flanges and bolt are not considered here. All
dimensions must be selected so that the limit state requirements are fulfilled. From
an extreme response perspective, failure may occur through exceedance of the soil
capacity, or by creation of a plastic hinge if the support structure fails first. The
stability of the support structure must also be checked, as both local and global
buckling may occur. In SLS, concerns are primarily on the tilt angle and accelera-
tion of the nacelle. The former is mainly governed by the deformations at seafloor,
while excitation of the natural frequencies also influences the accelerations.

While the structural dimensions govern the fatigue damage to given load cycles,
the natural frequencies change the dynamic amplification of the loads. This is
important when considering the FLS capacity. Multiple frequencies contribute to
the loading of monopile OWTs, including wave loads, aerodynamic loads at the
rotational frequency (1P loads) and at the blade passing frequency (3P loads). The
low-frequent loads from the wind speed fluctuations are typically of less concern
when designing the natural frequency of monopiles. Care must be taken to avoid
resonance of the 1st structural modes of the support structure with any of these
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loads. For monopiles, the most common is a “soft-stiff” design, where the 1st natural
frequency is placed between the 1P and 3P frequencies.

More practical considerations also apply. The monopile dimensions must be such
that pile driving is possible at the location of each turbine. Production limitations,
such as maximum wall thickness for welding and rolling of steel, must also be
considered.

2.1.1 Fatigue Damage Estimation

The focus in this thesis is on the fatigue limit state, where the tower and monopile
accumulate damage from stress cycles. By using e.g. the rainflow counting method,
the stress cycles in a time-domain simulation can be identified. From these, the
short-term fatigue damage can be calculated using the Miner sum approach:

DST =

nσ∑

i=1

(∆σi)
mi

ai

(
t

tref

)kmi

. (2.1)

Here, ∆σi is the range of stress cycle i, and nσ is the number of stress cycles
identified. ai, mi and k are material factors, namely the intercept with the log(N)-
axis, slope of the SN-curve, and the thickness correction exponent. t is the wall
thickness and tref is the reference wall thickness of the SN-curve (DNV, 2021b).

The lifetime fatigue damage can then be found as

DLT =
TLT

TST

nST∑

j=1

PjDST,j (2.2)

with TLT being the design lifetime of the structure and TST the duration of each
short-term analysis. Pj is the probability of occurrence for load case j, described
by e.g. Equation (2.3) or Equation (2.4). Fatigue failure is commonly assumed to
occur for DLT = 1, but variations in the material capacity, ∆C , may be included
by assuming full utilization is reached when DLT = ∆C (Wirsching, 1984). Design
rules (DNV, 2021b) do not explicitly include the uncertainty of the fatigue capacity
in the design requirements, but apply a safety factor on the calculated DLT .

2.2 External Conditions

The external conditions considered in this thesis are the long-term distributions
of the environmental parameters, as well as the soil conditions at the site. The
influence these parameters have on the design is investigated in contributions C1
and C3.

2.2.1 Environmental Conditions

Multiple environmental loads act on an OWT. These include aerodynamic loads,
hydrodynamic loads from waves and ocean current, and possibly ice loads. Local en-
vironmental conditions, such as wind speed and wave elevation, govern these loads,
together with the design of the wind turbine and support structure. Description of

20



2.2. External Conditions

the environmental conditions is typically split into two parts: The long-term and
short-term variations. Short-term variations are modelled for a time period where
the wind and wave processes can be assumed to be stationary. The short-term
period is assumed to be one hour in this thesis, although periods as short as 10
minutes are often applied for wind-only scenarios. For waves, a 3-hour period is
often assumed.

The long-term environmental model describes the joint probability of occur-
rence for the parameters describing the long-term variability of the environmental
conditions. In principle, this is a joint distribution of all environmental parameters:

P (Ū , θwi, Hs,wi, Tp,wi, θwa,wi, Hs,sw, Tp,sw, θwa,sw) (2.3)

Here, Ū is the mean wind speed and θwi is the mean wind direction. θwa is the mean
wave direction, Hs is the significant wave height and Tp is the wave peak period.
For the wave parameters, subscript wi denotes wind-driven waves and subscript sw
refers to swell waves. In this thesis, the environmental model has been simplified
based on the work by Horn et al. (2017). Mean wind speed and wind direction have
been assumed independent of the other parameters. The wave direction is implicitly
modelled by the wind-wave misalignment angle, θrel = θwi−θwa. Wave parameters
(Hs, Tp) are assumed conditional on wind velocity and wind-wave misalignment.
A total sea approach is taken, modelling the wind-driven and swell waves as one
wave system. This gives the long-term distribution as

P (Ū , θwi, Hs, Tp, θwa) ≈ P (Ū) · P (θwi) · P (θrel|Ū) · P (Hs, Tp|Ū , θrel). (2.4)

In practice, P (Hs, Tp|Ū , θrel) has been replaced by an equivalent sea state. Paper
P3 uses the most probable sea state in each wind bin, while paper P4 uses the
lumping method developed by Kühn (2001). Paper P2 further develops the lumping
method from Passon (2015), and the new method is applied in paper P1 and paper
P5.

2.2.2 Wind Conditions

Several components make up the description of the short-term wind speed fluctua-
tions, as indicated in Figure 2.1. In the mean wind direction, the wind speed may
be written as

U(x, y, z, t) = Ū(z) + u(z, y, z, t) (2.5)

with U(x, y, z, t) being the instantaneous wind speed at a location in space at time
t, while Ū(z) is the mean wind speed at height z and u(x, y, z, t) is the turbulent
wind component (Burton et al., 2011). In the transverse and vertical direction, the
wind field is typically modelled as turbulent fluctuations around a zero mean wind
speed.

The mean wind speed varies with the height over the sea surface, typically
described by the power law formulation:

Ū(z) = Uref

(
z

zref

)α

. (2.6)
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Uref is the reference wind speed given at the reference height zref . The power
law exponent, α, depends on the surface roughness, and may vary with the wave
conditions (Donelan et al., 1993).

The magnitude of the fluctuations in the wind speed in the mean wind direction
is described by the turbulence intensity (TI). This is defined as

TI =
σu

Ū
, (2.7)

where σu is the standard deviation of the fluctuating component (Burton et al.,
2011). More details on the modelling of the short-term wind conditions are given
in Section 2.4.2.

2.2.3 Soil conditions

The soil composition is important for the stability and stiffness of a monopile.
For the purpose of this thesis, the description of the soil is closely related to the
numerical models (Section 2.4.5). Several soil models can be applied in the analysis
of monopiles. This thesis has used p-y curves based on ISO 19901-4 (ISO, 2016),
p-y curves based on finite-element simulations of the SSI, and a macro-element
formulation.

In order to calculate the spring stiffness of the p-y curves as described by ISO
19901-4, the designer must know the undrained shear strength and unit weight
of the soil for clay soil. For sand, the effective angle of internal friction must be
known, in addition to the unit weight.

For the macro-element, the soil model is described by the shear stress-shear
strain curve normalized with the ratio between the maximum shear modulus and
undrained shear strength. The maximum undrained strength is also a required
input parameter (Page et al., 2019). Calibration of the macro-element is described
in Section 2.4.5.

2.3 Production and Operational Parameters

In addition to the uncertainty of the conditions at the site, there are also uncer-
tainties caused by the production and operation of the turbine. The parameters
discussed in the following sections have been considered in contribution C1.

2.3.1 Pile Diameter

Due to production tolerances, the actual diameter of the pile may vary from the
specified diameter (Zaaijer, 2006). This may be due to both ovalization of the pile
and deviations in the mean diameter. Only the latter has been considered here.

2.3.2 Availability

During the lifetime of a turbine, there will be periods where the turbine is not avail-
able for power production despite the environmental conditions being favourable.
This can be due to both planned stops for maintenance and unforeseen events
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forcing the turbine to be shut down. As the majority of the damping of monopile
supported wind turbines come from the aerodynamic damping, resonant responses
from the low-damped, non-operational condition contribute significantly to the fa-
tigue damage.

2.3.3 Marine Growth and Drag Coefficient

As the foundation is placed in the ocean, marine organisms will start growing on
it. The growth will influence both the diameter and weight of the monopile, and
the type and thickness of growth depends on the water depth and location of the
turbine (Wolfram and Theophanatos, 1985). Further, uneven marine growth will
change the surface roughness of the monopile, changing the drag coefficient used
in the load calculations described in Section 2.4.3 (Jusoh and Wolfram, 1996).

2.4 Modelling

Engineering models are applied for calculating the response of the wind turbine
when subjected to the external, production and operation parameters described
in Sections 2.2 and 2.3. The effects of these models are evaluated in contribution
C2, and an overview of the different models used in this thesis is provided in the
following.

2.4.1 Wave Spectrum

The wave climate is described by the long-term distribution of Hs and Tp, and
the short-term wave conditions are described by a wave spectrum, Sζζ(ω). This
describes how the total energy of the waves is distributed across the different fre-
quencies. If the wave spectrum is discretized into N components, the amplitude of
each wave component, ζa,i, can be found as

ζa,i =
√
2Sζζ(ωi)∆ωi. (2.8)

Here, ωi is the mean angular frequency of each wave component, while ∆ωi is width
of the frequency range that contributes to component i.

According to linear wave theory, the elevation of long-crested waves is described
by

ζ(x, y, t) =

N∑

i=1

ζa,i cos(ωit+ ki(cos(θwa)x+ sin(θwa)y) + ϵi). (2.9)

The summation is conducted for the N components of the wave spectrum, with
ki being the wave number. The relationship between ωi and ki is given by the
dispersion relation (Faltinsen, 1990). The wave realization is made stochastic by
drawing a random number for the phase, ϵi, from a uniform distribution between
0 and 2π.

While the wave spectrum can be found from measurements of the wave el-
evation at a site, parameterized spectra are available for the design. The most
common ones are the Pierson-Moskowitz spectrum for fully developed seas and the
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2. Design and Analysis of Offshore Wind Turbines

JONSWAP spectrum for fetch-limited seas. Alternative wave spectra include the
TMA spectrum (an adaption of the JONSWAP spectrum to shallow water) and
the Torsethaugen spectrum (a two-peaked spectrum including both wind-generated
waves and swell). All the spectra contain the same wave energy (for the same Hs),
but the frequency-distribution of the waves varies.

The above wave spectrum models all describe the waves as long-crested. A
short-crested wave pattern may be described by different spectra over varying wave
directions. This is typically modelled by multiplying the long-crested wave spec-
trum with a spreading function, D(ω, θ; θwa). The total spectrum is then given
as

Sζζ(ω, θ; θwa) = Sζζ(ω)D(ω, θ; θwa). (2.10)

Here, Sζζ(ω, θ; θwa) is the short-crested wave spectrum, with angular frequencies
ω, wave component directions θ and mean wave direction θwa. Sζζ(ω) is the long-
crested wave spectrum. D(ω, θ; θwa) can be modelled in several ways, but is typi-
cally taken as dependent on direction only (DNV, 2021a). The following formulation
is adopted here:

D(θ; θwa) =
Γ(1 + n/2)√
πΓ(1/2 + n/2)

cosn(θ − θwa), |θ − θwa| ≤ π/2 (2.11)

The spreading exponent, n, is assumed to be 2. To generate the wave time series, the
summation in Equation (2.9) will then be a double summation over both frequencies
and directions.

2.4.2 Wind Spectrum and Coherence

The time series of the wind speed at a point in space may be generated from a wind
spectrum, e.g., the Kaimal wind spectrum. This represents the energy distribution
of the wind fluctuations at each grid point in a wind field (Burton et al., 2011).
Different spectra are applied for the three components of the wind. Correlation of
the wind speed at two different spatial locations can be described by the coherence
function, defined as

γxy(f) =
Sxy(f)√

Sxx(f)Syy(f)
= Cxy(f) + iQxy(f). (2.12)

γxy is the coherence between two points x and y, Sxy is the cross-spectrum of the
wind speed at the two points, and Sxx and Syy are the auto spectra. Cxy and
Qxy are the real and imaginary part of the coherence. In this work, an exponential
coherence has been assumed (IEC, 2019), and the TurbSim turbulence generator
was used to make the wind boxes. The coherence modelling can be performed for
the longitudinal wind components only, or to all wind components.

Alternatively, the Mann uniform shear turbulence model may be used. Unlike
the model described above, the Mann model does not use a spectral description
and coherence function to generate the time series of the wind. Instead, the Mann
model derives the turbulence time series directly from the velocity spectral tensor
based on the distortion of isotropic turbulence under a vertical shear profile (Burton
et al., 2011).
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2.4. Modelling

2.4.3 Wave Load Models

Wave loads on a cylindrical monopile structure are typically modelled as a drag
term dependent on the wave particle velocity, and an inertia term dependent on
the wave particle acceleration. For small-volume cylinders, the inertia term may
be assumed independent of the wave frequency and Morison’s equation is applied
to calculate the load (Faltinsen, 1990). A frequency-dependent inertia term (Mac-
Camy and Fuchs, 1954) should be applied to large-volume cylinders. For a vertical
cylinder, both load models may be formulated as

dF =
1

2
ρDCd(u− ẋ)|u− ẋ|dz + ρA [1 + C∗

a(ω)] u̇dz − ρAC∗
a(ω)ẍdz (2.13)

Here, dF is the force on a cylinder strip with length dz, diameter D and cross-
sectional area A. u is the horizontal wave particle velocity, while u̇ is the corre-
sponding acceleration. ẋ and ẍ are the velocity and acceleration of the cylinder in
the direction parallel to the flow. Cd is the drag coefficient, while C∗

a(ω) is the added
mass coefficient. Using Morison’s equation, C∗

a(ω) = Ca is constant, while it is fre-
quency dependent when using MacCamy and Fuchs’ load model. The difference
between the two load models is illustrated in Figure 2.3, where the reduced inertia
load at high frequencies when using MacCamy & Fuchs’ load model is observed.
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Figure 2.3: Added mass coefficient using Morisons equation (Ca) and MacCamy &
Fuchs’ load model (C∗

a) for a pile diameter of 11 m. A reduced load coefficient is
seen for angular frequencies above ∼1 rad/s.

2.4.4 Wind Load Models

The aerodynamic properties of the blades are described by the lift, drag and mo-
ment coefficients at discrete sections of the blades. From this, aerodynamic forces
are calculated using the unsteady blade element momentum (BEM) theory (Bur-
ton et al., 2011; Hansen, 2008). As the aerodynamic loads on the blades will cause
a reaction force on the wind, the aerodynamic forces on the blades will cause a
change in the linear and angular momentum of the passing wind field. By equating
the loads on the blades and the change in momentum of the air, the aerodynamic
loads can be calculated taking the disturbance of the wind field into consideration.
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2. Design and Analysis of Offshore Wind Turbines

However, the BEM method assumes that there is no interaction between blade
elements at different radial positions of the blades and that the changes in mo-
mentum and loads are instantaneous. Further, the theory is not valid for highly
loaded blades. To account for this, corrections must be applied. In the RIFLEX
models, Prandtl tip-loss and Glauert induction corrections are applied, together
with Øye’s dynamic stall and wake corrections (SINTEF Ocean, 2017). For the
other simulation programs used in this thesis, reference is made to paper P3.

2.4.5 Soil Models

Two soil models have been utilized in this thesis: the p-y curve approach (with
two calibration methods, see 2.2.3) and the macro-element. The p-y-curve model
uses non-linear elastic springs to distribute the resistance of the soil along the pile.
The properties of the springs may be determined from design codes (ISO, 2016) or
calibrated from numerical simulations of the SSI. Soil damping has been included
by increasing the structural damping below seafloor to provide the desired total
damping level.

The macro-element condenses the SSI to a force-displacement relationship at
the seafloor. By using elasto-plastic theory, the macro-element is able to model the
different loading and unloading paths, thereby including hysteretic soil damping.
The macro-element accounts for multi-directional loading, which influences both
the stiffness and hysteretic damping (Page et al., 2018, 2019). To calibrate the
macro-element, the monopile response at the seafloor from two push-over anal-
yses is needed: One where only horizontal shear force is applied and one where
only bending moment is applied. The load-displacement-rotation and moment-
displacement-rotation are then used as input to the macro-element. These analyses
can, for example, be performed using a 3D finite element model with an appro-
priate soil model (Page et al., 2019). As the macro-element is connected to the
structural model at seafloor, the response below the seafloor must be calculated
after the simulations have been performed. This is done with the method developed
by Klinkvort et al. (2022), using a beam model with springs calibrated to the finite
element analysis.

2.4.6 Structural Model

Several methods may be applied for modelling the structure, including finite ele-
ment models and modal models. This section describes the finite element approach
adopted by RIFLEX. Reference is made to paper P3 for the other programs used
in the thesis. The blades, tower and monopile are all modelled as non-linear beam
elements with linear-elastic material behaviour. Structural damping is accounted
for by the use of stiffness-proportional Rayleigh damping. The damping coefficients
of the blades are tuned to provide the predefined damping at the first mode of an
individual blade. In the tower and monopile, the damping coefficient is tuned to
provide the desired damping level at the first fore-aft global bending mode.
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Chapter 3

Contributions

Chapter 3 will present the main scientific contributions of the thesis, using the
contributions identified in Section 1.3. The links between the research question,
each contribution and the individual papers are presented in Figure 3.1 (C1),
Figure 3.5 (C2) and Figure 3.12 (C3).

3.1 Contribution 1

Identification of parameters responsible for the majority of the uncertainty in fa-
tigue design of monopile offshore wind turbines

Research Question
Sources of uncertainty in design

C2
Model

uncertainty

C1
Parameter
uncertainty

C3
Efficient
analysis

P3P2P1 P4 P5

Figure 3.1: Link between research papers, contribution 1 and research question.

In principle, all parameters in a design basis are associated with uncertainty,
leading to the total uncertainty of a specific design. However, typically only a small
number of parameters contribute to the majority of the design uncertainty. Identi-
fying these parameters can be challenging, as results for one design may not be valid
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for other designs. Additionally, the lack of data for the probability distributions of
the uncertain parameters introduces uncertainty in the validity of any performed
sensitivity analysis. The multi-disciplinarity of offshore wind turbines poses chal-
lenges in finding suitable software and methods for analysing the complete range
of input parameters.

The challenge of consistently identifying the most influential uncertainties is
demonstrated in P1. Across six papers, 13 parameters were identified as contribut-
ing significantly to the fatigue design uncertainty with only two parameters found
important by more than one paper.

Contribution C1 seeks to identify the parameters from the design basis, pro-
duction and operational parameters that contribute the most to the uncertainty
in the fatigue damage calculated during the design process. This is evaluated in
P1 where the uncertainty in the fatigue damage of the monopile and tower is con-
sidered using input parameters from all relevant engineering disciplines. Partially
based on the results from previous studies (Hübler et al., 2017; Peeringa and Bedon,
2017; Robertson et al., 2019; Teixeira et al., 2019; Toft et al., 2016b; Velarde et al.,
2020), the 16 parameters listed in Table 3.1 were selected for a screening study.
Three turbines (5, 10 and 15 MW) were included, to capture the effects of different
turbine sizes. The long-term fatigue damage calculations were performed using the
method developed in P2.

Table 3.1: Design parameters considered in P1.

Parameter Symbol

Wind speed U
Wind direction θwi

Turbulence intensity TI
Wind shear α
Yaw error γY

Significant wave height Hs

Wave peak period Tp

Wind-wave misalignment θrel
Marine growth tmg

Drag coefficient Cd

Undrained shear strength su/σ
′
v0

Void ratio e
Monopile diameter Dp

SN parameters log(a1, a2)
Fatigue capacity ∆C

Turbine availability A

The results of the screening study are expressed in terms of the statistics of the
elementary effect (EE) (Saltelli et al., 2008), defined as

EEi =
DLT (X1, ..., Xi ±∆i, ..., Xl)−DLT (X1, ..., Xi, ..., Xl)

±∆F
. (3.1)
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3.1. Contribution 1

Here, EEi is the elementary effect when varying the numerical value of input
parameter i, with X1, ..., Xi, ..., Xl being the l input parameters considered. DLT is
the long-term fatigue damage, and ∆i and ∆F are the variations of the parameters
in physical and probability space, respectively. 30 realizations of the EE were
calculated for each parameter, and a large mean EE indicates a parameter with
a large influence on the total uncertainty in the design. Figure 3.2 illustrates the
typical screening results for the support structure. All across the monopile and
tower, on all three turbines, the uncertainty in the SN curve and fatigue capacity
cause the majority of the design uncertainty.
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Figure 3.2: Elementary effects (EE) of considered design parameters at seafloor. A
high value indicates a parameter important for the total uncertainty in the design
calculations. The mean value is given by the markers and the standard deviation
given by the bars. Reproduced from P1, with symbols defined in Table 3.1.

From the perspective of a designer seeking to reduce the uncertainty in a design,
this knowledge may be of limited use. The probability distributions used to describe
the uncertainties of the fatigue parameters were used already in 1984 (Wirsching,
1984) and are unlikely to be modified. With this in mind, it is also interesting to
consider the uncertainty when the fatigue parameters are disregarded. P1 shows
which of the parameters a designer should focus on in order to reduce the uncer-
tainty in a design, and how different parameters are important in different parts
of the support structure - from the tower top to the monopile below seafloor.

In general, the uncertainties of the environmental parameters are the largest
contributors to the uncertainty of the lifetime fatigue damage. Reducing the uncer-
tainty in these parameters is then considered the most efficient method to reduce
the total uncertainty in a design. This holds true for the case where one year of
environmental data is utilized in the design, as required by the design standards
(IEC, 2019). The uncertainty in the environmental parameters may easily be re-
duced by using longer time series - by ∼30% if two years of measurements are used
and ∼55% if five years of data is available.

More details about the importance of the parameters are provided in Figure 3.3,
which shows the elementary effects at the tower top (Figure 3.3(a)) and approx-
imately 5 m below seafloor, where the fatigue damage in the monopile is highest
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(Figure 3.3(b)). Results at intermediate locations can be found in P1, but are in
general a combination of the tower top and monopile results. In the tower top,
the design uncertainty is dominated by the uncertainty in the turbulence intensity,
wind speed and wind direction.
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(a) Tower top.
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Figure 3.3: Elementary effects (EE) when excluding the fatigue parameters. A
high value indicates a parameter important for the total uncertainty in the design
calculations. The mean value is given by the markers and the standard deviation
given by the bars. Reproduced from P1, with symbols defined in Table 3.1.

Wave loads become increasingly important at locations lower in the support
structure, here illustrated by the location of the monopile with the highest fatigue
damage. With the applied formulation for the distribution of the environmental
parameters, the conditioning of significant wave height (Hs) and wave peak period
(Tp) on wind speed (U) makes the wind speed distribution a measure of the overall
severity of the environmental conditions. The uncertainty in Hs and Tp represent
the uncertainty in the equivalent sea state within a wind bin. The high elementary
effect of both U ,Hs, and Tp in the monopile indicates that Hs and Tp are important
for the overall uncertainty in the fatigue calculations. From the seafloor and down,
the soil parameters have an increased influence on the uncertainty of the fatigue
damage predictions.

When the turbine size is changed, one clear trend is seen. Turbulence intensity
becomes increasingly important for the overall uncertainty as the turbine size in-
creases, seen as the increased EE in Figure 3.3. This is due to wind loads increasing
in importance compared to wave loads for larger turbines, increasing the influence
of parameters related to the wind conditions. With even larger turbines being de-
signed, the uncertainty in the turbulence intensity can be expected to contribute
to an even larger portion of the design uncertainty in future turbines.

The work presented in P1 neglects the effects of model choices (see contribution
C2) have on the results. However, it is not given that the results in P1 would be the
same if other engineering models were used. P5 investigates the validity of results
from P1 when different soil and wind coherence models are used. When varying
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the soil model, the fatigue damage predicted by the macro-element increases faster
with undrained shear strength than if p-y curves are used. This is illustrated in
Figure 3.4, where a lower ratio (Dpy − Dmacro)/Dmacro corresponds to a higher
fatigue prediction using the macro-element model. The consequence of a non-zero
slope of this relationship is that the sensitivities calculated in P1 are dependent
on the model choice. As a result, the uncertainty in the undrained shear strength
will show different influence on the total uncertainty based on the soil model used.
For the remaining parameters investigated in P1 and the variations in the wind
coherence models, there was no evidence of the modelling choices influencing the
calculated design sensitivities.
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Figure 3.4: Normalized difference in fatigue damage versus normalized undrained
shear strength. As the undrained shear strength increases, the macro-element model
(Dmacro) tends to predict a higher fatigue damage compared to the p-y-curve model
(Dpy). Reproduced from P5.

3.2 Contribution 2

Evaluation of uncertainty introduced by the modelling of monopile offshore wind
turbines

While contribution C1 deals with the uncertainty in a design introduced by
limited knowledge about the site, production and operational parameters, a differ-
ent type of uncertainty is introduced when considering the engineering tools and
models utilized to perform design calculations. These uncertainties are evaluated in
contribution C2, where papers P1 through P5 (Figure 3.5) investigate the influ-
ence of choosing different engineering models and software in the fatigue analysis.
The model variations used are given in Table 3.2, while a summary of the influ-
ences are provided in Table 3.3. Here, the upper bounds of the observed changes in
fatigue damage are listed. With the exception of software influence, the figures in
the table are normalized using the baseline models in P1 as the reference. As the
results from the articles are case-dependent and only indicative of the uncertainty
level, the results in the table are discretized into levels of <10%, <25%, <50%,
< 75% and <100%. The sensitivities are calculated as

Model uncertainty =
|Dbaseline model −Dalternative model|

Dbaseline model
(3.2)

The largest model uncertainty is associated with modelling the waves as short-
crested or long-crested (“wave spreading”). Significant uncertainties are also intro-
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Figure 3.5: Link between research papers, contribution 2 and research question.

duced by the wind coherence modelling and by the software used in the analysis.
The smallest uncertainty is introduced by replacing a full fatigue analysis by the
lumping method presented in contribution C3 and by alternative wave spectra
formulations. The following sections will summarize the effects of selected model
variations.

Table 3.2: Model variations considered.

Parameter Baseline Variations

Wind coherence
Exponential

in x
Exponential

in x,y,z
Mann model

Wave spreading Long-crested Short-crested
Wave spectrum PM/JONSWAP TMA Torsethaugen
Wave lumping Full scatter diagram Lumped load cases
Soil model Macro-element p− y curves
Scour protection No Yes
Softwarea SIMO-RIFLEX FAST vpOne

a Mean of all three programs is used as baseline value for calculating effect of model variations

3.2.1 Wave Spreading

The difference between modelling waves as long or short-crested is investigated in
P4. For three different soil stiffness models, the tower design of the DTU 10 MW
turbine is varied to achieve a target natural period of 4.8 seconds for the first fore-aft
mode. This modifies the mode shape of the support structure to be more sensitive
to wave loads (soft soil, stiff tower) or wind loads (stiff soil, soft tower). The stiff
soil model shows little sensitivity to the wave modelling. On the other hand, the
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Table 3.3: Upper bounds on model uncertainty. The difference in calculated lifetime
fatigue damage between an alternative model and the reference model is shown.
As all studies are specific case studies, the figures must be considered indicative.
The values are discretized into levels of <10%, <25%, <50%, < 75% and <100%.

Parameter Tower Monopile Papers

Wind coherence <75% <25% P1, P5
Wave spreading <100% <100% P1, P4
Wave spectrum <50% <25% P1
Wave lumping <10% <10% P2

Soil model <50% <50% P1, P5
Scour protection <50% <50% P1

Softwarea - <75% P3

a Calculated value depends heavily on the normalization

baseline model observes an increase of 60% for the maximum fatigue damage in
the tower when short-crested waves are assumed, while the fatigue damage in the
monopile increases by ∼85% with soft soil.

While the foundations were varied to accommodate the same turbine in P4, the
NREL 5 MW, DTU 10 MW and IEA 15 MW turbines were considered in P1. The
largest sensitivity to the wave spreading model was observed for the 5 MW turbine,
and the lowest sensitivity observed for the 15 MW turbine. This is a consequence
of the wave loads being more dominant for the smaller turbines, increasing the
sensitivity to the wave modelling. Further, the sensitivities observed in P1 are
lower than those in P4, with the wave spreading model increasing the lifetime
fatigue damage by no more than 35%. This is due to the lower natural frequencies
of the 5 MW and 10 MW turbines in P1 and the lower sensitivity to wave loads
for the 15 MW turbine.

Based on the combined results from P1 and P4 it follows that modelling the
waves as long-crested will be non-conservative in most cases. The extent of non-
conservatism is dependent on how sensitive the design is to wave loads. The sensi-
tivity depends on the support structure natural period relative to the wave period,
the mode shape of the foundation, and the amplitude of the wave load effects and
wind load effects.

3.2.2 Wind Coherence

Several wind coherence models are available for analysis of OWTs. The Kaimal tur-
bulence model with exponential coherence and the Mann uniform shear model are
recommended by design standards (IEC, 2019). P1 demonstrates how the coher-
ence model plays a major role in the model uncertainty at the tower top. The pre-
dicted fatigue damage differs up to 60% between the Mann model and the Kaimal
model. At locations lower in the support structure, the difference is smaller; up to
25% in the tower base and 15% in the monopile at or below seafloor.

In P1 there is no apparent logic regarding which of the turbines appears more
sensitive to the changes in wind coherence models. P5 demonstrates two differences
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in the response to the Kaimal and Mann models. These have opposite effect on the
fatigue damage. At low frequencies (<∼0.1 Hz) the spatial coherence of the Kaimal
model is higher, shown in Figure 3.6(a). This results in higher thrust variations and
higher fatigue damage contributions at low frequencies (Figure 3.6(b)). This is in
line with the findings of Nybø et al. (2020), who investigated the low-frequency
response of monopiles under different coherence models. At higher frequencies, the
spatial coherence of the exponential coherence model is smaller, with a smaller
influence on the results. Here, the Mann model predicts higher thrust variations
and thereby larger fatigue damage. This is particularly true for responses at the
blade passing frequencies. In total, this means that the relative importance of the
low-frequency and high-frequency aerodynamic loads governs which wind model
yields the highest fatigue damage. Finally, the location of the support structure’s
natural frequency also influences whether the Kaimal or Mann model yields the
highest fatigue damage. For a low natural frequency, the low-frequency response is
amplified which increases the tendency of highest fatigue damage estimations from
the Kaimal model. Similarly, a high natural frequency increases the tendency of a
higher estimation from the Mann model.

At the tower top, the difference at the higher frequencies is most dominant,
which in general gives higher fatigue damage predictions when using the Mann
model. Lower in the support structure, the low-frequency response becomes more
dominant, with the Kaimal model yielding the highest fatigue damage estimate.
P5 also demonstrates how the fatigue damage predictions provided by the Mann
model increase faster for high wind speed, increasing the predicted importance of
high wind speeds.
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Figure 3.6: Coherence and rotor thrust force using the Kaimal and Mann models.
The Kaimal model shows a higher coherence at low frequencies, which gives larger
fluctuations in rotor thrust force. At higher frequencies, the Mann model yields the
highest variations in thrust force. Reproduced from P5.

3.2.3 Software

Fatigue analysis of OWTs is typically performed using a designated software, but
different software packages utilize different methods and have different capabilities.
This will result in different response predictions. The fatigue damage estimates at
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seafloor from three different software packages are compared in P3 using the DTU
10 MW turbine. Simplified load cases demonstrate how the blade structural models
and the definition of the aerodynamic properties yield different aerodynamic forces.
While this influences the loads at all wind speeds, the differences are most signifi-
cant at wind speeds close to rated. It has later been shown that in particular the
blade torsional stiffness model is important for the aerodynamic load predictions
(Rinker et al., 2020).

The difference in turbine operation and aerodynamic force is shown in Fig-
ure 3.7(a) for the three programs used in P3: SIMA (RIFLEX), vpOne and FAST.
Due to the increased rotor speed at low wind speeds, the controller in SIMA ini-
tiates the blade pitching at lower wind speeds. This reduces the thrust force, and
thereby the fatigue damage compared to FAST. At higher wind speeds, the fatigue
damage per hour of these two programs converges to similar values, as shown in
Figure 3.7(b). For vpOne, the difference compared to the other programs is more
consistent, with a lower fatigue damage predicted at all wind speeds.
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Figure 3.7: Comparison of steady-state turbine performance and 1-hour fatigue
damage in SIMA, vpOne and FAST. Reproduced from P3.

This study also demonstrates the importance of the coupling between the aero-
dynamic loads and the control system for OWTs. While the difference between
the two programs SIMA and FAST is small for a majority of the wind speeds
considered, the effect is significant due to the influence of the control system and
the switching between below and above rated operations. This demonstrates the
importance of the analyst having a holistic approach to the modeling and model
verification, and how small differences in various parts of the model may accumu-
late to large differences in the lifetime fatigue estimates.

3.2.4 Soil Model

Differences up to 50% in the fatigue damage predictions with the p-y-curve soil
model and macro-element model were observed in P1. P5 shows how both the
macro-element and the p-y-curve models may predict the highest fatigue dam-
age, depending on model calibration. This is illustrated in Figure 3.8, where the
p-y-curve model predicts the highest lifetime fatigue damage for the 10 MW tur-
bine, while the macro-element yields the highest damage for the 5 MW and 15
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MW turbines. It is the calibration of the two models that determines whether the
macro-element or p-y curves predicts the highest fatigue damage. This is shown
in Figure 3.9, where the two models predict the same natural frequency for small
response amplitudes for the 5 MW turbine. For the 10 MW turbine the natural
frequency is similar for response amplitudes of ∼70% of the rated moment. The
15 MW turbine yields similar estimates for all response amplitudes. Figure 3.10
illustrates how these differences influence the short-term response. The change in
natural frequency is due to differences in stiffness, which both changes the wave
frequency response and alters the natural period. Differences in damping alter the
response amplitude at the natural frequency. The combined effect of these two
mechanisms govern which soil model yields the highest fatigue damage.
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Figure 3.8: Difference in fatigue damage between the soil models. Both models may
predict the highest fatigue damage, and as shown for the 15 MW turbine this may
be wind-speed dependent. Reproduced from P5.
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Figure 3.9: Natural frequency as function of seafloor bending moment for the two
soil models. Only the macro-element shows an amplitude-dependent natural fre-
quency. Reproduced from P5.

3.2.5 Scour Protection

Including the scour protection in the simulation model reduces the fatigue damage
predictions. This effect is largest close to the seafloor. Still, an influence may be
seen also in the remaining parts of the support structure if resonant responses
are particularly important. This is the case for the 5 MW turbine in P1, where
the increased stiffness shifts the natural frequency away from the majority of the
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Figure 3.10: Effects of soil model on the response, illustrated for the 10 MW turbine.
The spectra show how the stiffness differences change both the wave-frequency
response and natural frequency, while the damping model influences the resonant
response. Figures are reproduced from P1

wave excitation. The same stiffness increase also reduces the response in the wave-
frequency region. Both these effects are illustrated in Figure 3.11.
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Figure 3.11: Effects of including the scour protection in the soil model for the
NREL 5 MW turbine. This increases the soil stiffness, giving a lower response in
the wave-frequency region and a higher natural frequency. Figures are reproduced
from P1.

3.3 Contribution 3

Development of a method for efficient fatigue analysis of monopile and tower sup-
port structures

A full fatigue evaluation is computationally demanding, with many hundreds
or thousands of environmental conditions to be analysed. A method for reducing
the computational effort was developed within contribution C3 and demonstrated
in P2. The method is capable of reducing the computational effort by ∼93% while
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Figure 3.12: Link between research papers, contribution 3 and research question.

predicting the fatigue damage with an error of ∼6% for the support structure used
in the case study. For individual wind speed classes, the error is larger, up to ∼15%.
The basis of the method is the assumption that an equivalent sea state can be found
for a given wind speed class by considering the fatigue damage from wave loads
only. This equivalent sea state can then be used in a fully integrated analysis with
both aerodynamic and hydrodynamic loads to predict the total fatigue damage.
The reduction in computational requirements is achieved by applying simplified
analysis methods when identifying the equivalent sea state.

When employing the lumping method, the 1-hour fatigue damage must be com-
puted for all sea states within a wind speed class. Scaled by the probability of
occurrence for wind bin i, this damage d∗Si,j,k represents the fatigue damage that
will be predicted if sea state j, k is selected as the lumped sea state. The target
fatigue damage, dtk , is calculated as the sum of the one-hour fatigue damage and
probability of occurrence for all sea states. All combinations of Hs, Tp on the in-
tersection of d∗Si,j,k and dtk represent lumped load cases for the location where the
fatigue damage is calculated. This intersection is given for the seafloor in the wind
speed bin 16-18 m/s in Figure 3.13, together with d∗Sk and dtk .

Contour lines similar to the intersection in Figure 3.13 can be extracted for
all desired locations in the support structure. In P2, this is done for the up-wind
location of the support structure at different elevations. Combining these contour
lines reveals if a single sea state can be used to represent the scatter diagram at
all locations. Figure 3.14 shows the contour lines for the monopile and tower of the
DTU 10 MW turbine, with the red dot identifying a sea state that will predict the
correct fatigue damage across the full support structure.

Three fatigue damage calculation methods are utilized in P2. These are shown
in Figure 3.15. The full scatter analysis serves as the ground truth for the lifetime
fatigue damage when assessing the lumping procedure. The time-domain lumping
method (TDLM) includes both turbulent wind and irregular wave excitation. How-
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Figure 3.13: Target fatigue damage, dtk , and scaled unit fatigue damage, d∗Si,j,k, at
seafloor for wind bin 16-18 m/s. The plane shows dtk , while the surface is d∗Si,j,k.
The intersection between these gives possible equivalent sea states. Adapted from
P2.
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diagram for the given wind speed. Reproduced from P2.

39



3. Contributions

ever, the computational effort of this method is larger than the full scatter analysis,
and statistical uncertainty can be expected due to the stochastic nature of each
realization. The TDLM is, therefore, only a benchmark for the sea states pro-
vided by the frequency-domain lumping method (FDLM). The FDLM represents
the computationally efficient lumping method. In P2 a frequency-domain model
based on the extracted wave-to-stress transfer function is utilized. In principle,
any model capable of predicting the wave-induced response in a computationally
efficient manner can be utilized.

Figure 3.15: Fatigue damage calculation methods applied in P2. Reproduced from
P2.

Figure 3.16 compares the sea states predicted by the FDLM to those given by
the TDLM, as well as the most probable Hs and Tp class. The class contributing
the most to the fatigue damage is also shown. The agreement with the TDLM
and FDLM is good in the majority of the wind speed bins for Hs, with differences
typically less than 0.1 m. For the wave peak period, the deviations are typically 0.1-
0.5 s. The selected Hs typically lies within the most probable bin, while deviations
are seen for Tp. This highlights the importance of considering the turbine dynamics
when selecting equivalent sea states.

The lifetime fatigue damage from the lumped load cases is compared to that
from the full scatter diagram in Figure 3.17. A good agreement between the two
methods is seen, with differences less than 6% for all four realizations of the lumped
load cases. When including wind-wave misalignment, the performance decreases to
errors of ∼10-12% for the three wind speeds considered in P2. The performance
decrease is caused by the error in estimating the angular position of the location
with the highest fatigue damage in the FDLM. The low side-side damping leads
to high fatigue damage at a position towards the cross-wind direction, due to the
significant resonant response to the cross-wind wave loading in the white-noise test.
In the case with turbulent wind loads, a majority of the loading is aligned with the
mean wind direction. Thus, the highest fatigue damage is more aligned with the
wind direction. An example is given in Figure 3.18, where the FDLM predicts the
highest fatigue damage ∼60◦from the mean wind direction, while the analysis with
turbulent wind predicts the largest fatigue damage ∼15◦from the wind direction.
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(a) Hs. (b) Tp.

Figure 3.16: Comparison of the lumped sea states selected by the time-domain
lumping method, the frequency-domain lumping method, the most probably sea
state and the sea state with the highest fatigue damage. Reproduced from P2.
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Figure 3.17: Comparison of the lifetime fatigue damage predictions using the full
scatter diagram and 4 realization of the lumped load cases. Reproduced from P2.
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Figure 3.18: Normalized 1-hour fatigue damage with wind arriving from 0◦ and
waves arriving from 30◦. A difference in the angular position of highest fatigue
damage is seen due to the wind and waves arriving from different directions. This
introduces additional errors in the lumped load cases. Reproduced from P1.
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Chapter 4

Conclusions and
Recommendations for Further
Work

This thesis investigates the uncertainty in the fatigue analysis of monopile offshore
wind turbines, with focus on three reference turbines: The NREL 5 MW, DTU 10
MW and IEA 15 MW turbines. These have all been located at the Dogger Bank
area.

Using these three turbines as a case study, the design basis, operational, and
production parameters responsible for the majority of the uncertainty in the fa-
tigue design have been identified. The largest uncertainty was found to be due to
the variations in the fatigue properties of steel. The group of parameters describ-
ing the environmental conditions at the site have the second-largest influence on
the uncertainty, with wind-related parameters influencing the tower design. Both
wind- and wave-related parameters influence the monopile, but the importance of
the wind-related parameters (in particular turbulence intensity) increases as the
turbine size increases. In the monopile below the seafloor, the uncertainty in the
soil parameters also plays a significant role.

Considering the engineering models used in the design calculations, the largest
uncertainty is introduced when selecting whether the waves should be modelled as
long or short-crested. The wind coherence model also has a significant influence on
the calculated fatigue damage in the tower. For both of these, the selection of a
conservative model depends on the first natural period of the support structure.
Significant uncertainty is also introduced by the capabilities of the software used
and the modelling approach taken by the analyst. These cannot easily be sepa-
rated. Finally, the p-y curve and macro element soil models show differences in
both damping and stiffness properties. In the present work, these differences have
opposite effects on the calculated fatigue damage, reducing difference in the pre-
dicted fatigue damage. For other designs or soil model calibrations, the difference
may very well be larger.

Finally, a method for efficient fatigue analysis of monopile OWTs was developed.
This method uses simplified models to determine equivalent sea states, capable of
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replicating the fatigue damage along the full support structure. For the considered
case study, the equivalent sea states can predict the fatigue damage with an error
less than 6%, while reducing the computational effort by more than 90% if aligned
wind and waves is assumed. For misaligned wind and waves, the error is ∼10%
compared to the full fatigue analysis.

4.1 Limitations

While the work performed has aimed at producing as general results as possible,
some limitations had to be applied. The most important are presented in the fol-
lowing.

The studies have all been limited to single turbines located at Dogger Bank.
Results may be different if other locations are considered, with e.g., less or more
severe weather conditions or different types of soil. Other turbine and foundation
designs may also show different sensitivity to variations in the parameters, due
to e.g., changes in the relative importance of wind and wave loads or changes in
the natural period. No variations to the controller have been considered, although
different control regimes may give different behaviour of the turbine and thereby
different results. Focus has been on the fatigue limit state, which historically has
been governing the foundation designs. For certain areas and designs, this may
not be the design driving limit state. Only contributions to fatigue damage from
the operational and idling turbine have been considered. Fatigue damage accumu-
lation during transport, installation, decommissioning, fault conditions, start-up
and shutdown has not been included.

When investigating the design basis, production and operational parameters,
a screening method was applied. This does not quantify the contribution from
each parameter to the total uncertainty, but allows for ranking the parameters in
accordance to their importance. The method can indicate if there is coupling of
the sensitivity for the parameters, but is unable to identify which parameters are
coupled.

The effect of changing the models used in the fatigue calculations was assessed
by comparing the results using different models. Comparisons with full-scale mea-
surements were not performed, and no evaluation has been performed as to which
of the models are most correct. Models recommended by design standards, models
frequently used, and models offering a more detailed representation of the physical
phenomena they should represent have been chosen. Other alternative models not
investigated here do exist.

4.2 Recommendations for Further Work

Based on the findings of the thesis and the limitations to the work, the following
further work is recommended:

• The effect on the design and related cost savings when reducing the uncer-
tainty in the design basis, production and operational parameters should be
quantified. This may be done for only the most influential parameters identi-
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fied in C1, allowing for assessment of the benefit of reducing the uncertainty
for the designers.

• Accurate and sufficient metocean data is important for reducing the design
uncertainty. While long time series exist for many areas, research is needed
for assessing how reliable this data is in light of the ongoing climate changes.
A further extension of this would be to develop models for using old metocean
data and climate models to predict the future environmental conditions of a
site.

• Identification of the most influential parameters and models for ULS, ALS,
and SLS should be performed. This will allow for a more complete under-
standing of the design driving uncertainties. Further, the parameter and
model sensitivities should be derived for other concepts, including both bottom-
fixed and floating wind turbines, and locations with different environmental
conditions than Dogger Bank.

• Based on the findings in C2, further research should be performed on most
aspects related to the modelling of OWTs. This includes, but is not limited
to, development and validation of wind spectra and coherence models suitable
for offshore conditions, more detailed guidelines for how short-crested waves
should be modelled, and further development and validation of computer
codes and training of analysts.

• Efficient fatigue analysis is of importance also for other types of support
structures. The suitability of existing lumping methods (including the one
developed in C3) should be assessed, and new methods developed if needed.
Both jacket structures and floating support structures have different response
characteristics that may require other considerations for the lumping meth-
ods. This includes, amongst others, the combined local and global wave load
effect on jackets, and the combination of linear and 2nd order wave loads and
low-frequency motion induced gravity loads on floating wind turbines.
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Abstract

The input for fatigue analyses of offshore wind turbines is typically chosen based on

design values provided by design standards. While this provides a straightforward

design methodology, the contribution of different input parameters to the uncer-

tainty in the fatigue damage estimates is usually unknown. This knowledge is impor-

tant to have when improving current designs and methodologies, and the parameters

governing the uncertainty is typically found through a sensitivity analysis. Several

sensitivity studies have been performed for monopile-based offshore wind turbines,

typically focusing on specific turbines and engineering disciplines. This paper per-

forms a sensitivity study for three monopile-based offshore wind turbines (5 MW,

10 MW, 15 MW) using parameters from several engineering disciplines. The results

show that the fatigue utilization is primarily governed by the uncertainty in the SN

curves and fatigue capacity. Following this, the uncertainty in the environmental con-

ditions is the dominating uncertainty, with wind loads becoming increasingly impor-

tant as turbine size increases. Additionally, the effect of modelling uncertainties is

investigated. The wind-related model uncertainties dominate in the tower top, while

uncertainties in the wave and soil models dominate in the tower base and monopile.

Designers wanting to reduce the uncertainty in a design are recommended to focus

on the environmental conditions, and using as accurate models as possible. All model-

ling uncertainties are significant, but research should particularly be focused on wave

directionality and soil models.

K E YWORD S

design uncertainty, fatigue design, model uncertainty, offshore wind turbine, sensitivity
analysis

1 | INTRODUCTION

Fatigue limit state (FLS) design of offshore wind turbines (OWTs) is based on design load cases according to relevant design standards.1,2 These

standards account for the uncertainty in resistance and loads by applying safety factors to achieve a specified reliability level. The procedure is

straightforward for designers, but safety factors give no information on how the uncertainty in specific variables influences the overall reliability
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of an OWT. Such knowledge is essential for improving current design standards, reducing investment costs, evaluating novel design concepts, and

guiding further research.

Although all design parameters may in principle be considered uncertain, typically only a few parameters significantly affect the total uncer-

tainty.3 These parameters should be given particular focus during the design process, and they can be identified through a sensitivity analysis

(SA). Numerous SAs and reliability studies have been performed on individual OWTs,4–14 with size varying from 4 to 10 MW. The results from

selected studies considering several uncertain parameters are summarised in Table 1. None of the studies have directly compared different tur-

bine sizes. Many of these have considered a limited number of design parameters, while others are more extensive.4–6,8,10,11 Others again have

focused on uncertainties from selected engineering disciplines, for example, aerodynamics.9,11 However, there is no clear consensus between the

TABLE 1 Selected previous sensitivity analyses for monopile OWTs

Reference Hübler et al.5 Robertson et al.9 Toft et al.11 Teixeira et al.8 Peeringa &Bedon4 Velarde et al.6

Turbine size (MW) 5 5 - 5 4 10

Turbulence intensity NI I I I

Wind shear NI I NI NI

Surface roughness NI

Air density NI NI NI

Air stability NI

Wind speed V V

Wind direction V

Yaw error NI I NI

Water depth NI NI

Water density NI NI

Wave height V V

Wave period V V

Spectral parameter, γ NI

Wave direction V

Current velocity NI

Mass coefficient NI

Drag coefficient NI

Marine growth I

Wave load model I

Soil stiffness NI NI

Soil unit weight I

Soil friction angle I

Pile diameter I

Pile thickness NI

Tower diameter NI

Tower thickness NI

Embedded length I

Airfoil parameters I

Young's modulus NI NI

SCF NI

SN-curve I NI

Fatigue capacity I I

Dynamics I

Hub mass NI

Nacelle mass NI

Note: “I”/green and “NI”/yellow denote parameters found influential and not influential, respectively. “V”/grey denotes parameters where the long-term

variability is considered, as discussed in Section 4.1.3. Only important parameters from Robertson et al. are included.
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studies regarding either the parameters considered, or the parameters identified as important. This may be caused both by different sensitivities

for different turbines and foundations, as well as by the level of uncertainty assumed in the studies. Further, several studies overestimate the

uncertainty in environmental conditions by considering the long-term variation in, for example, significant wave height rather than the uncertainty

in the design value. An example of how this artificially increases the uncertainty is given in Section 4.1.3. Finally, some studies suggest further

research topics without quantifying the uncertainty.15,16

The approaches followed by the studies in Table 1 differ. Hübler et al5 focused on parameters from several engineering disciplines, looking at

a large number of variables (>100). Robertson et al9 performed a sensitivity analysis for 57 parameters, all related to wind characteristics and aero-

dynamic loads. For brevity, only the influential parameters from this study are included in Table 1. Toft et al11 presented a probabilistic framework

for assessment of the structural reliability level of wind turbines in fatigue loading, focusing on aerodynamic loads. Teixeira et al8 performed a

probabilistic sensitivity analysis including aerodynamic loads, wave conditions, and current velocity. Peeringa et al4 presented a probabilistic

design tool, coupling reliability analysis and wind turbine simulation tools, focusing on structural properties and fatigue capacity. Finally, Velarde

et al6 demonstrated a fatigue reliability analysis of a monopile supporting a 10-MW offshore wind turbine, focusing more on the system proper-

ties than the fundamental parameters. Three of the six studies in Table 1 found turbulence intensity to be important. Besides this, the SN curve

was the only parameter found important by more than one study.

Beyond the uncertainty in design parameters, the modelling choices made in the analysis of an OWT introduce additional, different uncer-

tainties. Several studies have been performed looking at individual parameters; some are given here to illustrate the range of model uncer-

tainties. Kim et al17 showed how wake effects increase the fatigue damage. Nybø et al18 investigated the fatigue response using different

wind fields and stability conditions, also comparing the engineering models with wind measurements and high-fidelity models of the wind field.

Horn et al19 and Schløer et al20 found that higher order wave loads increase the fatigue damage in severe sea states. Horn et al21 looked at the

importance of considering multiple wave directions. They found that separation between wind generated waves and swell increased the mono-

pile fatigue damage and reduced the tower fatigue damage. Including short-crested waves was found to reduce the fatigue damage. Sørum

et al22 showed that short-crested waves may result in both a higher and lower fatigue damage than long-crested waves, depending on the

monopile design. Bachynski and Ormberg23 showed that wave diffraction becomes more important as monopile diameters increase. Finally,

Aasen et al24 and Katsikogiannis et al25 both demonstrated how the soil model influences the fatigue response predictions, with both nonlinear

stiffness and damping being important. To the authors' knowledge, no studies compare the uncertainty caused by modelling choices to other

types of uncertainty.

This paper aims to improve the understanding obtained from previous studies, focusing on fatigue design for three monopile-based OWTs

with capacity 5, 10, and 15 MW. A sensitivity analysis study is first performed considering the input parameters whose uncertainty can be

described by a continuous probability density function, hereafter denoted continuous parameters. The uncertainty in fatigue damage estimates

due to modelling choices, hereafter denoted discrete parameters, is then calculated. The studied parameters range across various engineering dis-

ciplines, including but not limited to aerodynamics, hydrodynamics, geotechnics, and structural dynamics. The present work aims to determine

which uncertainties contribute most to the uncertainty in fatigue damage for different locations along the support structure and operational states

for monopile-based OWTs, and how this uncertainty varies with turbine size. The results can help designers prioritise which parameters to investi-

gate during the design of turbines and give guidance for the focus of further research.

The paper is organized as follows: Section 2 presents the sensitivity analysis method used in the study; Section 3 describes the environmental

model, simulation models and fatigue estimation method. Following this, Section 4 presents the parameters investigated in the SA. Finally, the

results are presented in Section 5 and discussed in Section 6, before the paper is concluded in Section 7.

2 | SENSITIVITY ANALYSIS METHODS

Different methods can be used for a sensitivity analysis,3 depending on the system properties and the computational effort required. The design

of monopile OWTs relies on dynamic analyses, coupling aerodynamics, hydrodynamics, soil–structure interaction and the turbine control system.

The system is nonlinear, and the computational effort required for analysis is significant with simulations running at approximately real-time. Local

analyses, such as one-at-the-time (OAT) variation of the input parameters, are computationally efficient but not capable of capturing system non-

linearities and interactions between input parameters. Variance-based methods provide more accurate results, allowing quantification of each

parameter's influence on the system's total uncertainty. However, the large computational effort of variance-based methods makes them infeasi-

ble to apply here. Screening methods can partly overcome the challenges mentioned above, capture system nonlinearities, interaction effects, and

qualitatively rank the input parameters according to their importance, with acceptable computational requirements. In this study, the screening

method of elementary effects is used for evaluating the continuous parameters (see Section 2.1). The method is generally considered a good alter-

native for highly nonlinear systems with a moderate (<100) number of input parameters.3 The discrete parameters are evaluated based on the

change relative to a baseline model, as described in Section 2.2.
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2.1 | Elementary effects method

The elementary effects method is an expansion of the OAT approach, as illustrated in Figure 1. The quantity of interest (i.e. long term fatigue

damage) is calculated at a base point j that represents a set of input values for the uncertain analysis parameters (e.g., turbulence intensity and

yaw error). A single parameter is then changed, and the quantity of interest is calculated again. The local derivative, denoted the elementary effect

(EE), can then be found. The procedure is repeated for several sets of base points distributed across the parameter space. The output quantity, Y ,

is a function of all input parameters, X¼ ½X1,X2,…,XI�T. The EE of an input parameter Xi, at a base point j¼1,…,J, is given by Equation (1).

EEji ¼
YðXj

1,…,X
j
i�Δi,…,Xj

IÞ�YðXj
1,…,X

j
i,…,X

j
IÞ

�ΔF
¼Yj

pp�Yj
bp

�ΔF
: ð1Þ

YðXj
1,…,X

j
i ,…,X

j
IÞ¼Yj

bp is the output quantity calculated at the base point j, while YðXj
1,…,Xj

i�Δi,…,X
j
IÞ¼Yj

pp is the output quantity calculated

for a specified perturbation Δi of input parameter Xi in the physical space. ΔF is the normalised step size (Section 2.1.1). The sign of the perturba-

tion is randomly selected. The importance of a parameter Xi is determined based on the statistics of all elementary effects across the J base

points.

2.1.1 | Sampling strategy

The parameter space of each input variable should be sufficiently covered to achieve reliable results. It has been found that a radial elementary

effect is more efficient than the original approach26 if the sampled sets Xj are sufficiently distributed. Three main sampling approaches have been

identified in the literature.27–29 The first is Crude Monte Carlo methods, which show inadequate coverage of the parameter space.28,29 Stratified

approaches (e.g., Latin Hypercube) are more efficient but do not provide sufficient multidimensional coverage.29 Finally, quasi-random sequences

(e.g., Sobol and Hammersley) show better multidimensional properties.27,28 A method for combining Hammersley sequences and Latin Hypercube

sampling has also been developed.29 The drawback of Latin Hypercube sampling is that the number of sampling points cannot be easily expanded

if convergence is not met. Therefore, the quasi-random Sobol sequences were used in this study.

It is recommended to perform the input parameter sampling for EE analyses from a uniformly distributed sampling space,3 denoted the

U-space. This is achieved by mapping the set of input parameters, X, from the physical space (X-space), to uncorrelated uniformly distributed vari-

ables, U, based on Equation (2).

Xi ¼ F�1
i ðUiÞ: ð2Þ

Here, F�1
i is the inverse cumulative distribution function (CDF) of Xi, and Ui is an independent stochastic variable uniformly distributed in the

range [0,1]. This sampling method ensures an appropriate concentration of base points at the most probable regions of the parameter space for

each variable.

Finally, the step sizes in the physical and uniformly distributed space, Δi and ΔF , are defined. The step size in the physical space is given

implicitly by the transformation in Equation (2) and is expressed by Equation (3)

F IGURE 1 Illustration of the radial elementary effects method for three parameters (I¼3) and four base points (J¼4). The squares
correspond to the base points, while the circles are the perturbed points. Adopted from Campolongo et al26 and Robertson et al.9
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Xi�Δi ¼ F�1
i ðUi�ΔFÞ: ð3Þ

In some studies,26 the step size is treated as a random variable while other studies9 use a fixed ΔF with a random sign. The latter approach is

adopted in the present work. To select the step size, it shall be ensured that ΔF is sufficiently large to give a measurable change in the quantity of

interest between the base point realisation Yj
bpðXÞ and the perturbed realisation Yj

ppðXÞ. Additionally, it is desirable that the resultant step size Δi

ensures an approximately linear variation between Yj
bpðXÞ and Yj

ppðXÞ. ΔF ¼0:1 was used here, as it gives measurable changes in YðXÞ, while it is

assumed to be small enough to ensure approximate linearity.

2.1.2 | Identification of important parameters

The quantity of interest for the sensitivity analysis in the present study is the long-term fatigue damage, denoted as DLT . Therefore, the EE

formulation from Equation (1) is now expressed as

EEji ¼
DLTðXj

1,…,Xj
i�Δi,…,X

j
IÞ�DLTðXj

1,…,Xj
i,…,Xj

IÞ
�ΔF

: ð4Þ

Several locations along the OWT support structure are considered, as different parameters may be important at different locations. The

locations used are the tower top, tower base and seafloor, in addition to the location corresponding to the maximum monopile fatigue damage in

each turbine. Identification of important parameters is done via evaluation of the absolute mean, μ ∗
EE,i, and variance, σ2EE,i, of the EE related to each

input parameter:

μ ∗
EE,i ¼

1
J

XJ

j¼1

jEEjij, ð5Þ

σ2EE,i ¼
1

J�1

XJ

j¼1

ðEEji�μiÞ
2
: ð6Þ

High μ ∗
EE,i indicates an important parameter, while a large σEE,i indicates coupling with other parameters. The mean, μi, in Equation (6) is

defined as

μi ¼
1
J

XJ

j¼1

EEji: ð7Þ

2.2 | Discrete analysis method

The discrete parameters varied in this study are the wind coherence model, inclusion/exclusion of wave spreading, variation of wave spectral

models and soil models, as well as inclusion/exclusion of scour protection in the structural model. These variations cannot be described by a prob-

ability density function (PDF), and the effect of discrete parameter variations are evaluated based on the change in fatigue damage compared to

the baseline case (see Section 4.2). Only one discrete parameter is varied at a time, meaning that interactions between discrete parameters are

not captured. However, the discrete analyses are repeated for all J base points from the continuous simulations. Interactions with the continuous

parameters can therefore be captured. The relative change in fatigue damage is calculated as

δDj
i ¼

jDBL
LTðXjÞ�DVar i

LT ðXjÞj
DBL
LTðXjÞ : ð8Þ

DBL
LTðXjÞ is the long-term fatigue damage using the baseline model at realization j of the continuous parameters. DVar i

LT ðXjÞ is the long-term

fatigue damage when using alternative model i.

The effect of changing each model is evaluated based on the absolute mean, μ ∗
δD,i, and variance, σ2δD,i, of the relative change in fatigue damage:

μ ∗
δD,i ¼

1
J

XJ

j¼1

jδDj
ij, ð9Þ
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σ2δD,i ¼
1

J�1

XJ

j¼1

ðδDj
i�μLT,iÞ

2
: ð10Þ

As for the continuous parameters, a high μ ∗
δD,i indicates an important parameter. A high σδD,i means there is a significant coupling between dis-

crete model i and the continuous parameters. The mean, μi, in Equation (10) is defined as

μδD,i ¼
1
J

XJ

j¼1

δDj
i: ð11Þ

3 | MODEL DESCRIPTION

This section summarises the simulation models, turbine and foundation properties, load models and all relevant information for fatigue damage

calculation.

3.1 | Turbine models

Three turbine models have been used in the study; the NREL 5 MW,30 the DTU 10 MW31 and the IEA 15 MW32 reference wind turbines. The

simulation models are based on the reference wind turbines, supported by different monopile foundations. The 5-MW foundation is based on

the OC3 monopile33 and the 10-MW foundation is based on Velarde and Bachynski.34 The 15-MW tower is based on the original design,32

while the monopile is designed for a target natural period below 5.5 s and verified using the method in Katsikogiannis et al.35 Each of the three

turbines applies its corresponding controller: the NREL Baseline Wind Turbine Controller,30 the Basic DTU Wind Energy Controller36 and

NREL's Reference OpenSource Controller,37 respectively. The turbines are assumed located at 30 m water depth on the Norwegian Continen-

tal Shelf, at (55.11�N, 3.47�E). Soil conditions at the site are assumed to consist of an idealized clay profile with linearly increasing undrained

shear strength and parabolic variation of shear modulus with depth. Both operational and parked conditions are considered, using the same

environmental conditions. Details of the key parameters of the different turbines are given in Table 2, while an illustration of the models is

shown in Figure 2.

TABLE 2 Key parameters of the NREL 5 MW, DTU 10 MW and IEA 15 MW reference wind turbines including foundation

Parameter Unit NREL DTU IEA

Rated power MW 5 10 15

Rated wind speed m/s 11.4 11.4 10.59

Rated rotor speed rpm 12.1 9.6 7.56

Hub height m 90 119 150

Rotor diameter m 126 178.3 240

RNA mass tonnes 350 674 1017

Tower top diameter m 3.87 6.25 6.54

Tower base diameter m 6.00 9.18 9.96

Tower top wall thickness m 0.025 0.035 0.024

Tower base wall thickness m 0.035 0.063 0.036

Monopile diameter m 7 9 11

Monopile wall thickness m 0.07 0.11 0.11

Embedded length m 28 36 44

1st fore-aft natural perioda s 3.9 3.6 5.3

aUsing mean value of uncertain parameters, see Table 3.
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3.2 | Environmental model

Several numerical hindcast models are available for the northeast Atlantic Ocean. For the present study, the Norwegian Reanalysis Archive

(NORA10)38 hindcast data have been used. The database has 3-h resolution for the years 1957 to 2017 at the site, and provides information

about met-ocean parameters such as mean wind speed 10m above sea level, significant wave height ðHsÞ, wave peak period ðTpÞ and wind-wave

directionality.

To limit computational requirements, only three wind bins (NU ¼3) were considered: Close to the rated speed (8–10 m/s), intermediate (14–

16 m/s) and high (20–22 m/s) wind speeds. The wave climate is assumed dependent on wind speed through the use of representative sea-state

parameters (Hs - Tp) for each wind bin, based on the lumping method described by Katsikogiannis et al.35 A Pierson–Moskowitz wave spectrum is

used at the lowest wind speed, and a JONSWAP spectrum is used for the two higher wind speeds. The wind direction is assumed independent of

other environmental parameters, while the wind-wave misalignment is assumed conditional on the wind speed.48 The probability of an environ-

mental condition at a base point j is given by Equation (12).

PjðUk ,θwi ,θrel,mÞ¼PjnðUkÞ �PjðθwiÞ �Pjnðθrel,mjUkÞ: ð12Þ

PjnðUkÞ is the frequency of occurrence of wind bin k, normalised to a total value of 1 based on Equation (13).

PjnðUkÞ¼ PjðUkÞPNU
k¼1P

jðUkÞ
: ð13Þ

PjðθwiÞ is the probability of occurrence of the wind direction, and Pjnðθrel,mjUkÞ is the conditional probability of the wind-wave misalignment.

Two misalignment angles (Nθrel ¼2) were considered for each wind bin, 0� (aligned wind-waves) and 30�. Similarly to wind speed, the probability

of the wind-wave misalignment angle for each wind bin is normalised to a sum of 1 as follows:

Pjnðθrel,mjUkÞ¼ Pjðθrel,mjUkÞPNθrel
m¼1P

jðθrel,mjUkÞ
: ð14Þ

The values of PjðUkÞ,PjðθwiÞ and Pjðθrel,mjUkÞ are found by integrating the probability distributions given in Section 4.1 between the lower and

upper limits for each bin considered. Two seed variations have been used for each environmental condition, to capture stochastic variations in the

wind and wave loads.

F IGURE 2 Illustration of the three SIMO-RIFLEX models in SIMA. From left to rigth: NREL 5 MW, DTU 10 MW and IEA 15 MW. The models
are to scale, illustrating the size differences between the turbines
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3.3 | Simulation models

The rotor-nacelle assembly, tower and monopile above seabed were modelled in the aero-hydro-servo-elastic simulation tool SIMO-RIFLEX

developed by SINTEF Ocean.49,50 Structural components above seafloor are modelled as linear-elastic beam elements. The monopile part below

seabed (foundation model) is described in detail in Section 3.4. The incoming wind field is generated using the program TurbSim from NREL51 for

the Kaimal spectrum and exponential coherence model, and IEC Turbulence Simulator from DTU for the Mann turbulence model.52

3.4 | Foundation model

The foundation model is a nonlinear macroelement model formulated within elastoplasticity theory. Macroelement models condense the response

of the foundation and surrounding soil to a force-displacement relation at seafloor, separating the foundation and the rest of the structure.53 The

macroelement model has been developed to reproduce the nonlinear load-displacement response and the hysteretic damping of monopile-based

OWTs in integrated time-domain analyses.54–56 The basic features and limitations of the model are presented by Page et al.55

The macroelement model used in this study accounts for the change of the foundation stiffness due to nonlinear hysteretic soil behaviour,

and as a consequence reproduces hysteretic damping. The model also accounts for the effect of multi-directional loading, which has been found

to affect the foundation stiffness and hysteretic damping.56 The model is calibrated to results of full 3D continuum modelling of the soil volume

and the foundation by FEA. Even though the model have been calibrated to an idealized clay profile the results are equally valid for monopiles

installed in sand. The importance here is the effect of the monopile head stiffness and how this influences the integrated analysis. The model com-

municates with SIMO-RIFLEX through a dynamic link library (DLL). The macroelement model does not directly compute the forces along the

monopile below seabed, and a separate postprocessing numerical tool has been employed for that purpose. The tool is based on beam on spring

model where the springs are calibrated to the results of the FEA using the methodology presented in Klinkvort et al.57

3.5 | Load models

Aerodynamic loads on the blades are calculated using blade element momentum theory with the Glauert induction and Prandtl tip loss

corrections,58 as well as dynamic stall and dynamic wake corrections. Hydrodynamic excitation loads are calculated using linear wave kinematics

and MacCamy and Fuchs formulation59 with Morison type drag. The hydrodynamic added mass is assumed to be constant, corresponding to an

added mass coefficient CA ¼1:0.

3.6 | Fatigue damage estimation

Fatigue damage is estimated based on the axial stress in the monopile and tower. Individual stress cycles are identified using the rainflow counting

technique implemented in the WAFO toolbox,60 modified to allow for bi-linear S-N curves. The fatigue damage is calculated using Miner's sum43

with thickness effects included. DNV GLs fatigue curve “D” for steel in sea water with cathodic protection was used for the monopile, while curve

“D” for steel in air was selected for the tower.43 The short-term fatigue utilization is calculated according to Equation (15).

DST ¼ 1
ΔC

Xnσ
i¼1

ðΔσiÞmi

ai

t
tref

� �kmi

: ð15Þ

DST is the fatigue damage obtained from 1-h time-domain realisation for each environmental condition, ΔC is the fatigue capacity and Δσi are

the individual stress ranges. mi and ai are the fatigue exponent and SN localisation parameters associated with each stress range. Finally, t is the

wall thickness, tref is the reference wall thickness, and k is the thickness exponent on fatigue strength. A reference thickness equal to 25mm and

a thickness exponent of 0.2 were used.43 The long-term fatigue damage, DLT , is found by combining the short-term fatigue damage with the prob-

ability of occurrence for the associated environmental conditions.

4 | PARAMETERS FOR SENSITIVITY ANALYSIS

The selection of parameters for the sensitivity analysis is partly based on previously performed studies. In addition, some parameters have been

added at the authors' discretion, while a limited number of parameters have been excluded due to the capabilities of the utilized simulation
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software. For the continuous parameters, this selection is based on the studies in Table 1. Discrete parameters are selected based on studies on

individual parameters.

4.1 | Continuous parameters

16 continuous parameters are considered in the SA, shown in Table 3. Details for the selected parameters are given in the following sections. A

distinction from the distributions used in many previous studies is that the uncertainty in the design values for environmental conditions has been

used. This approach is expected to give a more accurate prediction of the sensitivities than considering the short-term variability (“V” in Table 1,

illustrated in Section 4.1.3). Where appropriate, the distributions are truncated 3 standard deviations above/below the mean to avoid nonphysical

realizations.

4.1.1 | Wind speed

The uncertainty in the design wind speed is modelled as uncertainty in the parameters of a two-parameter Weibull distribution. Using 60 years of

hindcast data from the NORA10 database,38 a two-parameter Weibull distribution was fitted to the yearly data. This corresponds to assuming

one year of measurements is available for the design, as required by design guidelines.45 The uncertainty in the shape (α) and scale (β) parameters

was assessed, and the scale parameter was found to be most important for variations in the fitted distribution. Only the scale parameter was

treated as a stochastic variable, as it is desirable to limit the number of input parameters for the SA. A normal distribution was fitted to the scale

parameter, while the shape parameter was taken as the value found from the fitted distribution to the full 60 years of data. The probability of

occurrence for each wind speed bin is found based on Equation (16), while Table 4 summarises the wind speed distribution parameters used for

the 10-MW turbine in the study. Values for the 5- and 15-MW turbines are extrapolated assuming the mean wind shear profile (Section 4.1.3).

TABLE 3 Distribution of continuous parameters considered for the sensitivity analysis

Parameter (Xi) Symbol Distribution Section Reference

Wind speed U - Section 4.1.1 NORA1038

Wind direction θwi - Section 4.1.2 NORA1038

Turbulence intensity TI - Section 4.1.3 FINO139

Wind shear α N(0.14,0.01) Section 4.1.3 FINO139

Yaw error γY N(0� , 1�) Section 4.1.4 Veldkamp13

Significant wave height Hs - Section 4.1.5 NORA1038

Peak period Tp - Section 4.1.5 NORA1038

Wind-wave misalignment θrel - Section 4.1.6 NORA1038

Marine growth tmg N(100 mm, 35 mm) Section 4.1.7 Jusoh & Wolfram40

Drag coefficient Cd N(0.7,0.1) Section 4.1.7 Peeringa & Bedon,4 Veldkamp13

Undrained shear strength su=σ0v0 N(1,0.15) Section 4.1.8 Lacasse & Nadim41

Void ratio e N(0.7,0.058) Section 4.1.8 Lacasse & Nadim41

Monopile diameter Dp U(0.999μ, 1.001μ) Section 4.1.9 Zaaijer,42 Hübler et al.5

SN parameters logða1,2Þ - Section 4.1.10 DNV GL43

Fatigue capacity ΔC LN(1,0.3) Section 4.1.10 Folsø et al.,44 Peeringa&Bedon4

Unavailability A LN(0.1,0.025) Section 4.1.11 DNV GL,45 Pfaffel et al.,46 Larsen et al.47

Note: -: Not described by a single distribution. N(μ,σ): Normal distribution mean μ and standard deviation σ. LN(μ,σ): Log-normal distribution mean μ and

standard deviation σ. U(Xl ,Xu): Uniform distribution with lower and upper limits Xl ,Xu.

TABLE 4 Wind speed distribution parameters at 119m above sea level

Parameter Type Distribution/value

Scale parameter, β Stochastic N(12.62,0.51)

Shape parameter, α Deterministic 2.32

1692 SØRUM ET AL.
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PjðUk;α,β
jÞ¼ FwiðUk,u;α,β

jÞ�FwiðUk,l;α,β
jÞ: ð16Þ

Fwiðx;α,βÞ is the Weibull CDF, Uk is the mean wind speed of bin k, while Uk,l , and Uk,u are the lower and upper limits of the wind bin k.

Superscript j represents the value of the stochastic variables at a base point j.

4.1.2 | Wind direction

Wind direction is treated similarly as the wind speed, with the uncertainty of the long-term distribution being modelled as variations in the distri-

bution parameters. An individual distribution is fitted to each year in the NORA10 dataset. The probability of occurrence of a wind direction is

found in Equation (17).

PjðθwiÞ¼ ð

θu

θl

fðθwi;μ,κ,ωÞdθwi: ð17Þ

fðθwi;μ,κ,ωÞ is the PDF of the wind direction, with θl, θu the lower and upper limits of the directionality bins. A three-mode von Mises mixture

distribution is fitted to the yearly data.61 Adopting the notation from Masseran et al,61 the PDF of the distribution is expressed by Equation (18).

fðθwi;μ,κ,ωÞ¼
XH
h¼1

ωh
1

2πI0ðκhÞe
κhcosðθwi�μhÞ: ð18Þ

Here, θwi is the wind direction in radians, while μh, κh and ωh denote the mean direction, the concentration factor, and the weighting factor of

each mode h, respectively.61 The fitted PDF accounting for all years in the NORA 10 database is shown in Figure 3.

The variation in the fitted parameters was evaluated, and no correlation was observed. To limit the number of variables, only the mean values

of the second and third modes were considered as stochastic variables. Both follow a normal distribution, as given in Table 5. The variation of the

mean values is thus assumed to be representative of the uncertainty in the wind direction model.

With mode 1 being fixed, it is assumed that changing the mean of mode 2 and 3 towards a direction aligned with mode 1 (towards 58�) will

increase the lifetime fatigue damage. Assuming mode 2 and 3 are related by

Fμ3 ¼1�Fμ2 ð19Þ

will ensure that mode 2 and 3 are either both more aligned with or more perpendicular to mode 1. This allows for representing the uncertainty in

wind direction as one uncertainty in the two coupled parameters. However, the coupling is also likely to introduce overestimation of the

F IGURE 3 Fitted wind direction distribution for all years in NORA10 database
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importance of wind direction, as the fatigue damage may change more than if μ2 and μ3 were uncoupled. It should also be noted that the wind

direction distribution also influences the wave direction, as the wave direction is modelled implicitly by the relative wind-wave direction in

Section 3.2. The uncertainty in the wind-wave misalignment is treated separately in Section 4.1.6.

4.1.3 | Turbulence intensity and wind shear

The turbulence intensity and wind shear are assessed using 15 years of measurements from the FINO1 platform.39 For turbulence intensity, the

data from the topmost anemometer, 100m above mean sea level (MSL), are used. To avoid wake effects from the nearby alpha ventus wind farm,

only measurements from the westerly direction (180–360�) are used. Only data that have passed the FINO 1 quality check are considered.39 A

log-normal distribution is fitted to the wind speed dependent turbulence intensity distribution for each year.62 The 90th percentile value for the

turbulence intensity is taken as the design value for each wind speed.45 A normal distribution is fitted to the yearly design turbulence intensity

and taken as input for the sensitivity analysis.

Turbulence intensity clearly demonstrates the difference between considering the short-term variability in an environmental parameter

(as marked with “V” in Table 1) and the uncertainty in the design parameter. Figure 4 shows the probability distribution of the 10 min turbulence

intensity measurements from FINO1 and the distribution of the 1-year design values. A significant reduction in the uncertainty is seen when con-

sidering the latter.

To limit the number of independent variables in the SA, the same percentile is used for the TI in the different wind bins (refer Section 2.1.1).

Table 6 gives the distribution parameters for the turbulence intensity.

A power law wind profile is fitted to the measurements using the mean 10-min wind speed at the eight anemometers located from 33 to

100m above MSL.63 In addition to the exclusion zone of 0–180� mentioned for the turbulence intensity, data from wind directions between 270�

and 360� are excluded from the fitting to avoid shadow effects from the met-mast.64 Furthermore, data samples with goodness-of-fit (R2-value)

less than 0.75 are excluded. The 1-year mean is taken as the design value for the wind shear.45 Equation (20) shows the applied power law

TABLE 5 Wind direction distribution parameters

Parameter Type Distribution/Value

μ1 Deterministic 238�

μ2 Stochastic N(100� , 28.4�)

μ3 Stochastic N(333� , 43.3�)

κ1 Deterministic 1.29

κ2 Deterministic 1.10

κ3 Deterministic 3.47

ω1 Deterministic 0.598

ω2 Deterministic 0.261

ω3 Deterministic 0.142

Note: The uncertainty in the wind direction is modelled by the variations in μ2 and μ3.

F IGURE 4 Distribution of 10-min turbulence intensity (TI) and design turbulence intensity (TI90)
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formulation, where U is the wind speed at height z and α is the power law exponent. A normal distribution with mean 0.14 and standard deviation

0.01 was fitted to the 1-year mean values of α (Table 3).

UðzÞ¼Uref
z
zref

� �α

: ð20Þ

4.1.4 | Yaw error

Veldkamp13 assigns a normal distribution with mean 0� and standard deviation 1� to the yaw error. On the other hand, the design codes1,45

require fatigue analysis to be carried out for yaw misalignments of �8�, 0� and 8�. To avoid increasing the already large computational effort, it

was desirable to use only one yaw angle in the simulations. A screening study showed that no single yaw error could predict the correct fatigue

damage across the whole support structure. However, the elementary effects method is based on the derivatives of fatigue damage w.r.t. to input

parameters. Figure 5 shows the fatigue damage in the tower base of the DTU 10-MW turbine as function of yaw angle, averaged over the wind

speeds being used in this study. Although there is a noticeable difference in the fatigue damage at the different yaw angles, the gradient is approx-

imately constant. It was concluded that a single yaw error could be used for the SA. The yaw error was, therefore, modelled using the distribution

from Veldkamp.13

4.1.5 | Significant wave height and peak period

The wind speed-dependent scatter diagrams of the wave climate are represented by a single lumped sea-state for each wind speed bin. Fol-

lowing the frequency-domain lumping method described by Katsikogiannis et al,35 one damage-equivalent lumped load case is found for each

year of the 60-year NORA10 database.38 Therefore, for each wind bin, 60 Hs�Tp combinations are found, as shown in Figure 6 for the 14–

16 m/s bin. A normal distribution was fitted to the Hs,Tp parameters of the sea-state parameters of the lumped load cases, shown in Table 7.

Although Figure 6 strongly suggests there is a correlation between Hs, Tp, this correlation is disregarded to allow assessing the sensitivity of Hs

and Tp individually.

TABLE 6 Distribution of design turbulence intensity for each wind bin

Wind speed class (m/s) Distribution

8–10 N(9.20%, 0.62%)

14–16 N(8.82%, 0.35%)

20–22 N(8.82%, 0.42%)

F IGURE 5 Average 1-h fatigue damage in tower base for various yaw angles
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4.1.6 | Wind-wave misalignment

The wave directional properties are assumed described by the wind direction and wind-wave misalignment conditional on the wind speed, similar

to Horn et al.48 The misalignment was found to follow a normal distribution, with a mean of 0� for all wind speeds. This gives the standard devia-

tion of the misalignment, σθrel,m jUk
, as the uncertain parameter. By analysing the NORA10 data, a normal distribution was found to be a reasonable

fit for σθrel,m jUk
. The probability of being in misalignment bin m is given as

Pjðθrel,mjUkÞ¼2 Fðθm,u;0,σ
j
θrel,m jUk

Þ�Fðθm,l;0,σ
j
θrel,mjUk

Þ
� �

: ð21Þ

Here, Fðx;μ,σÞ denotes the cumulative normal distribution with mean μ and standard deviation σ. θm,u and θm,l denote the upper and lower

limits of the misalignment bin, respectively. σθrel,m jUk
is the wind speed dependent standard deviation of the misalignment. The multiplication with

2 assumes that positive and negative misalignment angles can be treated as equal. The properties of the misalignment model are given in Table 8.

F IGURE 6 Lumped load cases for wind bin 14–16 m/s. Lines represents damage-equivalent sea states for the tower and monopile. The dots
give sea states that will reproduce the lifetime fatigue damage in both the tower and monopile. One dot is seen for each year in the NORA10
data set

TABLE 7 Distribution of lumped sea-state parameters Hs,Tp for each wind bin

Wind speed
5 MW 10 MW 15 MW

bin (m/s) Hs (m) Tp (s) Hs (m) Tp (s) Hs (m) Tp (s)

8–10 N(1.27, 0.03) N(6.42, 0.11) N(1.24, 0.05) N(6.37, 0.15) N(1.28, 0.03) N(7.29, 0.15)

14–16 N(2.29, 0.03) N(7.27, 0.12) N(2.16, 0.05) N(7.08, 0.14) N(2.08, 0.06) N(7.04, 0.22)

20–22 N(3.73, 0.09) N(8.48, 0.21) N(3.49, 0.07) N(8.24, 0.18) N(3.36, 0.07) N(8.13, 0.21)

TABLE 8 Distribution parameters for wind-wave misalignment per wind bin

Wind speed
Distribution

bin (m/s) Mean σθrel,m jUk

8–10 0� N(47.9� , 2.5�)

14–16 0� N(24.6� , 3.0�)

20–22 0� N(15.7� , 2.0�)

1696 SØRUM ET AL.
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4.1.7 | Marine growth and drag coefficient

Marine growth is modelled using the depth varying thickness profile found in GL's standards for offshore wind turbines.65 The uncertainty is mod-

elled by scaling the marine growth at all depths equally, where the mean value at mean sea level is set to 100 mm.45 The standard deviation is

taken from Jusoh and Wolfram40 using the coefficient of variation (C.o.V.) for mussels in the Southern North Sea, as mussels are the most promi-

nent growth in shallow waters.66 A normal distribution is assumed, and the shape of the depth-dependent thickness profile is assumed constant.

The drag coefficient is assumed normally distributed with a mean of 0.7 and a standard deviation of 0.1.4,13 In principle, there is a relationship

between the marine growth and the drag coefficient. However, the drag coefficient depends on the surface roughness of the marine growth, not

the thickness.40 Therefore, the marine growth and drag coefficient are assumed independent of each other in the present study.

4.1.8 | Undrained shear strength and void ratio

The undrained shear strength, su, and shear modulus, Gmax, at small strains are considered the most important uncertainties for the present soil

profile. These are included in the study as su=σ0v0 and void ratio, e, respectively. σ0v0 is the vertical effective stress. Laccasse and Nadim41 assign a

normal distribution to su=σ0v0, with mean value 1 and a standard deviation in the range 5–15%. The upper limit of 15% has been used here.

The void ratio, e, typically has a coefficient of variation of 7–30%.41 However, physical bounds linked to emin and emax dictate a coefficient of

variation of maximum 8.3% for the assumed soil profile. Therefore, a normal distribution with mean 0.7 and standard deviation 0.058 is assumed.

4.1.9 | Monopile diameter

Zaaijer42 assumes a variation of � 0.1% in the diameter of monopile foundations. Hübler et al5 translated this to a uniform distribution with upper

and lower bound 0.1% from the nominal diameter. The same uncertainty model is used in the present study.

4.1.10 | Fatigue parameters

Consistent with other studies,4,6 uncertainty in the SN curve (Equation 15) is modelled as uncertainty in the intercept parameter, a, while the neg-

ative inverse slope, m, is modelled as deterministic. DNV GL gives the standard deviation in logða1,2Þ as 0.2, and states that the design curves are

given as the mean minus two standard deviations.43 This gives the SN-parameters in Table 9 when using suitable design SN curves. In addition to

the SN curve parameters, the fatigue capacity ΔC is modelled as uncertain. This is assumed to follow a lognormal distribution with mean value

1 and standard deviation 0.3.4,44

4.1.11 | Availability

Little information is available concerning the availability of individual OWTs over the full lifetime. Design standards45 consider an availability of

90%,45 while various sources state average availability of wind farms in the range 85–96%.46,47 Availability as low as 80.3% for the first three

operational years has been reported as an extreme case.67 Here, a lognormal distribution is assumed for the unavailability (100% - availability).

This is done to avoid sampling availability above 100%, corresponding to unavailability below 0%. A mean value of 10% is assumed as indicated

by design standards,45 while the standard deviation is set to 2.5%. The latter corresponds to experience from two wind farms.46

TABLE 9 SN curve parameters

Parameter Type Tower Monopile

logða1Þ Stochastic N(12.564, 0.2) N(12.164, 0.2)

logða2Þ Stochastic N(16.006, 0.2) N(16.006, 0.2)

m1 Deterministic 3 3

m2 Deterministic 5 5

SØRUM ET AL. 1697
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4.2 | Discrete parameters

Five discrete parameters are considered in the study. The discrete parameters differ from the continuous, as a probability density function cannot

be assigned to them. One discrete parameter is changed at a time, with the remaining parameters being kept at the baseline value. The calcula-

tions are repeated for all base points in the continuous analysis. A summary of the parameters is given in Table 10, with details given in the follow-

ing sections. The baseline case corresponds to the modelling choices that were used for analysing the continuous parameters.

4.2.1 | Turbulence and coherence model

The Kaimal turbulence model with exponential coherence and Mann uniform shear turbulence model are compared in the study. These are rec-

ommended for design load calculations by IEC 61400-1 4th Ed.68 In the present study, three models are compared: the Kaimal model with spatial

coherence only in longitudinal direction (baseline case), the Kaimal model with spatial coherence in three directions, and the Mann model. The

design standard does not provide values of the decrement ðαu,v,wÞ and offset ðbu,v,wÞ coherence parameters for the lateral ðvÞ and vertical ðwÞ com-

ponents for the exponential coherence. These are defined similarly as in Wise et al,69 and variability in these parameters is not considered. Spatial

coherence is inherently implemented in the Mann model, and the model parameters are determined based on IEC 61400-1.68

4.2.2 | Wave spreading

Traditionally, waves have been modelled as long-crested when performing fatigue analysis on OWTs. This is applied as the baseline model in this

study, with the variation being short-crested waves. Short-crested waves are included by multiplying the unidirectional wave spectrum with a

spreading function, as recommended by, for example, DNV70:

Sðω,θ;θ0Þ¼ SðωÞDðθ;θpÞ: ð22Þ

Here, SðωÞ is the wave spectrum, while Dðθ;θpÞ is the spreading function with directional components θ and mean wave direction θp. The

spreading function is modelled as

Dðθ;θpÞ¼ Γð1þn=2Þffiffiffi
π

p
Γð1=2þn=2Þcos

nðθ�θpÞ, ð23Þ

with the spreading exponent n assumed equal to 2 for all sea states.

4.2.3 | Wave spectrum

To evaluate the effect of the wave spectrum, two alternative formulations are compared to the baseline wave spectra (Section 3.5). The first vari-

ation is the TMA wave spectrum,70 which modifies the JONSWAP spectrum to account for finite water depth. This is done by multiplying the

original spectrum by a depth function (Equation 24) based on the wave number k¼ω2=g � tanhkd and water depth d as shown in Equation (25).70

STMAðωÞ¼ SðωÞ �ϕTMAðωÞ: ð24Þ

TABLE 10 Discrete parameter variations

Parameter Baseline Variations

Coherence model Coherence in x-direction Coherence in x,y,z-directions Mann model

Wave spreading Long-crested Short-crested

Wave Spectrum PM/JONSWAP TMA Torsethaugen

Soil Model Macro element p�y curves

Scour protection No Yes

1698 SØRUM ET AL.
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ϕTMAðωÞ¼
sinh2ðkdÞ

sinh2ðkdÞþkdcothðkdÞ ð25Þ

The second variation is the Torsethaugen spectrum.71 This is a two-peaked spectrum applicable in areas where there is an important swell

component in addition to wind generated sea. The spectrum was established primarily for one location at the Norwegian Continental Shelf and is

completely defined given the total significant wave height and spectral peak period. The model splits the energy into a swell component and

wind-sea component, using a modified JONSWAP spectrum for both peaks.

4.2.4 | Soil-structure interaction model

The macro-element model described in Section 3.4 is the baseline soil-structure interaction model. The effect of the soil-structure interaction

model has been evaluated by comparing the macro-element model, which incorporates hysteretic damping, against a p� y curve-based beam on

spring model. The latter is a more common approach, as these can easily be incorporated in simulation tools for OWTs. In the p� y curves model,

the monopile is modelled as a beam below seafloor, and the soil is represented by as a series of discrete, uncoupled elastic springs attached to

nodal positions along the pile. Both models are calibrated to the same FEA results. In addition, soil damping is implemented in the monopile of the

model using p-y curves as stiffness-proportional Rayleigh damping, tuned by a decay test to give the same damping ratio as the macro element

(Section 5.3.2).

4.2.5 | Scour protection

Design calculations on monopile OWTs are typically performed without considering scour protection. To assess how the scour protection influ-

ences the response prediction, a 1.5-m-thick protection layer consisting of gravel and rocks was added to the foundation model (Section 3.4). The

layer was assumed to be completely drained with a maximum mobilized angle of friction of 50� and an effective unit weight of 12 kN/m3. For

consistency in the results presentation, the seafloor is defined as the top of the original soil layer, i.e. below the scour protection.

5 | RESULTS

This section will present the results of the sensitivity analysis. First, the fatigue utilization from the 30 base points is presented in Section 5.1,

before the results of the continuous parameters are given and discussed in Section 5.2. Finally, the results from the discrete parameters are pres-

ented in Section 5.3.

5.1 | Fatigue utilization

The fatigue utilization from the variations of the continuous parameters is shown in Figure 7. Grey lines show the results from the 30 different

base points, while the black lines show the mean utilization. In the monopile, the fatigue utilization follows the same pattern in all turbines, with

maximum fatigue damage 4–6m below seafloor. The 5- and 10-MW towers both see the highest fatigue utilization in the base. A larger utilization

is also seen towards the tower top, due to the rotor tilting moment. The 15-MW tower is optimized for the ultimate limit state.32 As a result, the

tower dimensions are more irregular, giving highest fatigue utilization � 20m below the tower top.

The variation in fatigue utilization among the base points is described by the coefficient of variation (C.o.V.) in Figure 7. This is fairly similar in

all turbines, varying between 55% and 67%. All turbines show a slight increase in variability towards the tower top.

The contribution of individual wind speeds to the lifetime fatigue damage is determined by the short-term fatigue damage of each environ-

mental condition and the probability of occurrence for that condition. Figure 8 shows this distribution for tower base and seafloor. The lower

wind speeds contribute more to the fatigue damage as the turbine size increases, which is indicative of the wind loads becoming more impor-

tant.72 This is verified by considering the ratio between wind loads and wave loads in the three turbines. Assuming the aerodynamic moment at

seafloor is given by quasi-static thrust force, Fa, and distance to the hub, zhub, the aerodynamic moment can be written as

Ma ¼ Fazhub: ð26Þ

SØRUM ET AL. 1699
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Similarly, the hydrodynamic moment is proportional to Mh if Morison's equation73 is applied:

Mh ¼ ρCmD
2
pHsT

�2
p h2: ð27Þ

Here, ρ is the density of water, Cm is the mass coefficient equal to 2, Dp is the pile diameter and h is the water depth. Using the mean thrust,

Hs and Tp from the wind bin 14–16 m/s in Table 7, the ratio Ma=Mh is approximately 25 for the 5-MW turbine, 35 for the 10-MW turbine and

43 for the 15-MW turbine. This shows that wind loads become more important as the turbine size increases.

Figure 9 shows the contribution from parked and operational conditions to the fatigue damage. It is known that parked conditions contribute

significantly to the fatigue damage in monopile-supported OWTs due to the lack of aerodynamic damping and resonant response of the first

global mode.14 This is particularly true in the tower base, where the parked conditions of the 5-MW turbine account for � 60% of the fatigue

F IGURE 7 Distribution of fatigue utilization and C.o.V. along the monopile and tower. The black line represents the mean of all base points,
while grey lines are individual base points. Results in the lower part of the monopile are not shown. Seafloor is at z¼0

F IGURE 8 Contribution to fatigue utilization from wind speed classes

1700 SØRUM ET AL.
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damage (Figure 9A). The effect is less pronounced in the larger turbines, where wave loads are less dominating for the response. Parked condi-

tions are also significant in the fatigue utilization of the monopile (seafloor shown in Figure 9B). Only operational conditions contribute signifi-

cantly to the fatigue damage in the tower top (not shown), as this is dominated by the rotor tilting moment and the generator induced side-side

moment.

5.2 | Continuous parameter results

The uncertainty caused by the continuous parameters is evaluated using the absolute mean (μ ∗
i ) and standard deviation (σEE,i) of the elementary

effects (Section 2.1). Figure 10 shows the results at the tower top and seafloor, with the tower base and monopile max fatigue showing similar

results. The markers represent μ ∗
i and the bar widths represent σEE,i. For each turbine and location, the values are normalized by the highest μ ∗

i

for that turbine and location. For all turbines and locations, the SN curve parameters logða1,a2Þ have the largest influence on the uncertainty in

fatigue utilization. The second-most influential parameter is the fatigue capacity, ΔC . This is in accordance with the results by Peeringa and

Bedon4 and Velarde et al.34 However, Velarde et al6 found fatigue capacity to be the more important of the two. Both Peeringa and Bedon4 and

Velarde et al6 have found the uncertainty in logða2Þ to be of far greater importance than logða1Þ. This is due to the fatigue damage mainly being

caused by stress cycles in the low-stress range of the SN curves. However, there has been little progress in reducing the uncertainty in fatigue

parameters. Already in 1984, Wirsching74 suggested distributions similar to those used today for both logða1,a2Þ and ΔC . One of the main goals

of this paper is to suggest how to reduce uncertainty in the design process. As it is not expected that the uncertainty in the fatigue parameters

F IGURE 9 Contribution to fatigue utilization from operational and parked conditions

F IGURE 10 Statistics of the elementary effects at tower top and seafloor. The markers represent μ ∗
EE,i , while the bars show �σEE,i. All plots

are scaled based on the largest mean value for each turbine and location. Confer Table 3 for definition of symbols
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can be reduced within a design project, the fatigue parameters are omitted from the remaining results. The variation in logða1,a2Þ and ΔC are still

included in the calculations, to capture potential interactions with the remaining parameters. When disregarding the fatigue parameters, the

results are shown in Figure 11.

5.2.1 | Tower top

In the tower top, the most influential parameter is the turbulence intensity (TI), followed by wind speed distribution and wind direction distribu-

tion. For the 10- and 15-MW turbines the turbulence intensity is the parameter with the highest standard deviation in EE, indicating a significant

coupling with other parameters. It should also be noted that with the current environmental model (Section 3.2) the wind speed distribution is not

only a measure of the wind speed itself, but rather the severity of the environment at the site. This is caused by the environmental model used,

where the Hs and Tp distributions are conditional on the wind class.

F IGURE 11 Statistics of the elementary effects excluding SN parameters and fatigue capacity. The markers represent μ ∗
EE,i, while the bars

show �σEE,i. All plots are scaled based on the largest mean value for each turbine and location. Confer Table 3 for definition of symbols
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5.2.2 | Tower base

Turbulence intensity dominates the uncertainty also in the tower base for the 10- and 15-MW turbines. For the NREL 5-MW turbine, availability

is the dominating parameter followed by wave peak period and wind speed distribution. The difference between the turbines can be explained by

how the different turbine states contribute to the fatigue damage (Figure 9). The parked state contributes with about 60% of the fatigue damage

in the tower base of the 5-MW turbine, which is two to three times larger than the contribution for the other turbines. Figure 12 shows the fore-

aft bending moment at tower base for wind speed 21 m/s in operational and parked conditions, normalized by the steady-state bending moment

caused by the thrust at the mean wind speed. In operational conditions, the wave-induced loads show a significantly higher contribution to the

response in the 5-MW turbine than for the larger turbines. The higher wave loads are also seen in the increased resonant response in parked con-

ditions, making parked conditions more important for the 5-MW turbine. The dominance of parked response explains the importance of availabil-

ity for the 5-MW turbine. Further, Tp variation is more important in parked conditions due to the resonant response characteristics, and the wind

speed distribution becomes important through the variation of Tp between the wind classes.

Robertson et al.,9 Teixeira et al8 and Toft et al11 focused on the tower response in their studies. They found that turbulence intensity has the

highest impact on the fatigue utilization uncertainty, agreeing with the overall results in this study.

5.2.3 | Monopile

The severity of the environmental conditions (represented by wind speed distribution in the used environmental model) is the most influential

uncertainty in the monopile, with the uncertainty in Hs within each wind bin being equally important for the 15-MW turbine. The remaining signif-

icant parameters illustrate some of the differences between the three turbines. Hs and Tp variations both resulted in significant elementary effects

for all turbines, while the importance of the turbulence intensity decreases with decreasing turbine size. The latter is caused by the higher impor-

tance of wind loads in the larger turbines.

Hübler et al.,5 Peeringa and Bedon4 and Velarde et al6 have all looked at the monopile in their studies. Of these, only Hübler et al. can be

directly compared with the results in this study. They found soil parameters, marine growth thickness, and pile diameter to be the most influential

parameters at seafloor for the NREL 5-MW turbine. When considering only the parameters included both by Hübler et al. and the present study,

the results seem consistent. Marine growth and soil parameters (void ratio in this study) are the the two most important parameters present in

both studies. Structural pile diameter is not found to influence the fatigue utilization in the present study, while turbulence intensity is found more

important here. The latter is particularly the case for the larger turbines.

5.3 | Discrete parameter results

The overall results from the analysis of the discrete parameters are shown in Figure 13. The wind coherence model is the most influential parame-

ter in the tower top, with particularly the Mann model giving different results for the 5- and 10-MW turbines when compared to the baseline

model. The choice of soil model and wave spectrum has the largest influence on the fatigue damage estimation in the tower base for 5- and

10-MW turbines, together with the inclusion of scour protection for the 5-MW turbine. For the IEA 15-MW turbine, the Mann coherence model

also shows a significant difference compared to the baseline model. Scour protection has the highest influence on the fatigue damage estimation

F IGURE 12 Tower base fore-aft bending moment at wind speed 21 m/s, aligned wind and waves. fn denotes the first fore-aft natural
frequency, 3P denotes the blade passing frequency and fw indicates the wave frequency region

SØRUM ET AL. 1703
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at seafloor, which for consistency is defined as being the intersection between the soil and the scour protection layer. A significant difference is

also seen when changing the wave spectral model and soil model, as well as when modelling the waves as short-crested. Finally, wave spreading

and the soil model seems to cause the largest changes to the maximum fatigue damage prediction in the monopile. The following sections will pre-

sent some of the results in more detail.

F IGURE 13 Change in fatigue damage when considering alternative models. The markers represent μ ∗
δD,i while the bars show �σδD,i

F IGURE 14 Stress spectra for location facing wave direction at seafloor with 30� wind-wave misalignment with and without scour
protection modelled for NREL 5-MW turbine

1704 SØRUM ET AL.
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5.3.1 | Scour protection

The presence of scour protection at seafloor increases the foundation stiffness. This results in lower responses in the wave frequency region, and

slightly increases the natural frequency. The latter is evident for conditions with low or negligible aerodynamic damping, e.g. conditions with

wind-wave misalignment and when the OWT is parked. Figure 14 shows the stress spectra at seafloor for the 5 MW model. Both cases are with

30� misalignment, in operational and parked conditions. The change in the natural frequency is about 1.5%, 0.5% and 0.3% for the 5, 10 and

15 MW turbines, respectively. This explains the larger change in fatigue damage shown for the 5-MW turbine in Figure 13. Generally, larger varia-

tions were found for the parked conditions compared to the operational. Small changes were seen in conditions with wind-wave misalignment.

5.3.2 | Soil modelling

Figure 13 shows a significant difference between the turbines when changing soil model from the macro element formulation to p-y curves. Using

the p-y curves leads to three distinct changes in the response, all illustrated in Figure 15 for the DTU 10 MW and IEA 15-MW turbines. First, the

soil stiffness is reduced, leading to higher response amplitudes in the wave frequency range. This is because the p-y springs only models the virgin

F IGURE 15 Stress spectra in monopile for DTU 10 MW and IEA 15-MW turbines in operational and parked conditions with wind speed
15 m/s

F IGURE 16 Damping ratios when using the macro element and p-y curves as function of seafloor bending moment
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stiffness curve, while the macro element captures the unloading reloading stiffness better. Second, the lower soil stiffness gives a lower natural

frequency. This effect is larger for the smaller turbines, consistent with what is seen in Section 5.3.1. Finally, the damping level is different when

varying the soil models. In Figure 15B and D, it seems like the damping is too low for the 10-MW model with p-y curves, while the damping is

more consistent in the 15-MW turbine.

However, the damping level of friction materials as soil is amplitude-dependent. This effect is captured by the macro element approach, as

shown in Figure 16. Here, the global damping level is given as function of seafloor bending moment, with the latter normalized by Ma in

Equation (26). The effect of the amplitude-dependent damping is that the p-y curves predict a higher resonant response in some wind classes and

a lower response in other wind classes when compared to the macro element. For the 15-MW turbine these overpredictions and under-

predictions cancel each other for the wind speeds considered in this study. This leads to small differences in the lifetime fatigue damage when

considering the different soil models. This is particularly the case in the tower base and at seafloor, where the resonant response is significant.

Below seafloor, the response is dominated by the wave-frequencies and the difference between the models is smaller. It is also worth noticing

that there is still a significant difference in the short-term response characteristics of the 15-MW turbine when varying the soil model, which here

happens to add up to small changes in the lifetime fatigue damage at seafloor and tower base.

6 | DISCUSSION

The results show that the uncertainty in both the continuous and discrete parameters are important for the fatigue damages estimation in mono-

pile OWTs. However, designers and researchers should focus on different parameters.

The following general advice can be given to a designer who wants to reduce the uncertainty in a fatigue analysis: (i) Reduce the uncertainty

in the SN curve and fatigue capacity if possible. (ii) Reduce the uncertainty in the environmental design basis, including both wind and wave

parameters. Here, the design requirement of 1 year of available data has been used as the design basis. Increasing to two years of data will reduce

the standard deviation of the assumed distributions by � 30% if the standard deviations are proportional to 1=
ffiffiffi
n

p
. Using 5 years of measurement

data will reduce the standard deviations by � 55%. (iii) Consider carefully which models are appropriate for the discrete parameters. All discrete

variations have an influence on some parts of the support structure. However, the soil model seems to be particularly important at both the tower

base and for the maximum fatigue damage in the monopile.

It is the discrete parameters (wind coherence model, wave spectral and spreading model, and soil models) that are of highest interest for future

research, as the uncertainty in the most important continuous parameters can be reduced by increasing the amount of data available in the design

basis. While all variations show importance in some part of the structure, it is worth noticing that most influential parameter for the 15-MW turbine

is the wave spreading model. Together with the soil model, this is also the most influential parameter in the monopile for the other turbines. There

may also be a coupling between the choice of soil model and the effect of wave spreading, which has not been investigated further here. The cross-

wind and parked response of the turbines are sensitive to the soil damping level, as aerodynamic damping is mainly present in the fore-aft direction

of an operational turbine. Any cross-wind loading will give a significant response level, which motivates the need to look at either the response at

several locations around the circumference of the structure or the long-term response. Despite this, wave spreading has received little attention in

the research community, with the authors knowing only three studies.21,22,75 The effect of the soil model is also significant, demonstrating the need

for accurate modelling of soil damping and stiffness. In terms of the coherence model, most models used today are developed for small diameter

rotors with onshore wind conditions. Comparisons with measured time series and high-fidelity simulations show the need for further research also in

this field.18

While this paper investigates both parameter uncertainty (the continuous variables) and model uncertainty (the discrete variables), no direct

comparison between the two types of uncertainty has been performed. Both uncertainties contribute to the uncertainty in the design. Future

studies could therefore focus on determining the relative importance of these distinctively different sources of uncertainty.

7 | CONCLUSION

This paper has investigated the uncertainty in the fatigue utilization caused by input parameters using fully coupled time-domain analyses. Contin-

uous parameters, which are described by probability density functions, and discrete parameters, describing different engineering models, have

been considered. The SN-curve parameters and fatigue capacity were found to be the continuous parameters with the highest influence in the

uncertainty. Furthermore, parameters related to the description of the environmental conditions were found important. Generally, wind related

parameters were found to be the most important in the tower, while wave related parameters were most important in the monopile. The impor-

tance of the wind parameters for the monopile increased with increasing turbine size, suggesting that uncertainties in the wind parameters

become more important for the emerging large turbines. All the evaluated discrete parameters had an influence on the uncertainty of fatigue
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damage estimates. The most important were found to be the coherence model in the tower top, and the soil model for the monopile at seafloor

and tower base. Wave spreading had the highest influence on the maximum fatigue damage in the monopile.
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A B S T R A C T   

Fatigue damage is one of the governing factors for the design of offshore wind turbines. However, 
the full fatigue assessment is a time-consuming task. During the design process, the site-specific 
environmental parameters are usually condensed by a lumping process to reduce the computa-
tional effort. Preservation of fatigue damage during lumping requires an accurate consideration of 
the met-ocean climate and the dynamic response of the structure. Two lumping methods (time- 
domain and frequency-domain) have been evaluated for a monopile-based 10 MW offshore wind 
turbine, both based on damage-equivalent contour lines. Fatigue damage from lumped load cases 
was compared to full long-term fatigue assessment. The lumping methods had an accuracy of 
94–98% for the total long-term fatigue damage and 90% for individual wind speed classes, for 
aligned wind and waves. Fatigue damage was preserved with the same accuracy levels for the 
whole support structure. A significant reduction of computational time (93%) was achieved 
compared to a full long-term fatigue assessment. For the cases with 30◦ and 60◦ wind-wave 
misalignment, there was a mean underestimation of approximately 10%. Variations in penetra-
tion depth did not affect the selection of the lumped sea-state parameters. This work presents a 
straightforward method for the selection of damage-equivalent lumped load cases, which can 
adequately preserve long-term fatigue damage throughout the support structure, providing 
considerable reduction of computational effort.   

1. Introduction 

Approximately 82% of all installed substructures for offshore wind farms in Europe employ monopile foundations [1]. It is expected 
that the monopile will remain the preferred choice due to manufacturing and fabrication experience [2]. Even with the introduction of 
higher capacity (8–12 MW) offshore wind turbines (OWTs), large-diameter monopiles are considered one of the most promising 
concepts for the future. 

The design of monopile OWTs relies on dynamic analyses, coupling aerodynamics, hydrodynamics, soil-structure interaction and 
the wind turbine control system. Fatigue is one of the governing factors for the final design. Various methods can be applied for 
estimating the dynamic response and fatigue damage of offshore structures [3]. The results are sensitive to factors such as environ-
mental load models, soil-structure interaction and statistical uncertainties. Time-domain simulations are considered the most accurate 
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approach for fatigue damage estimation [4], because non-linear effects and coupling between environmental loads and structural 
responses are taken into account. However, fatigue assessment based on fully-integrated time-domain analyses is a time-consuming 
process, as all relevant combinations of environmental parameters should be considered. This includes joint occurrence of wind 
speed (Uw), significant wave height (Hs), wave peak period (Tp) and wind-wave directionality. Therefore, it is highly beneficial to 
reduce the number of environmental conditions considered for fatigue limit state (FLS) design. The challenge is to select a reduced set 
of load cases which accurately predicts the fatigue damage at all locations along the tower and monopile over the lifetime of the 
structure. 

Lumping approaches from oil & gas industry, such as block lumping methods [5,6], cannot be applied for OWTs because they do not 
account for wind-wave correlation. Different lumping methods have been developed and applied for fatigue design of OWTs, such as 
Kühn’s iterative damage-equivalent method [7], and Seidel’s spectral energy-equivalent approach [8,9]. Still, design guidelines [10, 
11] lack recommendations for how this should be performed. 

Passon & Branner [12] showed that environmental lumping methods need to capture the OWTs’ dynamics. The same study [12] 
introduced a new damage-equivalent lumping method for waves. This method preserves the wave-induced damage better than the 
probability-based averaging of sea-state parameters [13], Kühn’s [7], and Seidel’s [8,9] approaches. Passon & Branner also demon-
strated the accuracy of the different lumping methods and their sensitivity to variation of different input parameters. Passon [14] 
extended the damage-equivalent wave lumping method to include wind-wave correlations. Lumped sea-state parameters are deter-
mined for each wind speed, wind direction and wave direction using damage-equivalent contour lines at selected positions within the 
OWT. The method was applied to a generic OWT configuration for a large-diameter (>8 m) monopile foundation. It was shown that the 
resulting lumped sea-states can accurately reproduce the long-term fatigue damage. However, several simplifications were introduced: 
the rotor-nacelle-assembly was modelled by a simplified mass-equivalent representation of the NREL 5 MW turbine [15] and only 
hydrodynamically induced fatigue damage was considered. Wind loads and aerodynamic damping were disregarded. This 
non-operational condition resembles design load case 7.2 [10], which typically only corresponds to 5% of a turbine’s operational life 
[16]. 

To the authors’ knowledge, the performance of Passon’s method under simultaneous wind-wave loading has not been documented. 
Assessing this is important for a coupled system like OWTs. The present study develops and investigates the suitability of the damage- 
equivalent contour line lumping method for a 10 MW monopile-based OWT in operational conditions. Wind- and wave-induced re-
sponses are considered in an integrated manner. A frequency-domain lumping method for establishing the damage-equivalent contour 
lines and lumped load cases is developed. This is based on wave-induced dynamic responses. The resultant contour lines and load cases 
are compared to those obtained from a time-domain lumping method, which accounts for simultaneous dynamic wind and wave loads. 
The frequency-domain scheme is also evaluated for misaligned wind and waves. 

To evaluate the accuracy of the lumping methods, the fatigue damage from the lumped load cases is calculated for combined wind 
and wave loads. The damage along the support structure compares well with results from full long-term fatigue damage assessment. 
Finally, the sensitivity of the selected lumped load cases to sea-state parameter variations and design changes, such as foundation 
characteristics, is examined. These topics have not been addressed before, and some of them were recommended by Passon [14] for 
further investigation. The proposed method predicts the long-term fatigue damage with high accuracy throughout the support 
structure while reducing the computation effort significantly compared to a full long-term analysis. This can be of great importance in 
the early design phase or for evaluating various types of modelling uncertainties, e.g. for different OWT design positions within a wind 
farm. 

The paper is organized as follows: in section 2 a detailed description of the damage-equivalent lumping process and the lumping 
methods considered in the study is given, section 3 describes the environmental conditions, simulation and environmental load 
models, and section 4 gives all relevant information about fatigue damage calculations in the study. Finally, section 5 summarizes the 
results and section 6 concludes the paper with recommendations for future work. 

2. Fatigue damage-equivalent lumping process 

The full wind-wave climate used for OWT design is typically represented by wind speed-dependent scatter diagrams. Each wind 
speed class k = 1, …, NUw is usually associated with the mean wind speed at hub height, Uw,k, and a wind speed-dependent scatter 
diagram, SDk. Each scatter diagram consists of NHs classes for significant wave height (Hs) and NTp classes for spectral peak period 

(
Tp

)
. 

The scatter diagrams contain the probability of occurrence, pi,j,k for wind speed class k, wave height class i and peak period class j. This 
results in a large number of load cases to be analysed for fatigue damage assessment. The computational effort required for fully- 
integrated time-domain analysis of so many load cases is significant. The lumping process aims to determine a reduced set of load 
cases, which represents the full wind-wave climate and predicts the correct fatigue damage. 

2.1. Establishment of damage-equivalent contour lines 

The selection of lumped sea-states is based on the damage-equivalent contour line method, as described by Passon [14]. 
Damage-equivalent contour lines (also referred as contour lines) refer to combinations of Hs and Tp that result in the same damage level 
at a given location along the structure. The basis of the method is to find Hs − Tp combinations along these contour lines that can 
reproduce the total fatigue damage for a given wind speed class scatter diagram (SDk). By finding the intersection of 
damage-equivalent contour lines from different locations along the support structure, a single Hs − Tp combination for the lumped 
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sea-state can be found. 
The first step to determine the contour lines is to calculate the unit damage d*

i,j,k for each sea-state in SDk. This represents the fatigue 
damage for a specified time period with stationary environmental conditions, typically 1 h. The unit damages d*

i,j,k for selected locations 
along the OWT support structure are obtained either from fully-integrated time-domain analyses (subsection 2.2) or from a frequency- 
domain approach (subsection 2.3). The actual fatigue damage di,j,k for each Hs − Tp combination in SDk is calculated by scaling the unit 
damage d*

i,j,k with the probability of occurrence pi,j,k, according to Eq. (1). This follows from Palmgren-Miner’s linear damage accu-
mulation hypothesis [3,11]. 

di,j,k = pi,j,k · d*
i,j,k (1) 

To establish the damage contour line, the target damage level dtk and target probability ptk are introduced. As shown in Eq. (2), dtk 

represents the total fatigue damage of all sea-states in SDk, while ptk is the total probability of occurrence of SDk. 

dtk =
∑NHs

i=1

∑NTp

j=1
di,j,k and ptk =

∑NHs

i=1

∑NTp

j=1
pi,j,k (2) 

The unit damages d*
i,j,k are now scaled by the probability ptk to obtain the scaled damages d*

Si,j,k, according to Eq. (3). d*
Si,j,k represents 

the fatigue damage that will be predicted if Hs,i, Tp,j is selected as the lumped load case for wind speed class k. 

d*
Si,j,k = ptk · d*

i,j,k (3) 

The intersection between d*
Si,j,k and dtk forms the damage contour line of the Hs − Tp combinations that result in the target damage 

dtk . An example is shown in Fig. 1 for wind class 16–18 m/s. The multi-coloured surfaces represent the scaled damages d*
Si,j,k and the 

pink plane is the target damage level dtk . Each location along the OWT support structure has different response characteristics, 
resulting in different damage-equivalent contour lines. Therefore, damage equivalency throughout the whole support structure can 
only be maintained for sea-states that lie on the damage-equivalent contours for all locations. This will be discussed in detail in Secs. 
2.2 and 2.3. 

In the present study, two methods for establishing the damage-equivalent contour lines have been considered, based on time- 
domain and frequency-domain calculations. The steps described above are followed for both methods, with the difference being 
how the unit damage d*

i,j,k is calculated. The time-domain lumping method, described in subsection 2.2, serves as a validation of the 
frequency-domain lumping method. It uses fully-integrated analyses to account for simultaneous wind and wave excitation. Because 
d*

i,j,k shall be calculated for all possible sea-states in each wind speed class (including those with zero probability of occurrence), the 
computational effort is actually larger than that of a full long-term fatigue analysis. The frequency-domain lumping method (sub-
section 2.3) reduces the computational effort. Here, the unit damage d*

i,j,k is calculated based on a transfer function relating stress range 
to wave elevation. 

After selecting the lumped sea-states, fully-integrated time-domain analyses are conducted for the reduced load set and the fatigue 
damage is compared to full scatter analysis results. Fig. 2 shows an overview of the methods used in the study for the fatigue damage 
calculation. 

Fig. 1. Scaled damage d*
Sk 

(multi-coloured surface) and target damage level dtk (pink plane) for determining damage contour lines at mudline for 
wind speed class 16–18 m/s. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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2.2. The time-domain lumping method 

The time-domain lumping method uses fully-integrated dynamic analyses to determine the damage-equivalent contour lines. The 
OWT is subjected to simultaneous turbulent wind and irregular wave excitation, and one analysis is conducted for each Uw− Hs− Tp 
combination. The duration of each stochastic realisation is 1 h, following the recommendations of design standards [10,11]. The 
responses from the dynamic analyses are extracted at selected locations along the OWT and the fatigue damage is estimated using the 
rainflow cycle counting method, as shown in Fig. 3. 

From the simulations, the unit (d*
i,j,k) and actual (di,j,k) fatigue damage for each sea-state are established. The target fatigue damage 

dtk (Eq. (2)) varies along the support structure, resulting in different damage-equivalent contour lines for each location. Therefore, 
different Hs − Tp combinations are required to achieve the target fatigue damage dtk for each location, and damage equivalency 
throughout the whole support structure can only be maintained for certain Hs − Tp combinations. Having established the damage 
contour lines for several locations, a lumped load case can be determined by their intersection and used to represent the whole SDk. 
This is illustrated in Fig. 4, where the contour lines for various locations along the monopile (red lines) and tower (blue lines) are 
shown for two wind speed classes. The lines vary, as each line represents a target fatigue damage that is usually different for different 
locations. However, they approximately intersect at one point. This Hs − Tp combination (represented by the green circle) is considered 
the lumped sea-state for which long-term damage equivalency can be maintained along the support structure. 

2.3. The frequency-domain lumping method 

The frequency-domain approach seeks to extract the damage-equivalent contours in a simplified manner, based solely on wave 
loads. This is done using stress transfer functions, Hζσ , relating wave elevation to stress range. Each wind speed class has its own 
transfer function because the soil stiffness and damping are influenced by the mean aerodynamic thrust, while the aerodynamic 
damping depends on the operating point of the turbine. 

In this study, the transfer functions are extracted by subjecting the non-linear time-domain model of the OWT to frequency-limited 
3-hr white noise wave excitation. A linear relationship is then assumed between the wave excitation and stress response of the OWT, 
yielding the transfer function as 

Hζσ(f ) =

̅̅̅̅̅̅̅̅̅̅̅̅
Sσσ(f )

Sζζ(f )

√

(4)  

Here, Sσσ(f) is the power spectral density of the stress response, and Sζζ(f) is the incident wave spectrum. This is repeated for all wind 
classes. 

Frequencies between 0 Hz and 0.7 Hz are included in the white noise wave spectrum, to include all relevant response frequencies. 
The significant wave height of white noise excitation is chosen as the mid value of the most probable Hs class in the scatter diagram for 
each wind speed. MacCamy & Fuchs’ load model [18] is used in the simulations, as the transfer functions should represent the whole 
range of Tp values in the scatter diagram. Aerodynamic damping and mean thrust are captured by subjecting the operational turbine to 
a constant, uniform wind field. Tower shadow effects are neglected to avoid aerodynamic excitation interfering with the transfer 
functions. 

The stress spectra for each sea-state in a wind speed class are found by combining the stress transfer function, Hζσ , with the design 
wave spectra. From this, the unit fatigue damages d*

i,j,k are calculated. Assuming the stress to be Gaussian distributed and narrow- 
banded, the closed-form formulation [19] based on a Rayleigh distribution for stress cycles is used to estimate unit fatigue damage. 
For broad-banded spectra, Dirlik’s empirical equation is used [20]. The bandwidth of the spectrum is evaluated based on the 

Fig. 2. Overview of lumping methods and full scatter analysis procedure for fatigue damage calculation in a single wind speed class.  

G. Katsikogiannis et al.                                                                                                                                                                                               



Marine Structures 77 (2021) 102939

5

Fig. 3. Unit fatigue damage d*
i,j,k calculation per sea-state in time-domain lumping method for several locations (red dots) along a monopile-based 

OWT (monopile illustration [17], rainflow counting illustration [3]). (For interpretation of the references to colour in this figure legend, the reader 
is referred to the Web version of this article.) 

Fig. 4. Damage-equivalent contour lines for various locations along the monopile and tower and the resultant lumped load case determined from 
time-domain lumping method. 

Fig. 5. Procedure for calculating wave-induced stress spectrum for each sea-state in a scatter diagram SDk associated with wind speed class k for 
frequency-domain lumping method. 
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bandwidth parameter β = Tc/Tz, where Tc is the mean period between peaks and Tz is the mean zero up-crossing period. Values of β ≥

0.96 indicate a narrow-banded spectrum [19]. Fig. 5 illustrates the steps for frequency-domain analysis. Once the unit fatigue damages 
are calculated, the lumping procedure proceeds as described in subsection 2.1. 

Having determined the contour lines, the lumped load case can be found from their intersection, as illustrated in Fig. 6. It should be 
noted that the contour lines are for the same locations as in Fig. 4, but the contours are identical for all locations in the tower. This is 
further discussed in subsection 5.2, where the contour lines between the two lumping methods are compared. 

The frequency-domain lumping method was also used for the wind-wave misalignment cases. In misaligned cases, the 3-hr white 
noise wave excitation is applied with the required misalignment angle, and the stress transfer function is extracted at the location on 
the cross section with the highest unit fatigue damage. Due to the low aerodynamic damping in the cross-wind direction, this position is 
in general not aligned with the wave direction (see subsection 5.4). 

3. Environmental conditions and simulation models 

This section will describe the model used in the case study, including environmental conditions, turbine properties and numerical 
modelling approaches. 

3.1. Environment conditions - organization of environmental parameters 

A numerical hindcast model from the National Kapodistrian University of Athens (NKUA) was used to generate 10-yr statistics for 
several locations in the North Sea, Atlantic Ocean and Mediterranean Sea for the Marina Platform project [21]. The hindcast data have 
a resolution of 1 h for the period 2001 to 2010 for a site located at the Norwegian Continental Shelf with geographic coordinates 
(55.11◦N, 3.47◦E) and 30 m water depth. The dataset provides information about met-ocean parameters such as mean wind speed 
(Uw) 10 m above sea level, significant wave height (Hs), wave peak period (Tp) and wind-wave directionality. The wind and wave roses 
of the site are shown in Fig. 7. 

The wind speed U119 used in the study has been estimated at the hub height (119 m) of the wind turbine. Wind shear is accounted 
for by the power law with exponent α = 0.14 [10]. A Kaimal wind spectrum with turbulence according to the normal turbulence model 
(NTM) for Class C turbines is used [10]. Current is not taken into account, as recommended by design standards [10]. 

The met-ocean data are expressed as 3D scatter diagrams of U119, Hs and Tp. Wind speed classes in the operational range (4–25 m/s) 
have been considered, with classes of 2 m/s. For each wind speed, the corresponding sea-states are gathered in Hs classes of 0.5 m 
between 0.25 m and 9.25 m and Tp classes of 1 s in the range 2.5–16.5 s. 

3.2. Simulation models 

The simulation model is based on the DTU 10 MW reference wind turbine (DTU 10 MW RWT) [22], supported by a monopile 
foundation. The wind turbine has a hub height of 119 m relative to the MSL and a rotor diameter of 178.3 m. The rotor-nacelle as-
sembly, tower and monopile above seabed were modelled in SIMO-RIFLEX, an aero-hydro-servo-elastic software developed by SINTEF 
Ocean. All wind inflow simulations were performed using TurbSim from NREL [23]. 

3.2.1. Wind turbine and support structure model 
The wind turbine blades were modelled using the structural and aerodynamic coefficients from Ref. [22] and the controller adopted 

Fig. 6. Damage-equivalent contour lines for various locations along the monopile and tower and the resultant lumped load case determined from 
frequency-domain lumping method. 
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was the basic DTU Wind Energy Controller [22]. Aerodynamic loads were calculated using the blade element momentum theory with 
engineering corrections such as the Glauert correction, Prandtl corrections for tip loss and hub loss [24], and dynamic stall and dy-
namic wake [25]. The tower was modelled with axisymmetric beam elements having 10 sections of constant diameter each, decreasing 
from a specified diameter at the bottom to the top of the tower. Similarly, the monopile was modelled with axisymmetric beam el-
ements above seabed. The monopile part below seabed (foundation model) is described in detail in subsection 3.2.2. 

3.2.2. Foundation model 
A non-linear elasto-plastic model including hysteretic behaviour, based on the macro-element concept, was used for the foundation 

model. This type of model condenses the foundation and surrounding soil response to a force-displacement relation at one point, 
commonly located at mudline, separating the foundation and the rest of the structure [26]. 

This applied model predicts the load-displacement response and the hysteretic damping of monopile-based OWTs in integrated 
time-domain analyses [27]. The macro-element formulation is based on results from finite element analysis (FEA) of the soil and the 
foundation. The performance of the macro-element model was compared against field test measurements and FEA results for three 
piled foundations [17]. The model can reproduce the non-linear load-displacement response and the hysteretic behaviour observed in 
monopiles with different length-over-diameter ratios. Good agreement between the macro-element predictions and the FEA results 
confirms that the model can reproduce the soil-structure interaction with the same level of accuracy as the FEA, but with a considerable 
reduction in computational effort. 

The macro-element model used in this study is calibrated to FEA results of full 3D continuum modelling of the soil volume and the 
foundation. The FE analysis considers a 3 m layer of sand and clay layers below. Tables 1 and 2 summarise the sand and clay layer 
properties respectively, used for the macro-element model calibration. The behaviour of the clay layers is represented by the NGI-ADP 
soil model [28], which describes the elasto-plastic, non-linear stress behaviour of saturated clays under undrained monotonic loading 
conditions. The model accounts for the effect of multi-directional loading, which has been found to affect the foundation stiffness and 

Fig. 7. Site wind and wave roses based on the hindcast data.  

Table 1 
FEA soil parameters for sand layer (0–3 m), modelled with the hardening soil model.  

Parameter Value Unit 

Drainage type Drained – 
Submerged weight, γ′ 10 kN/m3 

Secant stiffness in standard drained triaxial test Eref
50  

3.0E+04 kPa 

Tangent stiffness for primary oedometer loading, Eref
oed  

3.0E+04 kPa 

Unloading and reloading stiffness, Eref
ur  9.1E+04 kPa 

Power for stress-level dependency of stiffness, m 0.54 – 
Effective cohesion, C′

ref  1 kPa 

Effective angle of internal friction, φ′

ref  34.25 deg 

Angle of dilatancy, ψ 4.25 deg 
Reference shear modulus at very small strains, Gref

0  
9.4E+04 kPa 

Threshold shear strain at which Gs = 0.722 · G0, γ0.7  0.015 %  
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hysteretic damping [27]. The model communicates with SIMO-RIFLEX through a dynamic link library (DLL). The macro-element 
model does not directly compute the forces along the part of the pile embedded in the soil. A separate post-processing numerical 
tool has been employed to compute the moment distribution along the pile, developed by Norwegian Geotechnical Institute (NGI). A 
simplified illustration of the OWT model is shown in Fig. 8. 

Five different monopile foundation designs have been used in this study. All models have a diameter (D) of 9 m and wall thickness 
(t) of 0.11 m. The base-case model has a penetration depth (L) of 36 m [29]. This is the model that is used to compare the fatigue 
damage from the derived lumped load cases to the full scatter results. The rest of the models, which vary in terms of penetration depth, 
are used to evaluate the sensitivity of the lumped load cases selection to foundation design. Table 3 summarizes the design properties of 
the models. 

To quantify the natural frequency and damping of each foundation model, a free vibration analysis with no wind and no waves was 
conducted. The analysis was performed by gradually applying a force of 1.5 MN at the tower top and then releasing the force to allow 
the OWT to vibrate. Global damping was then quantified from the time history of the fore-aft bending moment at the mudline using the 
logarithmic decrement method, expressed in Eq. (5). 

δ = ln
(

Ai

Ai+1

)

= 2π ξ
̅̅̅̅̅̅̅̅̅̅̅̅̅
1 − ξ2

√ ≈ 2πξ (5)  

Table 2 
FEA soil parameters for clay layers (3–100 m), modelled with the NGI-ADP model.  

Parameter Unit Depth [m] 

3–9 9–18 18–36 36–72 72–100 

γ′ kN/m3 10 10 10 10 10 

Gur/ Su,A  – 1252 782.2 553.1 391.1 299.5 
γf,C  % 10 10 10 10 10 
γf,E  % 15 15 15 15 15 
γf,DSS  % 15 15 15 15 15 
Su,ref  kPa 30 90 180 360 720 
Su,inc  kPa/m 10 10 10 10 10 
Su,P/ Su,A  – 0.48 0.48 0.48 0.48 0.48 
Su,DSS/

Su,A  

– 0.67 0.67 0.67 0.67 0.67 

- Gur/Su,A : Ratio of unloading/reloading shear modulus over active shear strength γf ,C. 
- γf ,E, γf ,DSS : Shear strain at failure in compression, extension, and direct simple shear (DSS) respectively. 
- Su,ref , Su,inc : Active undrained shear strength at the top of each clay layer, and increase per meter. 
- Su,P/Su,A : Ratio of passive shear strength over active shear strength. 
- Su,DSS/Su,A : Ratio of DSS shear strength over active shear strength. 

Fig. 8. Illustration of DTU 10 MW model in SIMO-RIFLEX.  
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δ is the logarthmic decrement, Ai and Ai+1 are two successive amplitudes and ξ is the global damping ratio estimate for that load cycle. 
Fig. 9 shows the first fore-aft natural frequencies of the support structure and the global damping ratios of the models, evaluated during 
the free decay tests. Higher load levels result in lower foundation stiffness and consequently in lower natural frequencies. In addition, 
the nonlinear damping is evident in the non-zero slope of the damping ratio with respect to response amplitude. This is clear for all the 
foundation models, which follow a steady behaviour from lower to higher response amplitudes. 

3.2.3. Wave load and wave kinematics models 
Two wave load models have been considered for the full scatter analysis, Morison’s equation and MacCamy & Fuchs formulation 

[18] with Morison-type drag loads. Morison’s equation cannot capture the diffraction effects important for low wave periods, but can 
be combined with wave kinematics of arbitrary order. 

An estimate of the difference between the two models is found by considering the inertia loads on a rigid pile and calculating the 
wave load spectrum for several sea-states. Assuming a JONSWAP wave spectrum, the variance (σ2) of the wave loads is determined for 
both models. The ratio σ2

M&F/σ2
Mor is used as a measure to identify the validity range of Morison’s equation. Morison’s equation is 

applied for sea-states where the difference between the two models is less than 5%. This corresponds to analyses with Tp higher than 
10 s. The drag (CD) and inertia (CM) coefficients are assumed to be 0.9 and 2.0, respectively [30]. MacCamy & Fuchs formulation with 
Morison type drag is used for analyses with Tp lower than 10 s. The added mass coefficient related to the structural response is assumed 
to be constant and equal to 1.0 for the MacCamy & Fuchs hydrodynamic model. 

Two wave kinematic theories have been considered for the full scatter analysis, Airy linear wave theory and Stokes’ 2nd order 
waves. Recommendations for wave models can be found in design guidelines when considering regular waves, but not for irregular 
waves [30]. To find the regions where 2nd order wave theory is needed, the wave loads on a rigid monopile fixed at sea bed were 
compared. Linear wave theory with constant extrapolation of the wave potential up the instantaneous free surface was found sufficient 
for Hs ≤4.5 m. Second-order wave theory is used for higher sea-states. However, MacCamy & Fuchs load model is only valid for linear 
wave theory. Consequently, MacCamy & Fuchs with linear waves is used for analyses with Hs higher than 4.5 m and Tp lower than 10 s. 

3.2.4. Verification of frequency-domain modelling approach 
To verify the validity of the frequency-domain model, the stress spectra from the derived transfer functions were compared to stress 

spectra estimated from time-domain simulations. The three environmental conditions shown in Table 4 were used for the comparisons. 
Ten 1-hr simulations were conducted for each load case and the resultant stress spectra were averaged. Good agreement between the 
resulting stress spectra for the tower base and mudline is observed. This is shown in Fig. 10 for load case 2, while Table 5 compares the 
standard deviation for the load cases. 

Table 3 
Foundation designs used in the study.  

Foundation Model Penetration Depth L/D ratio Monopile Diameter Wall Thickness 

[−] [m] [−] [m] [m] 

1 22.5 2.5   
2 24.75 2.75   
3 27.0 3.0 9.0 0.11 
(Base-case) 4 36.0 4.0   
5 45.0 5.0    

Fig. 9. Dynamic properties of the foundation models from free-vibration test.  
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Further, it is desirable that no aerodynamic loads besides the mean thrust force and aerodynamic damping are present when 
establishing the transfer functions. By evaluating the variation in rotor speed and blade pitch, it was verified that the white-noise wave 
excitation does not significantly affect the operation of the turbine. For all wind speeds, the coefficient of variation was less than 0.5% 
for the rotor speed and the standard deviation of blade pitch angle was less than 0.07◦. 

4. Fatigue damage estimation 

The time-domain simulations give the time history of loads at various cross sections along the monopile. These loads are denoted Nx 
(axial force), My and Mz (bending moments). Based on the coordinate system in Fig. 11, the axial stress σx at a given point (r, θ) on the 
outer surface of the tubular cross section with outer radius r is estimated as: 

σx =
Nx

A
−

My

Iy
rsin(θ) +

Mz

Iz
rcos(θ) (6)  

Here, A is the cross-sectional area, Iy and Iz are the second moment of area for the cross section computed about the y and z axes, 
respectively. The shear stress and its resultant fatigue damage was not taken into account due to its negligible effect relative to the axial 
stress. The number of load cycles for different stress levels is computed based on rainflow counting technique [31] using the WAFO 
Toolbox [32], modified to allow for bi-linear S-N curves [33]. Representative S-N curves were selected based on DNV GL’s recom-
mended practice [4]. Curve “D” for steel in seawater with cathodic protection (Table 2.2 in Ref. [4]) was selected for the monopile, and 
curve “D” for steel in air (Table 2.1 in Ref. [4]) was selected for the tower. Since the fatigue damage is more pronounced in welds, S-N 
curves for girth welds were used [33]. A reference thickness equal to 25 mm and a thickness exponent on fatigue strength of 0.2 were 
used based on [4]. No stress concentration factor (SCF) is taken into account. 

4.1. Long-term fatigue damage estimation 

Three environmental models of increasing complexity have been utilised for comparing the long-term fatigue damage from the 
lumped load cases and the full scatter results. The first two models consider aligned wind and waves, while the third model accounts for 
wind-wave misalignment. It is assumed that the joint probability of all parameters can be expressed as the product of marginal and 
conditional probabilities [34]. The first model (model No1) assumes aligned wind and waves without considering any directional 
variability. The probability of occurrence of an environmental condition is given by Eq. (7). 

P1
{

U119, Hs, Tp
}

= P{U119}P
{

Hs, Tp
⃒
⃒U119

}
(7) 

Table 4 
Load cases for verification of frequency-domain approach.  

Load Case Wind Class Mean Wind Speed Significant Wave Height Peak Period Wave Spectrum 

[−] [m/s] [m/s] [m] [s] [−] 

1 8–10 9.07 0.75 4.5 Pierson-Moskowitz 
2 14–16 14.95 2.25 6.5 JONSWAP 
3 18–20 20.91 3.25 7.5 JONSWAP  

Fig. 10. Stress spectra comparison between the transfer function (Hζσ) from the 3-hr white noise excitation and the actual wave spectrum (Sζ) (basis 
of frequency-domain lumping method) and the averaged spectra of 10 1-hr time-domain simulations for load case 2. 
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Long-term fatigue damage is calculated as the sum of the short-term (1 h) damage of each condition scaled by the probability of 
occurrence, by Eq. (8). 

DLT1 = 24 · 365 · N ·
∑NUw

k=1

∑NHs

i=1

∑NTp

j=1
d*

i,j,k · P1
{

U119, Hs, Tp
}

(8)  

Here, N is the design lifetime in years, d*
i,j,k is the 1-h fatigue damage, NUw is the number of wind speed classes, and NHs , NTp the number 

of Hs and Tp classes for a scatter diagram SDk, associated with wind speed class k. 
In the second model (model No2), long-term directional variability of wind is taken into account. Each wind speed class is divided 

into twelve sectors (Nθwi ), each covering an angle of 30◦. The probability of occurrence of a sea-state and fatigue damage for this model 
are formulated by Eqs. (9) and (10) 

P2
{

U119, θwi, Hs, Tp
}

= P{U119}P
{

θwi|U119}P
{

Hs, Tp
⃒
⃒U119, θwi

}
(9)  

DLT2 = 24 · 365 · N ·
∑NUw

k=1

∑Nθwi

l=1

∑NHs

i=1

∑NTp

j=1
d*

i,j,k,l · P2
{

U119, θwi, Hs, Tp
}

(10)  

where θwi is the wind direction with respect to North. 
Model No3 is an extension of the second model, taking into account wind-wave misalignment per wind speed class. When 

considering misaligned wind and waves, the hindcast does not contain enough data to accurately model the full joint probability 
distribution. Eqs. (11) and (12) are used for Model No3. 

Table 5 
Standard deviation comparison from stress spectra of the sea-states used for the verification frequency-domain lumping method (FDLM).  

Load Case Mudline Tower Base 

Sζ ·

⃒
⃒
⃒Hζσ |

2 

(Basis of FDLM)  

1-hr simulations 
(Average) 

Sζ ·

⃒
⃒
⃒Hζσ |

2 

(Basis of FDLM)  

1-hr simulations 
(Average) 

[−] Standard deviation [MPa] 

1 1.16 1.18 0.87 0.82 
2 3.31 3.30 1.59 1.60 
3 5.36 5.31 2.37 2.33  

Fig. 11. Tubular cross-section local coordinate system and environmental parameters.  
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P3
{

U119, θwi, θrel, Hs, Tp
}

= P{U119}P{θwi|U119}P{θrel|U119}P
{

Hs, Tp
⃒
⃒Uwi, θrel

}
(11)  

DLT3 = 24 · 365 · N ·
∑NUw

k=1

∑Nθwi

l=1

∑Nθrel

m=1

∑NHs

i=1

∑NTp

j=1
di,j,k,l,m · P3

{
U119, θwi, θrel, Hs, Tp

}
(12)  

Here, θrel is the absolute wind-wave misalignment angle in the interval θrel ∈ [0◦,180◦]. For all three models described, the wave climate 
P{Hs, Tp} is represented as a conditional scatter diagram. By utilizing the symmetry of the monopile, the same simulation results can be 
used for all wind directions. 

5. Results and discussion 

The results section is ordered as follows. In subsection 5.1, the lumped load cases from the time-domain and frequency-domain 
methods are compared to the most probable and most damage contributing Hs, Tp classes from the full long-term analysis. In sub-
section 5.2, selected contour lines from the two lumping methods are compared for two different wind speed classes and their dif-
ferences are discussed. In subsection 5.3.1, the uncertainty of fatigue damage prediction for the lumped load cases is evaluated. In 
subsection 5.3.2, the fatigue damage from the lumped load cases is compared to full scatter results for aligned wind and waves, and 
subsection 5.3.3 focuses on damage preservation along the support structure through the lumping process. In subsection 5.5, the 
damage sensitivity to variations in Hs and Tp values of the lumped load cases is discussed. In subsection 5.4, the frequency-domain 
lumping method is evaluated and compared to full scatter results for wind-wave misalignment conditions. Finally, subsection 5.6 
focuses on the sensitivity of the resulting load cases from frequency-domain lumping method to different foundation designs, with 
varying penetration depth. 

5.1. Lumped load cases compared to wind speed scatter diagrams 

First, the sea-state parameters of the lumped load cases from time-domain (subsection 2.2) and frequency-domain (subsection 2.3) 
methods are compared. The lumped Hs − Tp combinations, which represent the wind speed class scatter diagrams (SDk), are also 
compared to the most probable Hs, Tp classes within each SDk and to the Hs, Tp classes that resulted in the largest fatigue damage based 
on the full scatter analysis. The results are shown in Fig. 12 and Table 6. 

Both methods result in similar Hs values (~0.1 m difference for most wind speed classes), following a gradual increase from low to 
high wind speeds, as expected. The slightly higher Hs values (~0.15–0.3 m) obtained by the frequency-domain lumping method close 
to the rated speed can be explained by the fact that in this wind speed range, the slowly-varying wind component dominates the 
dynamic response and consequently the fatigue damage [35]. This physical process is not taken into account during the 
frequency-domain lumping method, which then leads to higher values for the required Hs. Finally, the derived Hs values are similar to 
the most probable and most damage contributing Hs classes from the full scatter analysis results. 

The two methods show a larger scatter regarding the Tp values of the lumped load cases. In most wind speed classes the differences 
in Tp are between 0.1 s and 0.5 s, without a specific trend above the rated speed. Below the rated speed, lower Tp values are obtained 
from the time-domain lumping method. Lower Tp counteracts the lower Hs values in that range as the decreased peak period leads to an 
larger number of load cycles per time, increasing the fatigue damage. Additionally, considering that the natural period of the structure 

Fig. 12. Derived sea-state parameters Hs − Tp of the lumped load cases compared to the most probable and most contributing sea-state parameters 
derived from the full scatter analysis (SDk: Scatter diagram of wind class k, TD: Time-domain, FD: Frequency-domain). 
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is approximately 3.85 s (Fig. 9a), a decreased peak period approaches the range of the support structure natural period. This leads to 
pronounced dynamic responses, increasing the fatigue damage. 

5.2. Contour lines comparison between the lumping methods 

The overall shape of the contour lines from the two lumping methods highlights the dynamic response of the support structure. This is 
indicated in Fig. 13 for two wind speed classes. For peak periods in the vicinity of the first natural period (3.7–4.0 s), resonance increases 
the fatigue damage. Low Hs values are then required to obtain the target damage value dtk for each location. For long wave periods, the 
response can be considered as quasi-static, and the increased peak period further decreases the number of load cycles per time. Therefore, 
a considerably higher Hs is required to obtain the target fatigue damage. A similar trend is observed for short wave periods; although the 
number of load cycles increases as a result of the decreased mean wave period, the dynamic amplification factor is low. 

The contour lines from the time-domain lumping method show more irregular behaviour compared to those from frequency-domain 
and those found by Passon [14]. This is a consequence of how the unit damage d*

i,j,k is estimated for each sea-state in SDk. In the 
time-domain method, d*

i,j,k is estimated using a single 1-hr realisation for each sea-state. The aleatory uncertainty in fatigue damage from a 
single 1-h realisation can be up to 25% depending on the location (as shown in subsection 5.3.1), leading to the irregular shape of the 
contour lines. The irregularities are pronounced for the contour lines that correspond to the tower, especially for wind classes below and 
close to the rated wind speed. This is because fatigue damage estimation for the tower is strongly affected by both the random wind and 

Table 6 
Summary of lumped load cases and sea-state parameters for each wind class.  

Wind Class Hs [m]  Tp [s]  

[m/s] TDLCa FDLCb MPSDc MCSDd TDLC FDLC MPSD MCSD 

4–6 0.80 0.90 [0.5,1.0] [0.5,1.0] 6.30 6.46 [5,6] [6,7] 
6–8 0.88 1.04 [0.5,1.0] [0.5,1.0] 6.02 6.52 [5,6] [5,6] 
8–10 0.98 1.27 [0.5,1.0] [1.0,1.5] 5.50 6.42 [5,6] [6,7] 
10–12 1.35 1.41 [1.0,1.5] [1.0,1.5] 5.80 6.04 [5,6] [6,7] 
12–14 1.77 1.83 [1.5,2.0] [1.5,2.0] 6.55 6.46 [5,6] [6,7] 
14–16 2.30 2.26 [2.0,2.5] [2.0,2.5] 7.10 6.98 [6,7] [6,7] 
16–18 2.86 2.78 [2.5,3.0] [2.5,3.0] 7.87 7.32 [6,7] [7,8] 
18–20 3.25 3.33 [3.0,3.5] [3.0,3.5] 7.40 7.72 [7,8] [7,8] 
20–22 3.87 3.9 [3.5,4.0] [3.5,4.0] 7.84 8.11 [7,8] [7,8] 
22–24 4.36 4.43 [4.0,4.5] [4.5,5.0] 8.50 8.41 [7,8] [8,9] 
24–26 4.77 4.87 [4.5,5.0] [4.5,5.0] 8.10 8.49 [8,9] [8,9]  

a TDLC: Lumped load case based on time-domain method. 
b FDLC: Lumped load case based on frequency-domain method. 
c MPSD: Most probable sea-state parameter class. 
d MCSD: Most damage contributing sea-state parameter class (from full scatter analysis). 

Fig. 13. Contour lines from frequency-domain and time-domain lumping methods. The contours are shown for the monopile at mudline and tower 
base (11 m above sea-surface). 
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wave field of each realisation, while the monopile’s dynamic response and resultant damage is dominated by the wave loading. 
The monopile contour lines from the two methods align well for the whole range of Hs − Tp combinations. As shown in Figs. 4 and 6, 

different locations in the monopile have different contour lines. This is caused by the total response being a combination of quasi-static 
and dynamic response. For the tower, the frequency-domain contours require larger Hs than the time-domain method for high Tp 

values. This is due to the lack of wind-induced responses in the frequency-domain lumping process. Further, the contour lines in Fig. 6 
are identical for the tower, since the loads are only caused by the acceleration of the rotor-nacelle assembly. This is not the case for the 
time-domain lumping, where aerodynamic loads also contribute to the response. Nonetheless, the contours from the two methods align 
well for moderate sea-states, where the fatigue damage is dominated by the wave excitation and the pronounced dynamic responses 
close to the support structure first natural period. 

Fig. 14 shows a comparison between the stress spectra obtained using the transfer functions of frequency-domain lumping method 
and the stress spectra of the same load cases subjected to combined fluctuating wind and irregular wave loading. At mudline, the main 
difference between the spectra is the low-frequency wind-induced response (f < 0.1 Hz) and the 3P rotor response, which are not 
present in the frequency-domain model. However, wave excitation is the main contributor to the fatigue damage. Therefore, the 
monopile contour lines of the two methods are in good agreement because wave loading is included in both lumping methods. 

The tower base response is dominated by the slowly-varying wind components. Inertia loads from the RNA acceleration at the natural 
frequency 

(
fn

)
and the 3P rotor loads also contribute to the response. To compensate for the lack of the slowly-varying response due to 

wind excitation, the frequency-domain lumping method leads to higher Hs values than the time-domain method for large Tp. This effect is 
enhanced for wind classes close to the rated speed, where the contribution of wind-induced response to fatigue damage is relatively high. 

Fig. 14. Stress spectra from the frequency-domain lumping method (FDLM) using the transfer function Hζσ obtained based on uniform wind and 3- 
hr white noise wave loading, and from time-domain lumping method (TDLM) for combined wind-wave loading for the lumped load cases in wind 
class 12–14 m/s (top) and 18–20 m/s (bottom). fp denotes the wave peak frequency, fn is the support structure natural frequency and 3P is the blade 
passing frequency. 
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5.3. Fatigue damage comparison for aligned wind-waves 

The assessment of a lumping method is based on the accuracy of the predicted damage from the lumped cases when compared to a 
full scatter analysis. To estimate the fatigue damage of the reduced load set, the OWT is subjected fully-integrated time-domain an-
alyses with simultaneous turbulent wind and irregular wave excitation for the frequency-domain lumped load cases (Table 6 - FDLC). 
The time-domain lumped load cases (Table 6 - TDLC) have not been compared to full scatter results for two reasons. Firstly, because the 
lumped load cases from time- and frequency-domain methods are similar. Secondly, the time-domain lumping method is only used for 
comparison to frequency-domain method and not as an alternative to full scatter analysis because of its high computational effort. 

5.3.1. Evaluation of damage estimation uncertainty by the lumped cases 
The statistical uncertainty is expected to increase when a single environmental condition is used to represent all sea-states in a wind 

speed class. Therefore, several realisations of the same condition may be required to obtain accurate estimates of the fatigue damage. 
This is investigated by conducting 20 1-hr analyses for each lumped load case, with random wind and wave seed. The uncertainty is 
expressed by the coefficient of variation (C.o.V.) for a given number of seeds per sea-state. Fatigue damage is evaluated at the upwind 
position at mudline and at tower base. Fig. 15 shows the results for five selected wind speed classes. C.o.V. varies between approxi-
mately 4.5% and 24% for a single realisation, with a gradual reduction as the number of seeds increases. 

For locations along the support structure where the wind contribution to fatigue damage is considerable, the estimated damage 
varies more. For example, in Fig. 15, the C.o.V. is larger at the tower base than at the mudline. Therefore, more analyses are required to 
achieve same level of C.o.V. For both locations, the C.o.V. is higher for wind classes close to the OWT rated speed (11 m/s), showing a 
maximum for class 8–10 m/s, while the lowest C.o.V. values are found for the highest wind speed class (24–26 m/s). By requiring a C.o. 
V. limit of 10% for the evaluation of the lumping method, five 1-hr time-domain analyses for each lumped load case are used for the 
comparisons with the full scatter results. This is considered a reasonable compromise between accuracy and computational effort. 

5.3.2. Lumped load cases damage compared to full scatter results 
This section will compare the long-term fatigue damage estimates obtained from the lumped load cases with the results from the 

full scatter analysis. This is first done assuming aligned wind and waves, corresponding to environmental models No1 and No2 in 
subsection 4.1. To evaluate the uncertainty caused by using five 1-h realisations of the lumped load cases, 4 “sets” of results are 
generated. Each set consists five 1-hr realisations of the 11 lumped load cases (Table 6 - FDLC) associated with the different wind speed 
classes. The average damage is used for the comparisons. A negative (positive) difference implies an underestimation (overestimation) 
of the damage calculated by the lumped set with respect to the full scatter result. The results are compared at the location along the 
monopile with the highest long-term fatigue damage, 8.25 m below the mudline. Fig. 16 shows the total and per wind class damage 
comparisons. 

Although the four sets consist of identical lumped load cases in terms of environmental parameters, stochastic variation in the 
estimated fatigue damage is significant. The relative differences for individual wind speed classes for both models show a variation 
between approximately ±13% with respect to full scatter results as a consequence of seed variability. As an example, focusing on wind 
class 20–22 m/s in Fig. 16b, the damage difference ranges between 11% (Set No1) to −6.7% (Set No4) compared to the full scatter 
results. The total fatigue damage relative differences are however relatively stable, with the largest underestimation being 

Fig. 15. Statistical uncertainty of fatigue damage estimation as a function of number of seed realisations for two locations along the sup-
port structure. 
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approximately 6%. The fatigue damage relative differences of models No1 and No2 compared to full scatter results show negligible 
variations, implying that the damage equivalency of the lumping method holds without and with considering long-term wind 
directional variability. Based on the above, using five realisations for each lumped load case results in acceptable variations in fatigue 
damage estimation per wind class. Finally, comparing Model No1 and Model No2, a significant reduction (~64%) of the total and per 
wind class fatigue damage was observed, due to the long-term wind directional variability, explained by the wind-wave roses in Fig. 7. 

5.3.3. Fatigue damage equivalency along the OWT support structure 
Several damage-equivalent contour lines along the monopile and tower were used, as described in section 2. The objective is to 

select a lumped load case for which the fatigue damage could be potentially preserved for the whole support structure. Fig. 17 confirms 
that this is achieved, using three wind speed classes for illustration. The lumped load cases can result in either underestimation or 
overestimation of the fatigue damage compared to full scatter results as shown in Fig. 16. Overall, the deviations are small, especially 
for the total fatigue damage, considering all the relevant uncertainties related to lumping process, fatigue calculation, and non- 
linearities. 

The total fatigue damage preservation through the lumping process is also illustrated for three different cross sections along the 
support structure in Fig. 18, for environmental Model No2. In addition, Fig. 19 shows the individual contribution to the total fatigue 
damage from each wind speed class for each cross section in Fig. 18. As noted in subsection 5.2, the fatigue damage in the tower is 
dominated by the responses due to wind loading close to the rated speed. This is indicated by the relatively high contribution of wind 
classes 6–8 m/s 10–12 m/s and 12–14 m/s in Fig. 19a. For locations in lower positions along the monopile, the wave loads gradually 
become more important for the fatigue damage. 

5.4. Misaligned wind-wave conditions 

The frequency-domain lumping method was also applied for wind-wave misalignment conditions. The same procedure is followed 
as described in subsection 2.3, except that the 3-hr white noise wave excitation is now applied with the required misalignment angle 
with respect to the uniform wind field, which is applied in the fore-aft direction. The stress transfer function is extracted at the location 
on the cross section with the highest unit fatigue damage. 

With misaligned wind and wave conditions comes a difference in the direction of the primary excitation sources of an OWT. As a 
result, the maximum response will neither be aligned with the wind nor the wave direction. Further, the lack of aerodynamic damping 
in the cross-wind direction will increase the cross-wind response for the wave-only analyses [36]. This is illustrated in Fig. 20, where 
the lumped load case for wind class 18–20 m/s was simulated with fluctuating wind and waves and with uniform wind and waves. In 
both cases, wind is arriving from 0◦ (fore-aft direction) and waves are arriving from 30◦. The difference between the locations with 
largest fatigue damage when considering and neglecting the turbulent wind excitation is approximately 35◦ in the tower base, i.e. 
larger than the wind-wave misalignment. This differs from the case with aligned wind and waves, and it is of interest to investigate the 
accuracy of the lumping method when considering wind-wave misalignment. 

Three wind speed classes have been analysed to limit the computational effort. These are the wind speed classes 6–8, 12–14 and 
18–20 m/s, which have been analysed for 30◦ and 60◦ wind-wave misalignment. Only the 30◦ results are presented here, as the results 
for the two misalignment angles are similar. Fig. 21 shows the maximum fatigue damage along the monopile and tower. The lumped 
load cases underpredicts the fatigue damage for all wind speeds. For the wind class 12–14 m/s, the error is 7% for the most critical 

Fig. 16. Total and per wind class fatigue damage relative difference between lumped load cases per set and full scatter results for aligned wind and 
waves, without (Model No1) and with (Model No2) considering long-term wind direction variability. Comparison at the monopile location (vertical 
and around the circumference) with the highest long-term fatigue damage. 
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Fig. 17. Lifetime fatigue damage from full scatter diagram analyses and lumped load cases for aligned wind-waves (Model No1).  

Fig. 18. Total fatigue damage for three different cross-sections along the support structure obtained from full scatter analysis and the 4 lumped load 
sets (Model No2). 

Fig. 19. Contribution of individual wind speed classes to total fatigue damage for the three cross-sections of Fig. 18 from full scatter analysis and a 
lumped load set (Model No2). 
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position on both the tower and monopile. In the two other wind speed classes, the error is 10–12% at the most critical positions. 
These errors are larger than those seen for aligned wind and waves. However, the corresponding error in damage equivalent stress 

is 2.3% or lower for all cases. This is similar to the uncertainty introduced by the thickness tolerance for tower and monopile walls, as 
reported in Ref. [37]. 

5.5. Fatigue damage sensitivity to lumped load cases 

The sensitivity of the fatigue damage to variation in Hs and Tp is evaluated for three wind speed classes; 8–10 m/s, 12–14 m/s, and 
18–20 m/s. Each parameter is varied around its nominal value (i.e. the FLDC value from Table 6) with a factor between 0.6 and 1.4, 
while the other parameter is kept constant. All the Hs − Tp combinations of the modified load cases are within the wave steepness limits 
suggested by the design codes [30]. The average 1-hr fatigue damage from 10 realisations is compared. The sensitivity is expressed as 

Fig. 20. Normalised fatigue damage at tower base and mudline for lumped load case in wind class 18–20 m/s with 30◦ wind-wave misalignment. 
The mean wind direction is from 0◦. 

Fig. 21. Lifetime fatigue damage from full scatter diagram and lumped load cases with 30◦ wind-wave misalignment.  
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the ratio between the damage of the modified load cases to the damage from the nominal lumped load case. An example of damage 
sensitivity to Hs − Tp is shown in Fig. 22 for two wind speed classes, and for different locations along the support structure. The bottom 
and top x-axis show the normalised and actual parameter values, respectively. The results are similar for all three wind classes. 

Fig. 22a clearly indicates that for locations on the tower and close to the sea surface, there is an approximately linear variation of 
the fatigue damage with respect to Hs. As the moment arm increases for locations deeper along the monopile and closer to mudline, the 
relation between Hs and fatigue damage variation gradually approaches to follow H4

s . This is lower than the theoretical limit for wave- 
only loads, where the fatigue damage would follow H5

s [7,29]. The lower exponent reflects that wind-induced loads also contribute to 
the fatigue damage, which decreases the sensitivity to wave loads. 

Fig. 22b indicates that the influence of Tp variation to fatigue damage is similar along the support structure, given that Tp is 
sufficiently far from the natural period of the structure. For longer wave periods, the response becomes more quasi-static, reducing the 
number of load cycles. As a result, fatigue damage is steadily decreased, with slight variations along the support structure. The opposite 
effect is observed by decreasing the Tp. However, when approaching the natural period range (i.e. 3.7–4.0 s), the effect of Tp variation 
is pronounced due to the high dynamic amplification. The effect is more significant for the tower and monopile locations close to sea 
surface as the relative deflections in the first mode shape are larger there than i.e. at mudline. The sensitivity seen for variations in Tp 

corresponds well with T−1
p . This is the theoretical curve obtained for wave-only loads if it is assumed that changes in Tp only affect the 

number of load cycles [7]. A steeper curve is obtained if changes in wave kinematics are taken into account, with the limit T−11
p for a 

narrow-banded wave spectrum [29]. As for Hs, the true curve approaches T−1
p since the wind loads reduce the sensitivity to wave loads. 

If it is desirable to modify the sea-state parameters of the lumped load cases (i.e. to get less or more conservative fatigue damage 
values), it is recommended to change the Tp value, ensuring that it has sufficient distance from the natural period. This is due to the fact 
that Tp variations affect the different locations in tower and monopile more similarly. In contrast, Hs variations affect the locations with 
large moment arm (i.e. close to mudline) more significantly than locations close to sea surface and the tower. 

5.6. Lumped load cases selection sensitivity in foundation design changes 

The penetration depth is one of the most important design parameters for monopile foundations from safety and economical 
perspective. The frequency-domain lumping method for aligned wind and waves, was applied to the other four foundation models 
(subsection 3.2.2), which vary in penetration depth. The purpose was to evaluate the lumped load case selection sensitivity on 
foundation design variations. Fig. 23 shows the contour lines for wind speed class 18–20 m/s for two foundation models at mudline and 
tower base. 

Contour lines are similar also for the rest of the models. Slight differences of the dynamic properties of the models (Fig. 9) affected 
the contour lines only in the natural period range of the structure, while for Tp larger than 4.5 s the contour lines are identical. The 
same is observed for all wind speed classes. This resulted in identical lumped load cases for all wind speed classes, as illustrated in 
Fig. 23 where the selected Hs − Tp combinations for each class are shown. As a result, the same lumped load cases can be used for 
different designs with good accuracy as long as Tp of the lumped load case is far enough away from the OWT natural period. 

6. Conclusion 

In this paper two environmental lumping methods were investigated based on the damage-equivalent contour lines approach. The 
DTU 10 MW reference wind turbine supported on a monopile foundation is used for the study. The aim of both methods is to condense 

Fig. 22. Normalised fatigue damage sensitivity for various locations along the support structure as function of Hs, Tp variation.  
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each scatter diagram associated with a wind speed class to a single sea-state load case. The frequency-domain method uses a transfer 
function from wave elevation to stress, to determine the contour lines and resultant lumped load cases. Stress transfer functions are 
extracted from a 3-hr white-noise wave excitation and uniform wind for a given scatter diagram. The time-domain approach is based 
on time-domain simulations, it is only used for comparison to frequency-domain method and not as an alternative to full scatter 
analysis. 

The wind turbine operational range was considered, including 11 wind speed classes, each one associated with a sea-state scatter 
diagram. Selected lumped load cases are subjected to simultaneous wind-wave loads to predict long-term fatigue damage. The ac-
curacy of the damage estimate varied between ±13% for individual wind speed classes with a maximum difference of ~6% for the total 
fatigue damage compared to full scatter fatigue assessment. These differences are considered to be acceptable notably in view of the 
significant improvement in computational efficiency (~93%); 55 1-hr time-domain simulations (5 for each lumped load case to reduce 
statistical uncertainty) have been conducted for a reduced load set instead of 800 (full scatter analysis). Furthermore, these differences 
are tolerable considering the inherent uncertainty of condensing a scatter diagram in one load case, the uncertainty in fatigue damage 
estimation per 1-hr simulation and the nonlinearities in the environmental models. Similar accuracy is found for aligned wind-waves 
with and without considering long-term wind direction variability. It is recommended to validate this in sites with different envi-
ronmental databases. 

Using several contour lines for the selection of lumped load cases ensured preservation of fatigue damage with the same level of 
accuracy in the whole support structure, compared to the full scatter results. The fatigue damage sensitivity to Hs and Tp variations was 
also evaluated. As long as the nominal Tp value is far from the natural period, variations of ~10% result in fairly uniform change in the 
damage along the support structure. However, similar changes in Hs lead to significant damage differences (~40%) for locations with 
large moment arm (i.e. close to mudline), while locations close to sea-surface and the tower are much less affected (~10%). For wind- 
wave misalignment cases, an underestimation of approximately 10% was observed in fatigue damage for the evaluated wind speed 
classes. Taking into account the considerable reduction in computational effort, this error might be acceptable in an early design stage. 

Lumped load cases from frequency-domain lumping method were compared for five monopile designs of different penetration 
depth, with L/D ratio varying from 2.5 to 5. For the system being considered, the dynamic properties were insensitive to the pene-
tration length, such that the resulting lumped cases did not change significantly. This is useful, as design changes are expected during 
the design optimisation process, but this should be examined for other structural parameters, such as monopile diameter or thickness, 
where larger changes in the natural period may be expected. 
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District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Abstract

Numerical simulations are widely used for response calculations on offshore wind turbines. Code-to-code comparisons are fre-
quently used for verification of the codes, as full-scale measurements can be difficult to obtain. However, most code comparisons
performed focus on documenting the responses predicted by the different codes, or on the effect of specific differences between
the codes. Little insight is provided to how these differences would affect design calculations, such as the fatigue utilization. In
this paper, the response predictions of the programs SIMA, vpOne and FAST are compared using the DTU 10 MW reference wind
turbine on a monopile foundation. While differences in the models are first highlighted through a number of simplified load cases, a
lifetime fatigue evaluation of the model is then performed for the monopile at mudline. In the deterministic load cases the response
of all models are quite similar, while some differences become apparent in the stochastic analysis. For the fatigue calculations, a
difference of 14 % is found in the damage equivalent bending moment at mudline. This demonstrates how sensitive the fatigue
utilization is to small differences is code capabilities and modelling.
c© 2016 The Authors. Published by Elsevier Ltd.
Peer-review under responsibility of SINTEF Energi AS.

Keywords: Bottom-fixed wind turbine; code comparison; stochastic wind and waves; fatigue

1. Introduction

The most widely-used method for analysis of offshore wind turbines (OWTs) is numerical time-domain simula-
tions. However, limited access to full-scale measurements makes it difficult to validate the computer codes against
real-life measurements. Software-to-software comparisons have therefore been used extensively in verification of
developed codes. Here, the OC3, OC4 and OC5 projects [1–4] stand as the greatest efforts, with a large number of
institutions and codes contributing to large-scale comparisons. Other code comparisons have also been performed;
either with the introduction of new code features or as more ad-hoc investigations to explain differences between the
codes [5–10].
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In addition to verifying the theory implementations, code-to-code comparisons are suitable for investigating how
different solution methods affect the calculation results. A large number of different calculation and solution methods
are available and implemented in the different codes. Aerodynamic loads are typically calculated using the blade
element momentum theory (BEM), while CFD analyses and generalized dynamic wake are examples of alternative
calculation methods[11]. The BEM theory can also include a number of engineering corrections. Wave kinematics
can be calculated using linear or higher order wave theory, and integrated to the mean or instantaneous free surface.
Furthermore, a number of options are available for modelling of soil-structure interactions. Kühn [12] presents three
options for a monopile structure: the use of nonlinear springs along the length of the pile, implementation of a transla-
tional and rotational spring at the mudline, or the use of an equivalent cantilever beam. Finally, the structural dynamics
can be analysed using either the finite element method, modal analysis, multibody dynamics or a combination of these.

This paper aims at investigating how the calculated fatigue utilization will vary between different computer codes.
To do this, the DTU 10 MW reference wind turbine [13] is modelled in SIMA v3.3.2 from SINTEF Ocean, FAST
v8 from NREL and vpOne from Virtual Prototyping. The paper will first present the model, before an overview
of the theory implementations and modelling capabilities of the codes will be given. Following this, the response
to deterministic load cases are presented to easier identify the differences between the codes. Finally, a number of
stochastic load cases are analysed before a simplified fatigue analysis is performed.

2. Model Description

Fig. 1. Model in SIMA (left) and vpOne (right)

The turbine used in the analyses is the DTU 10 MW reference turbine, as described in [13], with the basic DTU
10 MW controller [14]. In order to reduce the natural period, the wall thickness of the tower has been increased by
20 %. Furthermore, the inner foils of the turbine have been modified, both following [15]. The turbine is placed on a
monopile foundation in 30 m water depth, which extends to 42 m below the mudline. The transition piece is modelled
from 10 m below the mean water level (MWL) to 11.5 m above MWL. Both the transition piece and monopile have
an outer diameter of 9 m, while the thickness is set to an equivalent thickness of 0.15 m for the transition piece and
0.11 m for the monopile. Soil properties are taken from Dogger Bank, and the soil is modelled as non-linear springs
using the p-y curves in accordance with [16] in SIMA and vpOne. In FAST, an equivalent cantilever beam is used
to represent the soil stiffness. Structural damping was modelled as mass and stiffness proportional damping in SIMA
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and vpOne, while modal damping was applied in FAST. This was set to be 0.70 % of critical damping at the first and
second tower modes. The turbine as modelled in SIMA and vpOne is shown in Figure 1.

3. Program Capabilities

This section briefly presents the capabilities of the three codes, and will furthermore specify which options that
have been used in the analyses. For more detailed theory, or description of other capabilities, the reader is referred to
the relevant theory manuals [17–22]. A summary of the differences can be found in Table 1, with the exception of the
aerodynamics, which is given in Table 2.

Table 1. Differences in code capabilities

SIMA VpOne FAST

Wave Kinematics Airy or Stokes 5th order (Airy used)
Airy, Stokes 5th order or Stream
function (Airy used) Airy or 2nd order waves (Airy used)

Hydrodynamic stretching
None, Wheeler, constant extrapolation,
moving of potential (Wheeler used)

Wheeler or constant
extrapolation (Wheeler used) None

Hydrodynamic load model Morison, MacCamy & Fuchs
(Morison used)

Morison, MacCamy & Fuchs
(Morison used)

Morison, potential flow
(Morison used)

Soil stiffness model Non-linear springs Non-linear springs Equivalent beam

Structural model FEM, Beam elements FEM, Beam elements Modal model, FEM
(modal model used)

Controller type Java DLL DLL

3.1. Aerodynamic Loads

While all three codes utilize BEM theory, there are different corrections implemented in the three codes [17,20],
as given in Table 2. Furthermore, the distribution of aerodynamic properties varies between the programs. In SIMA,
the aerodynamic properties are specified for each structural element, while FAST defines the properties at given cross
sections and interpolates the values. VpOne allows both options to be used, and the SIMA method has been used
in the analyses. As an alternative to BEM, FAST can also calculate aerodynamic loads using Generalized Dynamic
Wake (GDW), but this is currently not available in the latest version of AeroDyn (v15)[20]. All codes can include
tower drag, but this has not been utilized in this paper.

Table 2. Aerodynamic corrections

SIMA VpOne FAST (AeroDyn v15)

Prandtl’s correction Tip loss Tip loss Hub & tip loss
Glauert correction Burton formulation Two options, as given in [23] Buhl formulation
Dynamic Wake Øye model Øye model No
Dynamic stall (not used) Øye model Øye model Beddoes-Leishman model
Upwind tower influence Potential flow Potential flow Potential flow
Skewed inflow Yes Yes Yes

3.2. Hydrodynamic Loads

All codes calculate the hydrodynamic loads using Morison’s equation, while diffraction can be taken into account
using MacCamy & Fuchs correction is SIMA and vpOne [17,18,21]. Furthermore, SIMA and vpOne include the
option to extrapolate the wave kinematics to the instantaneous free surface, either by constant extrapolation orWheeler
stretching. As vpOne requires extrapolation of some kind, Wheeler stretching has been used in both the SIMA and
vpOne simulations. Stretching is not yet available in FAST v8.

Airy wave theory has been used in all analyses, and the Morison coefficients have been specified to 1.0 and 0.9 for
the added mass and drag terms.
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3.3. Soil Modelling

SIMA and vpOne both utilize distributed non-linear springs in the soil modelling. In FAST, the soil is modelled
using an equivalent cantilever beam. This requires the cantilever to be tuned in order to provide the correct natural
period and response, which has been done using the steady state tower top displacement and mudline bending moment
as the tuning parameters.

3.4. Structural Model

Both SIMA and vpOne are non-linear finite element analysis programs developed for the offshore industry. While
the element formulations differ between the two codes, they both allow for large rotations and displacements, as well
as non-linear material behaviour [17,19].

In FAST, the tower and blades are modal models in ElastoDyn, while the equivalent monopile is modelled as a
FEM structure and reduced to a modal model using the Craig-Bampton method [22]. The two first tower modes in
fore-aft and side-side direction are included together with the two first flapwise modes and first edgewise mode of
the blades. It is also possible to model the full structure as finite element models in BeamDyn, but this has not been
utilized here.

3.5. RNA Model

How the components in the rotor nacelle assembly (RNA) are modelled also varies between the codes. In both
SIMA and FAST, the blade pitch is applied as a prescribed rotation of the blades. This is done differently in vpOne,
where the pitch actuators are modelled as torsional springs and a torque is applied to pitch the blades.

Furthermore, both SIMA and vpOne applies the generator torque directly on the shaft, as given by the control sys-
tem. The drivetrain dynamics are therefore embedded in the shaft properties. In FAST, these dynamics are calculated
by a mathematical model of the drivetrain, before the resulting torque is applied to the structural model.

Finally, vpOne and FAST can both use the DTU controller as it is provided. A JAVA version of the controller is
required in SIMA, and this may therefore not be as updated as in the other programs. All controllers have been tuned
with the same coefficients.

4. Load Cases

In order to compare the predicted response of the turbine, a number of simulations have been run. These are
presented in Table 3, where the first three load cases represent deterministic load cases that aim at highlighting the
differences among the codes and models. The remaining load cases are stochastic, and aim at illustrating how the
code differences influence the predicted response to stochastic loading.

Table 3. Load Cases

Load Case Simulation type Wind Waves Turbine operational Tower top

1 Decay test None None No Free
2 Steady state Constant uniform None Yes Free
3 Stepped wind Stepped, uniform None Yes Fixed
4 Turbulent wind Stochastic, w/shear None Yes Free
5 Irregular waves None Irregular No Free
6 Combined wind and waves Stochastic, w/shear Irregular Yes Free

5. Decay Test and Modal Analysis

As a first comparison between the codes, a decay test on a non-operational turbine was performed. The FAST
model was subjected to steady, uniform wind speed for 150 s, before the wind speed was abruptly changed to 0.01
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m/s. An equivalent force was applied to the tower top of the SIMA and vpOne models, which were released at the
same time as the change in wind speed in FAST. Figure 2 shows the decay of the tower base bending moment, and
verifies similar damping properties for the models as well as confirming the first natural period of the fore-aft tower
motion to be similar. By calculating the logarithmic decrement, the damping level of all models was confirmed.
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Fig. 2. Decay test

An eigenvalue analysis was also performed in SIMA and vpOne. The natural frequencies of the first modes are
given in Table 4 and show reasonable similarities between the models. In FAST, the modes have been identified in the
response spectra, and show good agreement with the those obtained with SIMA and vpOne.

Table 4. Eigenfrequencies in [Hz]

SIMA vpOne Difference

1st tower side-to-side 0.227 0.226 0.4 %
1st tower fore-aft 0.228 0.228 0 %
1st blade asymmetric flapwise (yaw) 0.564 0.563 0.2 %
1st blade asymmetric flapwise (pitch) 0.594 0.592 0.3 %
1st blade collective flap 0.624 0.624 0 %
1st blade asymmetric edgewise 1 0.951 0.946 0.5 %
1st blade asymmetric edgewise 2 0.957 0.951 0.6 %
2nd tower side-to-side 1.303 1.241 4.8 %
2nd tower fore-aft 1.189 1.183 0.5 %
2nd blade asymmetric flapwise (yaw) 1.460 1.466 0.5 %
2nd blade asymmetric flapwise (tilt) 1.682 1.715 2 %

6. Wind Only Analysis

6.1. Steady State

To determine the basic aerodynamic and structural properties of the model in each code, the steady state responses
were found. The turbines were subjected to constant, uniform wind varying from cut-in to cut-out, and the response
after the initial start-up phase was found. For all quantities and wind speeds, the average value over the last 50 s of
the analysis was taken as the steady-state solution.

The steady-state solutions are given in Figures 3 and 4. While there in general is good agreement between the three
codes, some differences can be noted. For the aerodynamic quantities, FAST returns a lower rotational speed, torque
and thereby also power production in the region where the blade pitch is zero. Also, SIMA returns a slightly higher
rotational speed than vpOne at 10.5 and 11 m/s, which results in earlier pitching of the blades and a reduction of
the thrust force in SIMA. While this can be related to the aerodynamic theories as well as structural and aerodynamic
models of the blades, there are also some differences in blade pitch and thereby thrust force at wind speeds above rated.
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This may be the result of differences in both the aerodynamics and the way the controller system is implemented in
the different codes.

There are also some notable differences in the structural response predicted by the codes. Both the blade tip
deflection and tower top displacement show a trend of being larger in vpOne for high wind speeds. This may partially
be explained by differences in the predicted thrust, but the tower and foundation also seem to be slightly softer in
vpOne. Up to rated wind speed, FAST predicts a lower tower top deflection than the other programs. This can
partially be explained by the reduced thrust force in FAST, but also indicates a slightly stiffer structure.
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6.2. Stepped Wind

The stepped wind analysis was performed to investigate how the control system and aerodynamics work together.
With the tower top fixed to eliminate structural motions, the turbine was subjected to steady, uniform wind which was
increased in steps of 1 m/s every 50 s, as shown in Figure 5. Some differences between the models become apparent:
while FAST converges faster to the steady-state values for wind speeds below rated, SIMA and vpOne converge
faster for wind speeds just above rated. For high wind speeds the three models reveal very similar behaviour, with
the exception of blade pitch. The blade pitch is however consistent with the steady-state solutions, while the other
observed differences indicate that there are some discrepancies in the controller dynamics in the three codes.

6.3. Stochastic Wind

While the above load cases have revealed some difference between the response predicted in the different codes,
this does not represent realistic wind loading. The response was therefore analysed in two load cases with turbulent
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wind; one with wind speed below rated and one with wind speed above rated. LC 4.1 has a wind speed of 8 m/s
measured 100 m above mean sea level, while LC 4.2 has a wind speed of 16 m/s. Both load cases have assumed
turbulence class B and a power law exponent of 0.14. Turbsim from NREL has been used to generate 10 minute wind
files for each load case, and the calculated spectra are the average of five seeds.
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Fig. 6. Response power spectra for mudline moment (left) and thrust force (right) under turbulent wind

Figure 6 shows the response spectra for thrust and mudline bending moment. The spectra for mudline moment
shows very similar response characteristics, while SIMA tends to give a lower estimate of thrust force spectrum,
especially for the blade passing frequencies.

7. Stochastic Waves

To investigate the hydrodynamic models, two load conditions with irregular waves were analysed; one with a
significant wave height of 1 m and peak period of 5 s and one with Hs of 2.5 m and Tp of 7 s. These are denoted
respectively LC 5.1 and 5.2. In both conditions, the wave train and resulting wave kinematics are created from a
JONSWAP spectrum by the codes. To minimize the aerodynamic damping, the blades were pitched to 82◦ and the
wind speed set to 0.01 m/s.

The response spectra in Figure 7 shows that the base shear reaction is similar in the entire wave frequency range
for all three codes, while the response at the first tower bending mode is of different amplitude. The same is seen for
the moment at mudline, but this response is completely dominated by resonance.
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Fig. 7. Response power spectra for base shear (left) and mudline moment (right) under irregular wave loading

8. Combined Wind and Waves

The final analysis was performed for combined wind and wave loading, and were used in both a fatigue analysis
and a spectral analysis. First, the results of the fatigue analysis are presented, then a selection of the response spectra
are reported for some of the load cases.

The turbine is subjected to turbulent wind, created with TurbSim, and irregular waves generated by the simulation
codes. For each condition, five one-hour simulations are carried out in SIMA and FAST, while the results in vpOne are
based on 20 ten-minute simulations due to memory limitations in the used version of the program. The environmental
data for the simulation parameters are taken from hindcast data provided by the Norwegian Meteorological Institute
[24] for the location 54.8 ◦N, 1.92 ◦E, which is in the Dogger Bank area. The wind speed is divided into bins of 2 m/s
from 4 to 20 m/s, and the most probable sea state for each wind speed is found using bins of 0.5 m for significant wave
height and 1 s for the peak period. The resulting environmental conditions are shown in Figure 8, where the condition
with the lowest wind speed is denoted LC 6.1 and the condition with the highest wind speed is denoted LC 6.9.
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8.1. Fatigue Analysis

The fatigue utilization at mudline is calculated using the rainflow counting module in the WAFO toolbox for MAT-
LAB [25], S-N curve D for steel in sea water with cathodic protection [26] and an assumed stress concentration factor
of 1. For SIMA and FAST, the average utilization during one hour is calculated directly from the simulations, while
the 10 minute average utilization from vpOne is scaled up to an equivalent one-hour value. To get the lifetime contri-
bution to fatigue damage over 30 years, each environmental condition is scaled with the probability of occurrence as
given in Figure 8.

Some general trends can be observed from the resulting fatigue damage, plotted in Figure 9. FAST does in general
calculate higher fatigue damage than the other programs, with the largest difference being at wind speeds in the region
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Fig. 9. Utilization in one hour (left) and over 30 years (right)

of 12-14 s, i.e. just above rated wind speed. This is the same region where the controller shows the largest difference
in behaviour in the stepped wind analysis, as seen in Figure 5. Another trend is that vpOne returns significantly lower
fatigue damage than both FAST and SIMA for high wind speeds and large waves. This indicates that vpOne has
a lower response to waves than both SIMA and FAST. A more detailed discussion of this will be given in the next
section.

The right plot in Figure 9 shows the fatigue damage contribution for each environmental condition over a lifetime
of 30 years. This highlights that the load cases with the highest differences between the predicted results are also those
with the largest overall contributions to the fatigue damage. This causes a rather large difference in the predicted total
utilization over 30 years, as shown in Table 5. The total damage equivalent load for the mudline bending moment is
given in the same table, and shows a 15 % difference between the upper and lower estimates when high-cycle fatigue
is assumed.

Table 5. Total fatigue damage

SIMA vpOne FAST

Utilization over 30 years [-] 0.23 0.17 0.37
Damage equivalent load [kNm] (1 [Hz] loading) 1.71 1.60 1.87

8.2. Stochastic Wind and Waves

Using the same simulations as in the fatigue analysis, the power spectra of mudline moment and thrust force are
plotted in Figure 10 for LC 6.6 and 6.9 in order to investigate the reason for the differences in fatigue damage in these
load cases. For both environments, vpOne seems to have a larger aerodynamic damping of the 1st fore-aft mode of the
tower while FAST has the lowest damping. This is consistent with what is seen in the wave-only analysis in Figure 7,
and may be explained by the apparently softer tower in vpOne. For both the thrust force and mudline moment, FAST
has a peak at approximately 0.05 Hz in LC 6.6. The same peak is less distinct for both SIMA and vpOne, and cannot
be identified in LC 6.9. None of the natural frequencies in Table 4 corresponds to 0.05 Hz, but the frequency of the
oscillations of blade pitch and rotor speed in Figure 5 is in this frequency range.

9. Discussion

While the models behave similar in the simplified load cases, there is a large difference between the predicted
fatigue damage. This is especially caused by differences at wind speeds just above rated, where the fatigue damage
can be expected to be dominated by aerodynamic loads. As FAST predicts a larger damage than the other codes, this
is likely to be caused by how the aerodynamic properties are defined along the blades.



98 Stian Høegh Sørum  et al. / Energy Procedia 137 (2017) 89–99
10 Stian H. Sørum et al. / Energy Procedia 00 (2016) 000–000

0 0.5 1 1.5

Frequency [Hz]

10
10

10
15

10
20

S
(f

) 
[N

2
m

2
s
]

LC 6.6

3P 6P

0 0.5 1 1.5

Frequency [Hz]

10
10

10
15

10
20

S
(f

) 
[N

2
m

2
s
]

LC 6.9

3P 6P

SIMA

vpOne

FAST

0 0.5 1 1.5

Frequency [Hz]

10
8

10
10

10
12

10
14

10
16

S
(f

) 
[N

2
s
]

LC 6.6

3P

6P

0 0.5 1 1.5

Frequency [Hz]

10
8

10
10

10
12

10
14

10
16

S
(f

) 
[N

2
s
]

LC 6.9

3P

6P

SIMA

vpOne

FAST

Fig. 10. Response power spectra for mudline moment (left) and thrust force (right) under combined wind and wave loading

Furthermore, the response spectra in FAST shows an increased response at a frequency outside the natural frequen-
cies and load frequencies. This is attributed how the control system and drivetrain interact with the aerodynamic loads.
While this could possibly have been achieved by different tuning of the controllers, this shows how the differences
between the programs result in discrepancies in the predicted responses if the same system is modelled in each code.

10. Conclusion

The response of the DTU 10 MW reference turbine on a monopile foundation was analysed for a number of
deterministic and stochastic load cases using the computer codes SIMA, vpOne and FAST. A number of differences
in the predicted responses have been identified. In the final fatigue analysis, the damage equivalent bending moment
at mudline was found to vary between 1.60 and 1.87 kNm. The resulting fatigue damage is significantly larger, and
the estimated utilization varies between 0.17 and 0.37. This variation is found to be caused by small differences in
the predicted tower top displacement, leading to unequal aerodynamic damping, and deviations in the the controller
dynamics.

From this, the sensitivity of the calculated response to discrepancies in modelling and code capabilities is high-
lighted. While the response of the structure to the deterministic load cases are quite similar, the differences result in
the large differences in the final fatigue utilization.

Acknowledgements

This work has been carried out at the Centre for Autonomous Marine Operations and Systems (AMOS). The
Norwegian Research Council is acknowledged as the main sponsor of NTNU AMOS. This work was supported by
the Research Council of Norway through the Centres of Excellence funding scheme, Project number 223254 - AMOS.

References

[1] Jonkman, J., Musial, W.. Offshore code comparison collaboration (OC3) for IEA task 23 offshore wind technology and deployment. Report;
NREL; 2010.

[2] Popko, W., Vorpahl, F., Zuga, A., Kohlmeier, M., Jonkman, J., Robertson, A., et al. Offshore code comparison collaboration continuation
(OC4), Phase I - results of coupled simulations of an offshore wind turbine with jacket support structure: Preprint. Report; 2012.

[3] Robertson, A., Jonkman, J., Vorpahl, F., Popko, W., Qvist, J., Frøyd, L., et al. Offshore code comparison collaboration continuation
within IEA wind task 30: Phase II results regarding a floating semisubmersible wind system. In: ASME 2014 33rd International Conference
on Ocean, Offshore and Arctic Engineering; vol. 9B: Ocean Renewable Energy. 2014,.

[4] Robertson, A.N., Wendt, F.F., Jonkman, J.M., Popko, W., Vorpahl, F., Stansberg, C.T., et al. OC5 Project Phase I: Validation of
Hydrodynamic Loading on a Fixed Cylinder. Report; NREL; 2015.

[5] Karimirad, M., Meissonnier, Q., Gao, Z., Moan, T.. Hydroelastic code-to-code comparison for a tension leg spar-type floating wind turbine.
Marine Structures 2011;24(4):412–435.

[6] Barahona, B., Jonkman, J.M., Damiani, R., Robertson, A., Hayman, G.. Verification of the new FAST v8 Capabilities for the Modeling of
Fixed-Bottom Offshore Wind Turbines. AIAA SciTech Forum; American Institute of Aeronautics and Astronautics; 2015,.



 Stian Høegh Sørum  et al. / Energy Procedia 137 (2017) 89–99 99
Stian H. Sørum et al. / Energy Procedia 00 (2016) 000–000 11

[7] Ormberg, H., Bachynski, E.E.. Global analysis of floating wind turbines: Code development, model sensitivity and benchmark study. In: The
Twenty-second International Offshore and Polar Engineering Conference. International Society of Offshore and Polar Engineers; 2012,.

[8] Ormberg, H., Passano, E., Luxcey, N.. Global analysis of a floating wind turbine using an aero-hydro-elastic model: Part 1—code de-
velopment and case study. In: ASME 2011 30th International Conference on Ocean, Offshore and Arctic Engineering. American Society of
Mechanical Engineers; 2011, p. 837–847.

[9] Luxcey, N., Ormberg, H., Passano, E.. Global analysis of a floating wind turbine using an aero-hydro-elastic numerical model: Part
2—benchmark study. In: ASME 2011 30th International Conference on Ocean, Offshore and Arctic Engineering. American Society of
Mechanical Engineers; 2011, p. 819–827.

[10] Hansen, M.O.L., Aas Jakobsen, K., Holmas, T., Amdahl, J.. VPONE – a new FEM based servo hydro- and aeroelastic code for wind
turbines. Proceedings European Offshore Wind 2009 Conference and Exhibition 2009;.

[11] Hansen, M.O.L., Sørensen, J.N., Voutsinas, S., Sørensen, N., Madsen, H.A.. State of the art in wind turbine aerodynamics and aeroelasticity.
Progress in Aerospace Sciences 2006;42(4):285–330.
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Abstract.
The current trend for offshore wind energy is that larger turbines are placed on monopile

foundations at increasing water depth. This requires larger foundations, increasing the
importance of hydrodynamic loading. It is well established that wave loads perpendicular to
the wind direction are important for the fatigue damage in monopile foundations. However,
this is normally only taken into account considering wind-wave misalignment. In this paper,
the effect of assuming short-crested waves in design calculations is considered. The lifetime
fatigue damage may increase significantly for hydrodynamically sensitive support structures
when modelling the waves as short-crested rather than long-crested. For the turbines in this
paper, the fatigue damage increased with up to 80 %. At the same time, the changes in fatigue
damage were small for support structures that are less hydrodynamically sensitive. The work
performed in this paper shows that the typical design assumption of long-crested waves may be
both conservative and non-conservative. This fact is important to be aware of when designing
support structures for offshore wind turbines.

1. Introduction
Offshore wind turbines (OWTs) are subject to several sources of dynamic loading, including
wind and wave loads. With increasingly large turbines being installed[1], the aerodynamic loads
increase. Larger loads, in turn, lead to increased capacity requirements for the support structure.
In Europe, monopiles are the dominating foundation type, making up 66 % of all installations in
2018[1]. Increasing the structural capacity of these foundations often leads to larger dimensions,
which in turn increases the wave loading. Further, new turbines are typically installed in deeper
water, with 27 m being the average for 2018[1]. This serves to increase the importance of wave
loads relative to wind loads.

Fatigue damage is typically determining the final dimensions of monopile foundations[2].
Wave-induced responses contribute to this fatigue damage, especially when wind and waves are
misaligned[3]. For wind-wave misalignment, the lack of aerodynamic damping in the crosswind
direction gives large responses even for moderate excitation. Fischer et al.[3] have previously
shown the importance of including misalignment in design calculations for a 5 MW turbine, and
the sensitivity of the transverse response to damping levels was demonstrated by Koukoura et
al.[4]. Kim and Natarajan[5] showed the importance of deeper water, demonstrating increased
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importance of misalignment conditions when the water depth was raised from 25 to 35 meters.
The influence of soil modelling was also shown, giving increased fatigue damage for softer soil.
Smilden et al.[6] showed that misalignment angles up to 45◦ contribute significantly to the fatigue
damage of a large diameter monopile. Design standards such as [7] also require that wind-wave
misalignment is included in design calculations.

Common for the papers [3]-[6] is that the misalignment between wind and long-crested waves
is considered. However, wind-wave misalignment may also occur from short-crested waves. For a
structure with uniform properties, Vugts[8] showed that it is conservative to assume long-crested
waves. This conclusion cannot be generalized for OWTs, due to the presence of aerodynamic
damping only in-line with the wind. In a short-term perspective, the fatigue damage from short-
crested waves can be both larger or smaller than the fatigue damage from long-crested waves.
This will, amongst others, depend on the misalignment between the wind and the mean wave
direction, the level of wave spreading and which position on the structure that is considered most
critical for fatigue. Few studies exist on the effect of short-crested waves on OWTs, but Trumars,
Jonsson and Bergdal[9] investigated this using measurement data from a 500 kW turbine at 6.5 m
water depth. Horn, Krokstad and Amdahl[10] investigated several aspects of wave modelling by
considering wave excitation and aerodynamic damping. Kim and Natarajan[5] showed that the
soil stiffness is important for how wind-wave misalignment influences fatigue damage. As short-
crested waves introduce further wind-wave misalignment, it is expected that the soil stiffness
will influence also the effect of wave spreading.

This paper contributes to increasing the knowledge about the response of monopile supported
OWTs to short-crested waves, and how this differs from the response to long-crested waves. The
primary goal is to assess whether the assumption of long-crested waves in design calculations
yields conservative estimates of the lifetime fatigue damage in the support structure. Further,
the influence of varying sensitivity to wave loading is assessed by using models with different
mode shapes. Both the natural period of the first global tower modes and the corresponding
mode shapes influence the importance of wave loads. Only changes in the mode shapes are
considered here, as OWTs are typically designed with a target natural frequency[11]. The
analyses consider three similar monopile foundations in varying soil conditions. The towers are
tuned to give the desired natural frequencies. A long-term fatigue analysis is performed for each
design, to demonstrate how the different mode shapes affect the fatigue damage in long-crested
or short-crested waves.

The paper is organised as follows: Section 2 presents the wave directionality effects considered.
In Section 3 the OWT and simulation set-up used in this study is described. Following this, the
simulation results are given in Section 4; first for aligned wind and waves to determine the relative
importance of wind and wave loads, then for long-crested and short-crested waves including
wind-wave misalignment. Finally, the results are discussed in Section 5, and a conclusion is
drawn.

2. Wave directionality
Wind-wave misalignment may occur from misalignment between the wind direction and the
mean wave direction, as well as from wave spreading. Further, wind driven waves and swell
waves may behave differently with regards to misalignment. Wind generated waves will typically
travel in a direction close to the wind direction, but can have significant wave spreading. Swell
waves are generated independent of the local wind conditions, and may have more pronounced
misalignment. This will depend on the dominating wind directions and swell directions at each
individual site. At the same time, swell waves are mainly long-crested, meaning that all waves
travel in the same direction.

The difference between wind waves and swell in terms of misalignment in shown in Figure
1 for the site described in Section 3.3. The figures shows the absolute value of misalignment
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for swell waves to the left and for wind waves to the right. It is clear that the misalignment is
limited for wind-generated waves, while all misalignment angles occur for the swell waves.

Wind driven
waves:

Swell waves:

Figure 1. Scatter of absolute value of wind-
wave misalignment for swell (left) and wind
driven waves (right). The radial axis shows
Hs in metres.

Wind

Mean wave
direction

θ̄wa

θwa

Figure 2. Mean wave direction, θ̄wa, and
direction of wave components, θwa, relative
to wind direction
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Figure 3. Ratio of in-line (left) and crosswind (rigth) wave spectrum as function of mean
misalignment angle.

Several engineering models for wave spreading can be used in the analyses. These include both
frequency independent and frequency dependent models. DNV GL[12] recommends modelling
short-crested waves by multiplying the unidirectional wave spectrum, Sζζ(ω), with a directional
spreading function D(θwa). The wave spectrum for short-crested waves is then given as

Sζζ(ω, θwa) = Sζζ(ω)D(θwa) (1)

Here, θwa is the angle of each directional component relative to the mean wave direction θ̄wa as
shown in Figure 2. The formulation for D(θwa) used in this paper is

D(θwa) =
Γ(1 + n/2)√
πΓ(1/2 + n/2)

cosn(θwa − θ̄wa) (2)

with |θwa − θ̄wa| ≤ π/2[12]. The spreading exponent n is typically in the range 2-4 for wind
waves, while n > 7 is recommended for swell waves.
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For OWTs, it is interesting to consider the wave energy travelling in the same direction
as the wind and that travelling perpendicular to the wind. The energy distribution will vary
with both the mean wave direction and wave spreading. Figure 3 shows the ratio of total wave
energy travelling in-line with the wind and in the crosswind direction for different misalignment
angles. The figure shows that short-crested waves will increase the crosswind wave energy
for misalignment angles up to 45◦. For wind driven waves, conditions with less than 45◦

misalignment can be expected to dominate, and a significant increase in the crosswind response
will be seen. At the same time, the aerodynamic loads will contribute to the response in-line
with the wind. The reduction in response in the in-line direction will, therefore, be less than
the reduction in wave loading.

3. Methodology
This paper investigates the effect of wave directionality by performing time-domain simulations.
In this section, the simulation models and methodology is presented.

3.1. Model description

Figure 4. Wind turbine model in
SIMA

θ
r

N

S

EW

x

y

Figure 5. Coordinate system of
monopile and tower cross section.

The turbine model is based on the DTU 10 MW reference wind turbine [13], and is shown
in Figure 4. Compared to the reference turbine, the inner blade foils have been altered and the
tower has been stiffened by increasing the wall thickness by 20 %, both as described in [14]. The
tower is placed on a monopile foundation with a diameter of 8 m and wall thickness of 0.11 m,
standing in 30 m water depth. Below the mudline, the monopile extends for another 42 m. The
characteristics of the soil springs are based on the p − y curves computed in accordance with
ISO 19901-4[15] for a location at Dogger Bank.
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Table 1. Variation in parameters between models, given as fraction of the value for the base
model

Parameter Base model Soft model Stiff model

Relative soil stiffness 1 0.65 8

Relative tower wall thickness 1 1.65 0.725

Table 2. Natural frequencies of models, in [Hz]

Mode Base model Stiff soil Soft soil

1st fore-aft 0.2069 0.2072 0.2063

2nd fore-aft 1.0522 1.3014 0.9708

1st side-side 0.2063 0.2061 0.2060

2nd side-side 1.0100 1.3665 1.0022

Structural and soil damping is modelled as stiffness proportional Rayleigh damping. To
account for soil damping, the damping coefficient is doubled below the mudline. In [16], a
review of measured damping levels of monopile OWTs is given, and the damping is found to
vary between 1.1 % and 2.8 % of critical damping. A damping level of 1.1 % at the first tower
mode was therefore selected to ensure conservative results.

The simulations are carried out in the aero-hydro-servo-elastic computer program SIMA v.
3.2.2, developed by SINTEF Ocean. All structural members are modelled as non-linear beam
elements, while soil-structure interaction is modelled by non-linear springs. Hydrodynamic loads
are calculated using Morison’s equation based on linear wave kinematics evaluated to the mean
water level, while aerodynamic loads are calculated with the blade element momentum theory
including dynamic inflow, dynamic wake, tip loss and tower shadow effects[17].

3.2. Variations to model
In order to analyse the effect of varying sensitivity to wave loads, two additional models were
created. The model described in Section 3.1 will hereafter be referred to as the base model.
Further, one model with stiffer soil and one model with softer soil were analysed by linear scaling
of the p-y curves. These will be referred to as the stiff model and soft model, respectively.

In order to get comparable results and similar environmental loads, the natural period of the
1st global tower mode and the outer diameter of the structures were kept unchanged. Together
with the soil stiffness, this left the tower wall thickness as the parameter that could be changed
in the models. For the soft model this set a limit to how much the soil stiffness could be reduced
while still keeping the natural frequencies at the target values. The stiff model was then altered
to give a similar change in the mode shape of the first global modes. The model variations are
summarized in Table 1.

In Table 2, the natural frequencies of the first tower modes are given for all three models.
This shows similar natural frequencies for the first tower modes, while the 2nd modes have a
variation of about 30 % in the natural frequencies. As the second modes are outside the wave
frequency range, this difference is assumed negligible.

Given equal natural periods, the mode shape will determine the sensitivity of each model to
wave loads. In Figure 6 the mode shapes of the first and second fore-aft tower modes are shown,
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all scaled to give a maximal displacement of 1. As can be seen from the figures, increasing the
soil stiffness reduces the displacement in the lower part of the substructure, while the opposite
is seen for the model with reduced soil stiffness. It is also worth noticing that the second tower
modes show almost no displacement in the tower top for the stiffest soil, which indicates that
this mode will not be significantly excited by the thrust force. The excitation due to the rotor
tilt moment may still be as significant for this model as for the softer models, as the slope of
the modal displacement is approximately equal in all models.

3.3. Environmental parameters

Figure 6. 1st (left) and 2nd (right) tower
mode in fore-aft direction. The dashed lines
show the mean water level and mudline.

Figure 7. Location of metocean
data[18].

The environmental conditions are based on 60 years of hindcast data [19], for the location
54.8 ◦N, 1.92 ◦E in Dogger Bank as shown in Figure 7. The joint distribution of wind and waves
are described in [18]. In [6], the misalignment between wind and total waves was investigated.
Misalignment angles above 60◦ were found to be rare for significant wave heights above 3 m,
while misalignment above 30◦ is rare for significant wave heights above 5 m. The misalignment
bins of 0◦ and 30◦ make up more than 75 % of the registered environmental conditions.

Each environmental condition has been simulated as five 1-hour realizations, and the results
are based on the average of these realizations. The wind files are generated in TurbSim using
the Kaimal wind spectrum and turbulence class B, while the waves are realizations of the
JONSWAP spectrum, as defined in [12]. When short-crested waves are simulated, the wave
spectrum is modelled as the product of the directional spectrum in Eq. 2 and a JONSWAP
spectrum. The spreading parameter n was set to 2, and the individual wave components are
assumed uncoupled. Frequency dependency of the spreading function is not considered.

3.3.1. Simulation load cases To reduce the computational effort, the sea states have been
lumped to one equivalent sea state per wind speed, as described in [20]. The resulting
environmental parameters for aligned wind and waves are shown in Figure 8. Further, it is
assumed that the same approach is valid for misaligned wind and waves. The misaligned load
cases are found by grouping the absolute value of misalignment to bins of 30◦, as shown in Figure
9. One equivalent sea state is found for each wind speed and misalignment bin. A total of 129
load cases are simulated for the misalignment conditions.
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3.4. Fatigue calculations
The fatigue calculations are performed based on the time series of the axial stress in the monopile
and tower, for locations distributed along the length of the support structure. The stress is
calculated as

σa(r, θ) =
N

A
+
My

Iy
rcos(θ)− Mz

Iz
rsin(θ) (3)

where N is the axial force and A the crossection area, while r is the radius at the calculation
point. The bending moments, My and Mz, second area moments, Iy and Iz, and angular position
are defined in accordance with the axis system showed in Figure 5.

Knowing the time series of stress, the fatigue damage is calculated using the S-N curve
approach and rainflow counting, as implemented in the WAFO package[22] with a correction for
a 2-slope S-N curve as given in [23]. The S-N curve for the monopile is assumed to be curve D
for steel in sea water with cathodic protection, given in Table 2-2 in [24]. Curve D for steel in air
is used for the tower, confer Table 2-1 in [24]. Stress concentration factors due to the presence
of e.g. welds should in principle also be considered, but these have been set to 1 for simplicity.

4. Results
4.1. Aligned wind and waves
The relative importance of the wind and wave loading to the fatigue damage can be found by
assuming long-crested waves and aligned wind and waves over the lifetime of the structure. In
Figure 10, the relative lifetime contribution to the fatigue damage for each wind speed is shown.
The values are normalized by the total fatigue damage for each of the models, so that the figure
shows the amount of the total fatigue damage caused by each wind speed.
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Figure 10. Contribution to lifetime fatigue damage per wind speed for the most critical position
on tower (left) and monopile (right). The values are normalized by the total fatigue damage for
each model.

In the tower, the largest contribution to the fatigue damage is from wind speeds close to
rated. These conditions have a high probability of occurrence and are associated with large
aerodynamic thrust. In the monopile, the same conditions give the largest contributions to the
lifetime fatigue. Still, conditions associated with high wind speeds, corresponding to high waves,
show a larger influence on the fatigue damage in the monopile.

The trend is that the model with stiff soil has a larger contribution to the lifetime fatigue
damage from conditions where the wind loads are dominating. For the model with soft soil,
environmental conditions associated with large wave loads show a larger contribution to the
fatigue damage. This indicates that the model with soft soil is more sensitive to wave loads.
The effect of modelling the waves as short-crested is expected to be largest for this model, and
smallest for the model with stiff soil.

4.2. Wave directionality
When assessing the effect of wave directionality, the wind-wave misalignment and long-term
distribution of wind direction is taken into account. The fatigue damage is calculated for various
positions around the cross section, and the maximum fatigue damage found for each elevation
at the monopile and tower. The ratio RD is used to express the effect of short-crested waves:

RD =
DSC(z)

DLC(z)
(4)

where DSC(z) is the maximum fatigue damage at height z with short-crested waves. DLC(z) is
the corresponding value with long-crested waves.

Figure 11 shows the distribution of RD over the length of the monopile and tower. From the
figure, it is seen that the effect on the fatigue damage with short-crested waves is highest on
the model with soft soil. This model was also found to be most sensitive to wave loading with
aligned wind and waves.

In the monopile, the largest effect of varying the wave directionality model is seen in the
upper part of the pile. All models show an increase in fatigue damage for short-crested waves
(RD > 1) in the upper part of the pile. The effect is largest for the model with soft soil. This
is further explained in Section 4.3.

For the tower, the effect of wave loading is primarily in the tower base, where the response is
driven by the aerodynamic thrust and the inertia forces from the rotor-nacelle assembly (RNA).
The latter is mainly influenced by the wave loading. Close to the RNA, the response is primarily
dominated by the tilting moment of the rotor. The fatigue damage in the tower top is therefore
insensitive to the choice of wave model.



16th Deep Sea Offshore Wind R&D conference

IOP Conf. Series: Journal of Physics: Conf. Series 1356 (2019) 012011

IOP Publishing

doi:10.1088/1742-6596/1356/1/012011

9

0 0.5 1 1.5 2

R
D

 [-]

0

20

40

60

80

100

120

H
e
ig

h
t 
a
b
o
v
e
 M

S
L
 [
m

]

Stiff soil

Base model

Soft soil

0 0.5 1 1.5 2

R
D

 [-]

-70

-60

-50

-40

-30

-20

-10

0

H
e
ig

h
t 
a
b
o
v
e
 M

S
L
 [
m

]

Stiff soil

Base model

Soft soil Figure 11. Ratio of
fatigue damage predicted
with short-crested waves
to fatigue damage with
long-crested waves. Re-
sults are shown for the
tower (left) and monopile
(right).

From a design perspective, it is the highest fatigue damage that is of the most interest. The
ratio RmaxD is introduced to describe the influence of wave directionality model on the largest
fatigue damage:

RmaxD =
max{DSC(z)}
max{DLC(z)} (5)

The values are shown in Figure 12 for both the tower and the pile. For the tower, the values
are consistent with the maximum values in Figure 11. This is not the case for the monopile, as
the maximum fatigue damage in general occurs for a different depth than the maximum value
of RD.
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R
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a
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Figure 12. Ratio RmaxD
for monopile (left) and
tower (right)

In summary, long-crested waves only gives a conservative prediction of fatigue damage for
the tower with the stiff soil properties. In all other cases, the fatigue damage in the tower and
monopile is higher for short-crested waves. This implies that short-crested waves should be
considered for fatigue calculations of large monopile foundations.
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4.3. Selected load cases
While the lifetime fatigue damage at different locations in the support structure is of interest
from a design perspective, the long-term distribution of environmental parameters obscures the
response under different load conditions. The results from two selected load cases will be given
here, for a better understanding of how the response differs when long-crested or short-crested
waves is assumed. The key parameters are given in Table 3, and correspond to two of the load
cases for wind speed 11 m/s.

Table 3. Selected load cases for detailed analysis.

Wind speed [m/s] Hs [m] Tp [s] Misalignment [deg] Probability of occurrence [-]

11 1.8 5.6 0 4.0 %
11 2 7 60 0.4 %

For the load case with aligned wind and waves, the wave modelling gives small differences
in the fore-aft response. This is caused by the high aerodynamic loads and relatively small
waves associated with the selected load cases. The response is shown at the left in Figure 13,
where the power spectral density (psd) of the fore-aft bending moment at mudline is plotted.
The fore-aft response is here defined as the response in the mean wind direction. The difference
between the wave models is more significant in the side-side direction. As expected, the side-side
response is negligible when long-crested waves is assumed. If short-crested waves is assumed,
the peak spectral density is higher than in the fore-aft direction, although the response is very
narrow-banded.
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Figure 13. Fore-aft (left) and side-side (right) moment spectrum for wind speed 11 m/s and
aligned wind and waves

For the misaligned case, the opposite trend is seen. As shown in Figure 14, there is an increase
in the fore-aft moment when short-crested waves is assumed. This is as expected from Figure 3,
where it is shown that short-crested waves will increase the wave energy in the fore-aft direction
for large misalignment angles. The change is most significant for the model with soft soil, and
decreases with increasing soil stiffness. In the side-side direction, the change in the response
spectrum is now less sensitive to the assumption of long-crested or short-crested waves.

5. Discussion
The results show that it can be both conservative and non-conservative to assume long-crested
waves in fatigue calculations. While the soil stiffness and tower wall thickness have been altered
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Figure 14. Fore-aft (left) and side-side (right) moment spectrum for wind speed 11 m/s and
60o misalignment between wind and waves

here, other parameters may also influence the effect of wave spreading. In general, it can be
expected that short-crested waves will yield increased fatigue damage as wave loads become more
important. From a design perspective, the mode shape and 1st natural period will influence the
structure’s sensitivity to waves. A large modal displacement near the mean water level or a
natural period close to the wave period will make wave loads more important. This will again
make it more important to consider short-crested waves.

The designer can also influence the crosswind damping level, e.g. by fitting tuned mass
dampers[25] or applying active load mitigation[2]. Increasing the crosswind damping will reduce
the response from waves travelling in the crosswind direction, which can be beneficial when
considering both wind-wave misalignment and short-crested waves. Increasing the damping will
also make an OWT more similar to the structures analysed by Vugts[8], which will increase the
conservatism from assuming long-crested waves.

Several factors that are outside the designer’s control will also influence whether it is
conservative or not to assume long-crested waves. The effect of short-crested waves depends
on the wind-wave misalignment, as shown in Figure 3 and in the selected load cases. If a site
evaluated for installation of wind turbines mainly have aligned wind and wave conditions, short-
crested waves will increase the fatigue damage. Similarly, short-crested waves at a site with
pronounced wind-wave misalignment will reduce the crosswind excitation, potentially reducing
the lifetime fatigue damage.

The wave characteristics will also be important in this sense. For the site analysed in this
paper, wind-wave misalignment mainly occurs for swell waves. These waves normally have
little wave spreading. Thus the fatigue calculations with short-crested swell waves may yield
reduced fatigue damage, but the results may be non-conservative since swell waves are mainly
long-crested with significant misalignment.

The above discussion shows how complex it is to evaluate whether it is conservative or non-
conservative to assume long-crested waves in design calculations. A designer must, therefore,
take care to ensure conservative, but not overly conservative, fatigue estimations. Different
modelling approaches may be applicable for wave spreading. This will depend on the properties
of the support structure, the short-term environmental conditions analysed and the long-term
distribution of environmental parameters.

6. Conclusion
This paper has investigated the effect of modelling waves as long-crested or short-crested for
monopile supported wind turbines in varying soil conditions. Previous studies have concluded
that it is conservative to assume long-crested waves in the fatigue calculations of monopile
supported OWTs. In this paper, it is shown that this conclusion is not valid for all monopile
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designs. As monopile foundations become more sensitive to wave loads, it may be non-
conservative to assume long-crested waves. Consequently, short-crested waves should be taken
into account when designing monopile foundations for deep water, for soft soil, for harsh wave
conditions or with large dimensions.
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Abstract. Several alternative engineering models are available for the use in analysis of
offshore wind turbines. However, it is not always clear which of the models will yield the
most accurate or sufficiently conservative results. This paper investigates the effect of using two
alternative soil-structure interaction models and two wind coherence models. The focus is on
assessing how these modelling choices influence the predicted long-term fatigue damage in the
support structure. The two soil models are a macro-element model and a p-y-curve model with
Rayleigh damping. This gives differences in both the damping and stiffness properties of the
turbine model. The differences between the two soil models tend to decrease as the turbine size
increases. The wind coherence models considered are the Kaimal spectrum with exponential
coherence and the Mann uniform shear turbulence model. The Kaimal model predicts the
highest response at low frequencies, while the Mann model gives the highest response predictions
at higher frequencies. Which turbulence model predicts the highest long-term fatigue damage is
then determined by the natural frequencies, rotor and blade passing frequencies of the different
turbines.

1. Introduction
Several engineering models may be selected for analysis of offshore wind turbines (OWTs).
Different models may yield different results and thereby give different designs. Further, it is
often unclear which of the available models are most accurate. They may be based on different
assumptions, incorporate different physical effects, or be developed for different applications.

This paper will investigate the influence of using different models for two aspects of the
fatigue analysis of monopile supported OWTs. Both the soil-structure interaction (SSI) and
wind coherence models influence the response prediction, and thereby the design fatigue lifetime,
of OWTs. While previous studies have looked into both the model development and short-term
response, this paper will focus on the long-term effects of using the different models. As the
difference between the models vary with turbine size, three turbines in the size range 5 to 15
MW are considered. Finally, the influence of uncertainty in the site parameters (e.g. turbulence
intensity and soil stiffness) is investigated.

1.1. Soil Modelling
Traditionally, SSI was modelled with p-y curves, based on experience from the offshore oil and
gas industry[1]. These represent the soil resistance as non-linear elastic springs distributed
along the length of the pile. While still used, the PISA project showed the need for modifying



EERA DeepWind Offshore Wind R&D Conference
Journal of Physics: Conference Series 2362 (2022) 012038

IOP Publishing
doi:10.1088/1742-6596/2362/1/012038

2

the curves for the offshore wind industry[2]. Other methods have been developed, such as the
apparent fixity method, and the use of linear stiffness and damping matrices[3, 4, 5]. Aasen
et al.[5] also used a 1D rotational element fixed below seafloor, with many properties similar
to the macro element developed by Page et al.[6, 7] The study showed a difference of up to 4
years in predicted lifetime when using the different soil models[5]. Katsikogiannis et al.[8] found
differences of up to 180% in the short-term fatigue damage between the macro-element and
p-y-curve approach in cases with negligible aerodynamic damping. In this paper, the difference
between the macro-element model and p-y-curve approach will be further investigated.

1.2. Wind Coherence Modelling
The IEC standard[9] recommends two models for the wind field when analysing OWTs: The
Kaimal spectral model with exponential coherence (denoted “Kaimal model” hereafter) and the
Mann uniform shear turbulence model (hereafter denoted the “Mann model”). It is expected
that the two models show larger deviations as turbine size increases. Several studies have
investigated the difference between these two models. Myrtvedt, Nybø & Nielsen[10] and Nybø,
Nielsen & Godvik[11] both investigated the response of a bottom-fixed 10-MW turbine, showing
the largest difference at stable conditions[11] and at close to rated wind speeds[10]. Bachynski &
Eliassen[12] investigated the response of a 5-MW turbine on several floating support structures,
and found differences of up to 40% in the standard deviation of the floater motions. Wise &
Bachynski[13] showed that the Kaimal model yields a higher response at low frequencies and a
lower response at high frequencies, also this for floating turbines. The same was observed at 3P
frequencies by Bachynski & Eliassen[12].

2. Model Description
This study considers three turbine models; the NREL 5-MW[14], DTU 10-MW[15] and IEA
15-MW[16] reference wind turbines. The turbines are assumed located on the Norwegian
Continental Shelf, at a water depth of 30 m. The soil conditions at the site are assumed to be
an idealized clay profile with quadratic variation of the shear modulus with depth and linearly
increasing undrained shear strength. The 5-MW monopile is from the OC3 project[17], while
the 10-MW foundation is based on Velarde and Bachynski[18]. The 15-MW tower is the IEA
design, and the monopile is designed for a natural period below 5.5 s. The fatigue capacity of
the latter was checked using equivalent sea states[19]. Table 1 summarizes the properties of the
turbines.

Table 1. Key parameters of the turbines in the study.

Parameter Unit NREL DTU IEA

Rated power MW 5 10 15
Rated wind speed m/s 11.4 11.4 10.59
Rated rotor speed rpm 12.1 9.6 7.56
Rotor diameter m 126 178.3 240
Hub height m 90 119 150
Monopile diameter m 7 9 11
Monopile wall thickness m 0.07 0.11 0.11
1st fore-aft natural period s 3.9 3.6 5.3
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2.1. Environmental Model
The environmental model assumes the distribution of the wave parameters are conditional on
the wind speed, with the wind direction as an independent variable. For each wind speed, a
single sea state is used to represent the sea state distribution[19]. This gives the probability of
occurrence for an environmental condition as

P (Ui, θwi,j , θrel,k) = Pn(Ui) · P (θwi,j) · Pn(θrel,k|Ui). (1)

Pn(Ui) is the probability of occurrence for wind speed Ui, P (θwi,j) is the probability of
occurrence of wind direction θwi,j and Pn(θrel,k|Uk) is the probability of occurrence for wind-
wave misalignment bin θrel,k. Three wind speed bins are considered: close to rated (8-10 m/s),
intermediate (14-16 m/s) and high (20-22 m/s), while two misalignment angles (0◦and 30◦) are
included. The distribution of the environmental parameters are based on 60 years of data from
the NORA10 hindcast data base[20]. Pn(Ui) and Pn(θrel,k|Uk) are normalized to give a total
probability of 1 for the environmental conditions considered. Further details are given by Sørum
et al.[21] The wave elevation is modelled using a Pierson-Moskowitz spectrum for the lowest
wind speed and a JONSWAP spectrum for the two higher wind speeds.

2.2. Load Models
Hydrodynamic loads are calculated using linear wave kinematics, and MacCamy & Fuchs load
model[22] combined with Morison-type drag loads. The hydrodynamic added mass is assumed
to correspond to an added mass coefficient of 1.0.

Aerodynamic loads on the blades are calculated using unsteady blade element momentum
theory with Glauert induction and Prandtl tip loss corrections for the operational turbine.
Dynamic stall and dynamic wake correction is also included. For the parked turbine,
aerodynamic loads are calculated based on the undisturbed wind field. The Kaimal turbulence
model with exponential coherence and the Mann turbulence model are both used in this study,
although only the Kaimal model is utilized when investigating the effect of the different soil
models. Wind shear is modelled using the power law formulation.

2.3. Simulation Models
The wind turbine, tower and monopile above seafloor are modelled in SIMO-Riflex, an aero-
hydro-servo-elastic simulation tool from SINTEF Ocean[23, 24]. Linear-elastic beam elements
are used to model the structural components above seafloor.

2.4. Foundation Models
The two foundation models used in this study are a macro-element formulation and a p-y-curve
model. In the part of the study investigating the effect of wind coherence models, only the
macro element has been used.

A macro element reduces the soil-structure interaction to a load-displacement relationship
at the seafloor, which reduces the simulation time. The macro element used here accounts for
the non-linear load-displacement relationship of monopile OWTs at the seafloor and takes into
account the different loading and offloading characteristics of the soil. This introduces hysteretic
damping into the model. A more detailed description of the model is given by Page et al.[7]. The
macro element is connected to the structural model at seafloor. A post-processing tool based
on beam elements with springs is applied for determining the monopile loads below this[25].

The p-y curves are modelled as non-linear elastic springs attached to the beam model of the
monopile below seafloor. Soil damping is accounted for by increasing the structural damping,
which is tuned to give the same average damping coefficient as the macro element in a decay
test starting from rated thrust.
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Both the macro element, the post-processing tool and the p-y curves are calibrated to the
soil-structure interaction found by a 3D continuum finite element analysis performed in Plaxis.

2.5. Fatigue Damage Calculation
Fatigue damage is calculated based on the axial stress variations in the tower and monopile.
The individual stress cycles are extracted using the rainflow counting technique in WAFO[26],
modified to allow for bi-linear SN curves. Miner’s sum with thickness correction[27] is used to
calculate the fatigue damage. The fatigue utilization is found as the ratio between the calculated
fatigue damage and the fatigue capacity, ∆C . DNV’s SN-curve “D” for steel in sea water is used
for the monopile, while the curve for steel in air is used for the tower.

2.6. Parameter Variations
To investigate if there is a coupling between the model variations and site parameters, the
turbines were analysed using random realizations of 16 parameters. These parameters represent
the uncertainty in a fixed design, and include uncertainty in the environmental description,
soil uncertainty, fatigue parameter uncertainties and more. A list of the parameters is given
in Appendix A, with the data source or reference for the distributions. 30 samples were used,
with details on distributions and sampling strategy given by Sørum et al.[21]. Results from the
individual realizations are used only when investigating the coupling (Sections 4.4 and 5.5) and
when extracting response spectra. The remaining results are mean values across all realizations.

3. Fatigue Damage Utilization
The maximum long-term fatigue damage utilization along the support structure is shown in
Figure 1, with z = 0 representing the sea floor. The lines represent the mean value of the
30 samples of the design parameters described in Section 2.6. Three locations of interest are
identified in the support structures. The fatigue damage in the tower top is mainly caused by the
rotor pitching moment. In the tower base, the loads are primarily caused by the aerodynamic
thrust force and the wave-induced inertia loads. Finally, the loading at seafloor is caused by
both aerodynamic loads and wave loads. The latter is also representative for the location with
the highest fatigue utilization in the monopile, approximately one pile diameter below seafloor.
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Figure 1. Maximum lifetime fatigue utilization in the tower (left) and monopile (right). Note
that the transition pieces and lower parts of the monopiles are excluded.
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4. Effects of Soil Model
The following sections will demonstrate how the differences between the two soil models influence
the basic properties of the turbine models, followed by an assessment of the effect on the long-
term fatigue damage.

4.1. Effect on Natural Frequency and Damping
The differences between the SSI models introduce differences in both the natural frequency and
damping properties of the models. This is illustrated by decay tests, measuring the natural
frequency and damping ratio in percent of critical damping for the different turbines.
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Figure 2. Natural frequencies, with no
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Figure 3. Natural frequencies, at rated
thrust.

Figure 2 shows the fore-aft natural frequencies as function of the measured bending moment at
the seafloor with zero mean load. The p-y model shows little variation in natural frequency with
amplitude, while the macro-element model has a clear trend of the natural frequency decreasing
with increasing response amplitude. The amplitude-dependency of the natural frequency is
largest for the 5-MW turbine and smallest for the 15-MW turbine. Including the rated thrust
as a mean load, the natural frequency is reduced when using the p-y curves as shown in Figure
3. The change is most significant for the smallest turbine. Depending on the mean load and
response amplitude, the two soil models may then yield both lower and higher natural frequencies
than the other.
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Figure 4. Damping ratio NREL 5-MW
turbine.
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Figure 5. Damping ratio DTU 10-MW
turbine.

The soil models also show a difference in how damping is included. The amplitude-dependent
damping of the macro element is shown in Figures 4 to 6. This shows how the damping in the
macro-element models increase with amplitude. The opposite is seen for the p-y curves, where
the damping is amplitude-independent. Due to the tuning of the damping for the latter model,
the amplitude for which the two SSI models predict the same damping also varies.
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Figure 6. Damping ratio IEA 15-MW
turbine.
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Figure 7. Difference in fatigue damage
predictions at seafloor using the macro-
element and p-y-curve models.

4.2. Response Above Seafloor
The effect of changing the soil model is similar across the support structure above seafloor, but
with diminishing differences close to the tower top. However, as shown in Figure 7 there is a
significant difference between the turbines. This figure shows the difference in the lifetime fatigue
damage predicted per wind speed, and is normalized by the total fatigue damage predicted using
the macro-element model. For both the 5-MW and 15-MW turbines, the macro element yields
the highest fatigue damage. The opposite is the case for the 10-MW turbine, which also shows
the highest difference between the models.

The 5-MW turbine shows a lower fatigue damage estimate when using the p-y curves for all
wind speeds. Figures 8 and 9 illustrate the reason: Both the stiffness and damping are higher
when using the p-y curves, leading to a reduced response and a lower fatigue damage. This
trend is not universally true, amongst other it depends on the whether the response is in line
with the wind or in the cross-wind direction. Still, the majority of the load cases show this
trend, resulting in a higher fatigue damage prediction when using the macro-element model.
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Figure 8. Upwind stress spectra at
seafloor for the 5-MW turbine when
operating at wind speed 15 m/s.
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Figure 9. Upwind stress spectra at
seafloor for the 5-MW turbine when parked
at wind speed 15 m/s.

For the 10-MW turbine the opposite is the case: In a majority of the load cases the highest
stiffness and damping is seen for the macro element, and a higher prediction of fatigue damage
above seafloor is seen when using the p-y-curve model. Finally, the difference between the two
models is smaller for the 15-MW turbine. This is also seen in Figures 2, 3 and 6, where there is
a close match between the natural frequency and damping of the two soil models.
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4.3. Response Below Seafloor
A different picture is seen below seafloor, illustrated in Figure 10 for the location in the monopile
with highest fatigue damage. The first trend is that the difference between the models is
more positive/less negative than above seafloor, indicating that the p-y model predicts higher
responses when moving down into the soil. The reason is illustrated in Figure 11 for the 15-
MW turbine. In the stiffness-dominated low frequencies, there is a good agreement between the
macro-element (solid line) and p-y-curve (dashed line) response both at the sea floor (pink lines)
and at the location with highest fatigue damage (black lines). However, there is a difference
around the natural frequency (∼0.18 Hz). Here, the damping provided by the macro element is
higher when moving down into the soil. This leads to larger response amplitudes, and increased
fatigue damage predictions below sea floor when using the p-y-curve model.
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Figure 10. Difference in fatigue damage
predictions below seafloor using the macro-
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4.4. Interaction with Uncertain Design Parameters
Figure 12 shows the difference in fatigue prediction when using the two soil models versus the
undrained shear strength. The latter is varied as described in Section 2.6. Increased shear
strength reduces the fatigue damage predictions of the p-y-curve model, compared to the macro
element. No other interactions were seen between the design parameters and the soil model.
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Figure 12. Difference in fatigue prediction for the soil models versus undrained shear strength.

5. Effects of Wind Model
This section presents the effect of varying the wind coherence models, starting with a description
of the coherence properties before the turbine response is analysed.
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5.1. Differences Between Wind Fields
When looking at the characteristics of the wind field simulated by the Kaimal and Mann
models, two properties are of primary interest. The first is the spectral coherence, describing
the relationship between the the wind speed at two different spatial locations. In the Kaimal
model, this is described by an exponential coherence function, while the Mann model uses a
velocity tensor model. To evaluate influence on coherence, the coherence of the wind speed at
the hub and at the outer edge of the rotor disk at hub height is calculated. This is defined as

γxy(f) =
Sxy(f)√

Sxx(f)Syy(f)
= Cxy(f) + iQxy(f) (2)

where γxy is the coherence between two points x and y, Sxy is the cross-spectrum, and Sxx and
Syy are the auto spectra. Cxy and Qxy are the real and imaginary part of the coherence.
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The coherence for wind speed 21 m/s is shown in Figure 13. Two effects are seen: The
coherence decreases with increasing rotor disk area, and the coherence is higher for the Kaimal
model than the Mann model. The effect of the former is that the 5-MW turbine will see
more consistent variations in the wind speed across the rotor disk and higher variations in the
effective wind speed. Similarly, the higher coherence with the Kaimal model will introduce
higher variations in the effective wind speed than the Mann model. The expected consequence
of this is higher variations in thrust force higher fatigue damage when the coherence is high.

The second property of interest the power spectral density (PSD) of the wind speed. As the
Mann model has been adapted to give the same spectral properties as Kaimal, the spectra are
expected to be similar. This is confirmed in Figure 14 for mean wind speed 15 m/s. The same
is seen for the other wind speeds in the study.

5.2. Tower Top Response
The wind field is translated to structural response through the aerodynamic loads. While these
loads are in turn influenced by the structural response, the loads from the rotor with a nacelle
prevented from moving can provide a clearer picture of the difference between the wind models.
This is particularly true for the tower top fore-aft bending moment, as shown in Figure 15.
At low frequencies, the spectral value of the aerodynamic moment is higher when applying
the Kaimal model. This corresponds well with the lower correlation of the Mann model. At
higher frequencies the aerodynamic moment predicted by the Mann model is higher than the
Kaimal moment, particularly visible at the 3P frequencies. This has been observed also by e.g.
Bachynski & Eliassen[12] and Wise & Bachynski[13], and occurs despite the spectral density of
the wind speed being equal. Note that the spectra in Figure 15 are normalized by the moment
caused by the rated thrust force, Mthrust.
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The total response and the effect on the fatigue damage is a combination of the higher
response from the Kaimal model at low frequencies and the Mann model at higher frequencies.
As the response at higher frequencies has more load cycles than the response at low frequencies,
the influence on the fatigue damage will be higher than what is apparent from the PSDs.

Figure 16 shows how these effects add up at the tower top. The height of each bar is
the difference between the fatigue damage predicted by the Kaimal and Mann models at each
wind speed, normalized by the total fatigue damage predicted by the Kaimal model. The first
observation is that the difference between the models increases with the wind speed. Secondly,
the Mann model consistently predicts a higher fatigue damage, with the exception of the 15-MW
turbine at wind speed 9 m/s. The difference between the fatigue damage predictions from the
Kaimal and Mann models at the tower top are therefore dominated by the higher 3P response.

5.3. Tower Base Response
While the response at tower top can be understood from the aerodynamic loads, the structural
dynamics become more important at the tower base. For the 5-MW turbine, the response is
dominated by the low frequencies, as shown in Figure 17. At these frequencies the Kaimal model
yields the highest response, including at the 1st natural frequency of the turbine.
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Figure 17. Upwind stress spectra at tower
base for the 5-MW turbine in operational
conditions, wind speed 15 m/s
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The higher natural frequency of the 10-MW turbine reduces the difference between the two
models at the natural frequency, as shown in Figure 18. As high-frequency (3P) loads become
less important at low wind speeds, the Kaimal model predicts the highest fatigue damage at the
two lowest wind speeds. The Mann model gives the highest fatigue damage at 21 m/s and in
total, as shown in Figure 19.
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Figure 19. Differences in fatigue damage at tower base when using Kaimal and Mann
turbulence models.

The 15-MW turbine has its natural frequency between the 5-MW and 10-MW turbines. This
means that the Kaimal model predicts the highest fatigue damage for all wind speeds, but with
the difference between the models decreasing as the wind speed increases.

5.4. Seafloor Response
The response at seafloor is primarily dominated by the wave loads. Still, the wind model
influences the response also here. The differences in response are governed by the same
mechanisms as at the tower base, but the majority of the response at seafloor is found at
the wave frequencies. This means that the overall response is less influenced by the wind loads,
giving less sensitivity to the choice of turbulence model.

5.5. Interaction with Uncertain Design Parameters
The interaction between the coherence model and the uncertain site parameters described in
Section 2.6 was investigated. This was done in a similar manner to the soil model investigation
in Section 4.4. However, no significant correlations were found between the wind coherence
model and any single site parameter.

6. Discussion and Conclusion
The study has looked into the effect of modelling the soil-structure interaction by the use of
p-y curves and a macro element, as well as the effect of modelling wind coherence using the
Kaimal and Mann models. All model variations had effects that both increased and decreased
the fatigue predictions compared to the alternative models. As an analyst it is important to be
aware of how these models influence a specific turbine model to ensure conservative results.

For the soil model variations there, is a difference in both the predicted stiffness and damping.
While the smallest turbine was most sensitive to the hysteretic effects, the largest uncertainty
seems to be introduced by the calibration of the models. Although the macro element in general
is expected to capture the response more accurately[6], the results from this paper highlight the
importance of considering the calibration uncertainty. This may vary between the models, and
a model with low calibration uncertainty should if possible be used in the analyses.

When considering the wind coherence models, the Kaimal model yields a higher response
at low frequencies. The Mann model predicts a higher response at higher frequencies. This
is particularly important for the 3P response. Additionally, the frequency where the change
between which of the two coherence models that predicts the highest response is close to the 1st
natural frequency of the foundations. A support structure with a low natural frequency tends
to have highest response prediction from the Kaimal model, while a high natural frequency will
give more conservative results using the Mann model.
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Appendix A

Table 2. Design parameters varied throughout the study and the associated data
sources/references. For details, se Sørum et al.[21].

Parameter Reference/Data source

Wind speed distribution NORA10[20]
Wind direction NORA10[20]
Turbulence intensity FINO1[28]
Wind shear FINO1[28]
Yaw error Veldkamp[29]
Significant wave height NORA10[20]
Wave peak period NORA10[20]
Wind-wave misalignment NORA10[20]
Marine growth thickness Jusoh & Wolfram[30]
Monopile drag coefficient Peering & Bedon[31], Veldkamp[29]
Soil undrained shear strength Lacasse & Nadim[32]
Soil void ratio Lacasse & Nadim[32]
Monopile diameter Zaaijer[3], Hübler et al.[33]
SN curve parameters DNV GL[27]
Fatigue capacity Folsø et al.[34], Peering & Bedon[31]
Turbine availability DNV GL[35], Pfaffel et al.[36], Larsen et al.[37]
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