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Abstract

Offshore wind energy is a crucial part of the global effort to transition to-
wards a decarbonized energy system. In this context, the foundations used
to support offshore wind turbines (OWTs) play a significant role in determin-
ing the feasibility of offshore wind projects, as they represent a substantial
portion of the total capital expenditure. Currently, the most widely used
type of foundation for OWTs is the monopile, due to its simple fabrication
process, extensive installation experience, and proven reliability. However,
as the offshore wind sector develops, employing larger turbines in size and
capacity in deeper water depths, larger monopiles are required to withstand
the increased loads, imposing challenges that need to be addressed.

The design of foundations for OWTs requires incorporating several engi-
neering disciplines, considering various environmental and operational con-
ditions, load scenarios, and design criteria to ensure the structural integrity
of the foundation its operational lifetime. The behaviour of large-diameter
monopiles differs notably from the smaller ones used in earlier offshore wind
developments or the long, slender piles commonly used in i.e. the oil & gas
industry. The thesis aims to further develop computationally efficient design
methods and evaluate the impact of state-of-the-art physical load models
compared to widely used approaches for long-term responses, ensuring that
monopiles remain a reliable and cost-effective option in offshore wind energy.

OWTs are complex systems with nonlinearities and strong coupling between
environmental loads and structural responses. Full long-term fatigue assess-
ment (FLTA) using time-domain simulations is the most accurate approach,
but requires extensive computational effort due to the large number of load
cases involved. To reduce the computational burden, environmental lump-
ing can be employed to select a representative set of sea states for fatigue
design. The thesis introduces an environmental lumping method which con-
siders the wind-wave environment and the dynamics of the OWT to ensure
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fatigue damage prediction along the support structure with accuracy above
90%, while reducing computational effort more than 95% compared to FLTA.
The method is extended to consistently account for wind-sea and swell com-
ponents, with similar levels of accuracy and effort.

The design of OWTs should also ensure their integrity under extreme condi-
tions. The full long-term analysis that considers all sea states and response
variability is commonly proposed, but it is computationally intensive. The
environmental contour method (ECM) is a widely used alternative, approxi-
mating extreme responses by analyzing short-term conditions along the con-
tour. However, directly applying the ECM to OWTs poses challenges due
to non-monotonic wind loads, which become more critical for larger tur-
bines and, when combined with waves near the OWT’s natural period, can
cause extreme responses even in non-extreme wind speeds. Furthermore,
neglecting metocean variables important for responses in the establishment
of contours may affect the estimated extremes. The uncertainty associated
with extreme responses using the ECM at representative wind speeds is in-
vestigated, highlighting their sensitivity to the probabilistic models used for
the wave parameters and the stochastic variation due to seed variability.

Additionally to the methods applied for design purposes, numerical models
used for global analysis are essential for the estimated dynamic behaviour
and responses. Specifically, the widely used p − y approach for modelling
pile behaviour in OWTs reveals several limitations when applied to large-
diameter monopiles, arising from omitting critical aspects of soil behaviour,
differences in loading conditions (e.g., dominant bending moments), and
their relatively rigid behaviour, which contrast with the p− y assumptions.
Fatigue and extreme responses using p−y curves are compared to an elasto-
plastic model, which captures the non-linear load-displacement response,
hysteretic damping, and soil resistance components, depicting the impor-
tance of soil damping, particularly when aerodynamic damping is negligible.

Finally, current engineering models cannot account for diffraction effects
when higher-order wave kinematic theories are used, as MacCamy and Fuchs’s
approach only applies to linear waves. As diffraction becomes increasingly
important for larger diameters, a new load model was developed, which com-
bines the conventional Morison’s formulation with a frequency-dependent
mass coefficient from MacCamy and Fuchs theory. The conventional Mori-
son’s load model is compared to the new load model using 2nd-order wave
kinematics for extreme loads and responses.
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Chapter 1

Introduction

The chapter gives an overview of offshore wind as a part of the energy sector,
its current status, and future projections. The reader is introduced to the
substructures of offshore wind turbines, focusing on monopile foundations.
The design challenges of large-diameter monopiles are shortly outlined, and
finally, the objectives, contributions, and organization of the thesis are given.

1.1 Background

Global warming has become a major concern internationally, having observ-
able effects on human and natural systems. Its causes, potential impacts,
and mitigation measures have been extensively investigated by the Intergov-
ernmental Panel on Climate Change (IPCC) [2]. The Paris Agreement [3],
which reflects the commitment to global climate action, aims to limit global
warming to 1.5◦C compared to pre-industrial levels. However, achieving this
goal requires a profound transformation in the global energy landscape [4].
In particular, due to the strong correlation between global carbon dioxide
(CO2) and global temperature variations [5], a significant reduction of CO2
emissions is needed. This relationship is evident in the warming projections
for different scenarios up to the year 2100, see e.g., Figure 1.1 [6].

Decarbonization of the energy sector is a key component of the global en-
ergy transformation through the continuous deployment of renewable en-
ergy sources. Amongst others, wind power has been a pioneering renewable
technology in the last decades. As shown in Figure 1.2 [7], according to In-
ternational Renewable Energy Agency (IRENA), onshore and offshore wind
together are expected to generate more than one-third of total electricity
needs by 2050, becoming the leading source of energy.
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Figure 1.1: Emissions and expected warming based on pledges and current
policies. Source: Global Wind Report 2021 [6] (GWEC)
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Offshore wind power has significant potential compared to onshore wind
due to the high energy density, lower wind shear and turbulence, and min-
imum visual impact [8]. However, offshore wind farms impose significant
economic and technical challenges in terms of design, installation, operation,
and maintenance (O&M) due to the harsh marine environment. Despite be-
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ing a relatively new technology in the early 2000s, offshore wind has become
a reliable and cost-effective energy source thanks to continuous technological
innovations. Nevertheless, for further development of offshore wind energy,
substantial cost reductions are needed to decrease the levelised cost of en-
ergy (LCOE), mainly originating either from technological advances that
can lead to more efficient designs of offshore wind turbines (OWTs), or by
improvements in the supply chain to meet the growing market needs.

The foundation is a crucial element in offshore wind deployments as it pro-
vides support to the turbine and shall withstand operational and environ-
mental loads over its design life of 20-25 years. Currently, the dominant
foundation type for offshore wind farms is the monopile, accounting for
nearly 82% of all installed substructures in Europe [9]. It is anticipated that
monopiles will continue to be the preferred choice for future developments
due to their simplicity, fabrication speed, and installation experience [10].

With larger and heavier wind turbines being installed in deeper waters, the
diameter of monopiles needs to increase to resist the significantly larger dy-
namic loads. These large-diameter monopiles, often referred to as XL or
XXL monopiles, push the limits of technical and economic feasibility. Typi-
cally, the natural frequencies of the structure decrease as the rated power of
the turbine increases, bringing them closer to the primary wave frequencies
and making them more susceptible to wave loads. Furthermore, the applica-
bility and level of accuracy of soil-structure interaction and hydrodynamic
models commonly used for small-diameter monopiles need to be critically
examined when used to estimate long-term fatigue and extreme responses
of large-diameter monopiles.

The economic viability of large-diameter monopiles is influenced by the sub-
stantial contribution of OWT foundations to the total capital costs. As a
result, any potential cost reductions can significantly impact their feasibil-
ity. To achieve this, a comprehensive evaluation and improvement of design
methods and models from various engineering disciplines is essential. These
methods and models should effectively address the complexities that arise
with increasing monopile dimensions, including factors such as wave loads,
soil-structure interaction, and long-term fatigue and extreme responses. By
employing advanced design methods and refined models, designers can gain
a deeper understanding of large-diameter monopile behaviour, thereby en-
suring the reliability and efficiency of their designs.
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1.2 Scaling up of offshore wind

Offshore wind development began in the 1980s, initially focused on studying
the potential of offshore wind resources [11]. The first commercial offshore
wind farm, Vindeby, was deployed in 1991 off the coast of Denmark, with a
capacity of 5 MW. In the following decade, more projects were completed in
countries like Denmark, Sweden, the Netherlands, and the UK. These early
offshore wind farms used relatively simple designs, with onshore turbines
supported on concrete foundations in shallow waters, while the emphasis
was on assessing technical feasibility rather than cost considerations [12].
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Figure 1.3: Project turbine size and global average turbine size and wind
farm capacity for offshore wind, 2000-2019. Source: IRENA [13]

After 2000, offshore wind technology underwent significant advances. Tur-
bines with larger capacities were installed, new foundation types were in-
troduced, and specialized vessels were developed for efficient operation and
maintenance activities. The commissioning of Horns Rev 1 in the North Sea
in 2002 marked a crucial milestone, as it was the first wind farm to use steel
monopile foundations. This transition from pilot projects to commercial
development demonstrated the need for further advances in offshore wind
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technology. As a result, offshore wind power targets were raised, leading
to the scaling up of projects and the adoption of larger turbines and wind
farms, as illustrated in Figure 1.3 [13].

At the time of writing, the total installed capacity of global offshore wind
exceeds 35 GW. Europe has been the leading region, accounting for 25 GW
by the end of 2020, with the rest being concentrated in China. Deployment
is set to broaden to North America, while pilot and commercial projects
have been conducted in Asia-Pacific [8, 14, 15]. Projections indicate that
the total installed capacity is expected to reach around 230 GW by 2030
and nearly 1000 GW by 2050 [16, 17]. This continuous progression over the
years requires harnessing stronger winds in deeper waters, also in response
to public demand for reduced visual impact. Figure 1.4 reflects this trend,
showing that bottom-fixed OWTs installed in 2019 had an average distance
to shore of 60 km and a water depth of 32 m, while turbines installed in 2001
were situated at averagely 5 km from the shore, at merely 7 m depth [13].
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2000-2019. Source: IRENA [13]
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led to cost reductions over the past decade, making offshore wind a more
competitive energy source.
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Figure 1.6: Offshore wind project and global weighted average LCOE,
2000-2023. Source: IRENA [13]

The deployment of an offshore wind farm requires high capital expenditure
(CAPEX) and operation and maintenance costs (OPEX). CAPEX primar-
ily includes the costs associated with infrastructure, construction, and the
installation of key components such as the rotor-nacelle assembly (RNA),
support structure, and electrical components. OPEX includes expenses re-
lated to the operation, planned-unplanned maintenance, and transmission
charges. While costs can vary considerably among different offshore wind
projects [19], BVG Associates provides a comprehensive guide to the typical
cost breakdown of various elements involved in an offshore wind farm, span-
ning from project development to decommissioning [20]. Figure 1.7 shows
their breakdown of the major costs, estimated assuming a UK 1 GW project
of 100 10 MW monopile-based turbines, located 60 km from shore in 30 m
water depth and commencing in operation in 2022 [20].

Several aspects affect the final costs of offshore wind farm projects. Projects
located in deeper waters with heavier and more expensive foundations, in-
crease costs for steel and installation. Soil conditions also play a role, with
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Figure 1.7: Contribution of major cost elements of an offshore wind farm
to LCOE. Source: BVG Associates [20]

certain conditions, e.g., dense sand or stiff clay, offering cost benefits through
simpler installation methods (e.g., piling), while others, e.g., rock can sig-
nificantly raise costs due to the need for alternative designs and installation
techniques such as drilling. Due to the soil-structure interaction, soil con-
ditions also can affect the amount of steel which is required to achieve the
desirable stiffness for the whole OWT. In some markets such as Asia or North
America, seismic considerations or typhoon winds may dominate the final
design, while tidal ranges can add to costs due to the minimum clearance
required from sea level to blade tip throughout the turbine’s design life. Fi-
nally, projects located further from the shore face longer access times, which
can reduce the accessibility for installation and maintenance activities and
impact energy production.

Since 2012, several studies have been conducted evaluating pathways for po-
tential cost reductions for offshore wind farms [21–29]. These studies high-
light the need for technological innovation and improvements in the supply
chain to address future challenges. Improvements in turbine technology,
such as higher rated power and capacity factors, are expected to have the
greatest impact on the cost-effectiveness of wind power. Furthermore, opti-
mization of wind farm layout, advances in blade materials, design, and man-
ufacturing, and innovations in support structure design, are also identified
as key factors to further reduce LCOE. Regarding O&M, the introduction of
condition-based maintenance, remote inspections, and improved personnel
access are expected to considerably impact projects located far from shore,
which involve greater transit distances and harsh sea conditions [26].
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1.4 Offshore wind support structures

In accordance with IEC 61400-3-1 [30], the support structure of an offshore
wind turbine (OWT) consists of the tower, the foundation - the part below
the seabed, which transfers the loads acting on the support structure into
the seabed - and the substructure, which refers to the part of the support
structure that extends upwards from the seabed and connects the foundation
to the tower. Figure 1.8 provides simplified illustrations of these different
bottom-fixed support structures along with their foundations.

Tower

Substructure

Foundation

RNA

Figure 1.8: Typical bottom-fixed substructures used for offshore wind
turbines (a) gravity-based (b) monopile (c) bucket (d)-(e) tripod (f) jacket.

Source: Kallehave et al. [31]

The substructures used for OWTs typically account for 15% to 20% of
the total capital expenditure (CAPEX), including installation costs [8, 20].
There are different types of substructures, including gravity-based struc-
tures, monopiles, and jackets. To date, monopile foundations have supported
over 80% of the installed offshore wind capacity, while jackets account for
approximately 10% of installations [9]. Gravity-based OWTs were primar-
ily deployed in early offshore wind farms located in shallow water depths
and contribute to around 5% of the installed substructures. Other concepts,
such as tripods, are less commonly used. Several studies discuss the tech-
nical aspects, challenges, current status, and future prospects for various
substructure concepts [8, 32, 33].

The primary function of the foundation is to provide support to the turbine,
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ensuring safety and reliability within its entire design life. The selection of
the foundation type depends on various factors, including technical consid-
erations such as water depth and seabed profile, as well as economic aspects
like the availability of infrastructure for fabrication and transportation [34].
The design of the foundation is dependent on the RNA characteristics, and
site-specific metocean and soil conditions. It is worth noting that different
foundation designs can be adapted even for the individual locations within
the wind farm, which can affect the economic feasibility of the project [35].

1.4.1 Design process and requirements

Foundation design is a multidisciplinary complex task due to many uncer-
tain input parameters from various engineering fields, the complexity of the
numerical models, and the extensive computational effort required. Gener-
ally, the design process typically consists of different phases, ranging from
the preliminary phase with site metocean assessments, environmental sur-
veys (e.g., geological, hydrographical), and conceptual design studies, to the
detailed design phase that includes the final design of the foundation, tower,
secondary structures, controller, and other aspects. An overview of various
design phases and their objectives is given by Passon et al. [36].

Various parties are involved in the design process, primarily the wind tur-
bine manufacturer and the foundation designer, with several technical and
commercial interfaces [37]. The wind turbine manufacturer is responsible for
designing the tower, modelling of turbine controller and aerodynamics, and
performing the aero-elastic simulations using the integrated OWT model.
The foundation designer focuses on the foundation design, considering hy-
drodynamic loads, soil modelling, and metocean assessment [38]. Finally,
an independent certification body certifies the models, computational pro-
cedures, and the final design of the support structure.

Design standards such as IEC 61400-3 [30] and DNVGL-ST-0126 [39] pro-
vide engineering and technical requirements for the design of bottom-fixed
support structures for offshore wind turbines. The design is based on differ-
ent limit state criteria, which include requirements regarding material fail-
ure due to cumulative damage caused by repetitive loading (Fatigue Limit
State - FLS), exceedance of the structural resistance (Ultimate Limit State
- ULS), tolerance criteria, e.g., verticality, over its lifetime (Serviceability
Limit State - SLS), and exceedance of maximum load-carrying capacity for
(rare) accidental loads (Accidental Limit State - ALS). This thesis focuses
on aspects related to FLS and ULS design.
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To evaluate the design for the different design criteria, an extensive number
of simulations are performed under different loading scenarios. Those sce-
narios are represented by design load cases (DLCs), which represent different
combinations of design situations (e.g., power production, parked turbine,
shutdown) and environmental conditions.

Typically, for the load calculations, industry adopts approaches where the
support structure and wind turbine are simulated separately, using super-
imposed or semi-integrated load calculation approaches [36, 40]. The main
reasons for applying these approaches are protection of confidential data,
e.g. related to the RNA, individual design responsibilities with particu-
lar fields of expertise of the involved parties, and sophisticated simulation
tools for individual design tasks, which cannot be easily shared [38]. Nev-
ertheless, to estimate OWT load effects, fully integrated time-domain sim-
ulations are required [30]. In these simulations, the entire OWT system -
RNA, support structure - is subjected to simultaneous aerodynamic and hy-
drodynamic loads, typically including the control system and soil-structure
interaction modelling. The simultaneous consideration of these effects is
essential for capturing the tightly coupled interaction between the various
loads and structural characteristics of the OWT dynamic response. The im-
portance of integrated load analysis in the design process for the accuracy
of load calculations, and for the optimized design of the support structures
has been highlighted in the literature [36, 38, 41].

Fully integrated simulations that consider all relevant loads and subsys-
tems of the wind turbine system rely on advanced modelling tools. While
commercial software packages exist for this purpose [42–44], they require a
comprehensive technical background to use effectively. Furthermore, they
are computationally expensive, especially when analyzing thousands of load
cases for design purposes. Therefore, suitable simplified models, combined
with applied design methods, are of interest, especially during the prelim-
inary design phases. These models can provide valuable insights into the
behaviour of the wind turbine system and support the design process.

1.4.2 Monopile foundation

The monopile foundation consists of tubular sections of rolled steel plates
that are welded together to form a single pile. The monopile is connected to
the OWT tower through a transition piece. The transition piece serves as
an intermediary component between the monopile and the OWT tower. It
is attached to the monopile either through a grouted connection, a flanged
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connection or other type of connections, e.g. slip joint [45]. The transition
piece typically includes boat landing features that provide access for per-
sonnel from vessels, as well as ladders and other ancillary components. It
also has a flange that allows for connection to the wind turbine tower. Dur-
ing installation, the monopile is driven, drilled, or vibrated into the seabed.
The specific installation method depends on the soil and site conditions.
Depending on the soil or current conditions, scour protection may be re-
quired around the base of the monopile to prevent erosion. Figure 1.9 shows
a simplified illustration of a monopile foundation with the transition piece,
and scour protection.

Figure 1.9: Monopile foundation with the transition piece [46]

Despite the initial predictions that monopiles would not be economically
feasible for water depths over 20-25 m (and potentially only for turbines
up to 3 MW) [47], it is still unclear at which water depth they become
too expensive [32]. However, it is expected that monopiles will remain the
preferred choice in the coming years [10], with the supply chain being con-
tinuously updated to meet the market needs. Fabrication processes have
been optimized, with a focus on continuous and efficient production. Inno-
vations in welding technology and equipment upgrades have allowed for the
handling of larger dimensions and heavier monopiles. Furthermore, instal-
lation vessels with high payload capacity, deck space, and large cranes have
been developed to operate in deeper waters, installing larger turbines and
heavier support structures. Finally, the proven track record of monopiles as
a reliable technology has also given confidence in investments [47].
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Monopile design is typically adapted for site-specific environmental condi-
tions. Environmental loads are mainly transferred as shear forces and bend-
ing moments through the structure, and then as lateral loads into the seabed.
Axial loads due to RNA and tower weight are mainly relevant for buckling
considerations. Torsion loads exist but are generally less significant from
a design perspective. The key design parameters of a monopile foundation
are the diameter, embedded length, and wall thickness. The diameter and
embedded length contribute to the required stiffness of the foundation and
are determined based on the magnitude of applied loads. Embedded length
shall ensure vertical stability and limit horizontal deflection and rotation
over the design lifetime [48]. The wall thickness of the monopile should be
sufficient to meet criteria related to buckling resistance and fatigue during
installation and operational design life.

1.4.3 Design considerations for large-diameter monopiles

As the capacity and size of offshore wind turbines increase, larger monopiles
are required to withstand the increased aerodynamic and hydrodynamic
loads. One of the primary objectives during the design of OWTs is to avoid
the occurrence of resonance phenomena, which implicate rapidly accumu-
lated fatigue damage (FLS) and can lead to stresses exceeding the structural
capacity (ULS) [39]. To mitigate these issues, it is crucial to ensure that
the natural frequency of the overall structure (particularly the first bending
mode) does not coincide with the excitation frequencies experienced by the
turbine. This becomes particularly challenging for monopile-based offshore
wind turbines because they are subjected to a wide range of dynamic loads
with different excitation frequencies.

These loads include aerodynamic and hydrodynamic loads due to wind and
waves, loads associated with the rotor rotational frequency (1P) such as
aerodynamic and imbalance loads, and loads at the blade passing frequency
range (3P for three-bladed turbines) due to tower shadow and turbulence
sampling [49–52]. Figure 1.10 [53] illustrates the main excitation loads acting
on an OWT, and Figure 1.11 shows an example of typical stress time series
and spectra at mudline (seabed level) for an OWT, where the stress response
is influenced by various processes depending on the environmental condition
and whether the turbine is in operational or parked state.

The design of OWTs aims to ensure that the first natural frequency of the
structure lies within one of three possible ranges: soft-soft, soft-stiff, or stiff-
stiff. These ranges are determined based on the relationship between the
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Figure 1.10: Excitation loads acting on an offshore wind turbine [53]

natural frequency and the rotor excitation frequencies experienced by the
turbine. If the natural frequency is lower than the 1P frequency (soft-soft
zone), the overall structure is typically too flexible and lacks structural in-
tegrity [54]. Such designs can lead to excessive deflections, vibrations, and
potential structural failures. OWTs with natural frequency higher than the
upper bound of 3P frequency (stiff-stiff zone) are economically unfeasible
as their weight becomes excessively large, leading to higher material, trans-
portation, and installation costs [48, 51, 55]. The common practice is for
the natural frequency of the OWT to be within the soft-stiff range, as those
designs can provide the required structural stiffness in the most economical
manner. Variable-speed turbines, which are commonly used in offshore wind
farms, further reduce the allowable frequency range for design.

The use of higher capacity wind turbines introduces several challenges re-
lated to the increased mass and size of the turbine components. The larger
mass at the top of the structure, combined with longer blades to capture
more wind energy, results in higher hub heights to maintain proper blade tip
clearance above still water level (SWL). These factors lead to more slender
structures with lower natural frequencies that are subjected to higher loads
and exhibit pronounced dynamic responses.
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Figure 1.11: Typical response stress time series and spectra for a
monopile-based OWT at mudline for different environmental and

operational conditions.

Furthermore, the longer rotor blades also lead to higher blade tip speeds,
which can cause issues such as increased turbulence in the wake, blade dy-
namics, and operational noise. To mitigate these effects, lower rotational
speeds are often required for higher capacity turbines. As wind turbines in-
crease in rated power, the allowable soft-stiff design range is shifted towards
the typical wave excitation frequencies, imposing challenges for long-term
fatigue and extreme responses. This shift is illustrated in Figure 1.12, where
the 1P and 3P frequency content is shown for three different turbines (5 MW,
10 MW, and 15 MW) in relation to the site-specific 60-year cumulative dis-
tribution of peak frequency of sea states from NORA10 dataset [56, 57].

Fatigue assessment is a critical aspect of foundation design, becoming in-
creasingly important for large-diameter monopiles. However, performing full
fatigue assessments in the time domain, considering wind and wave loads,
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control system effects, and soil-structure interaction, can be computationally
intensive. Therefore, there is a need for computationally efficient methods
that account for wind- and wave-induced responses in an integrated man-
ner, while considering long-term environment and OWT dynamics. Such
methods can be beneficial in all design phases: both for preliminary as-
sessment of less conservative designs or evaluating e.g. different positions
within a wind farm. Furthermore, although fully integrated analyses carried
out with time-domain numerical tools are the most accurate approach for
load calculations, in practice, simplified models are often used during design
(Sec. 1.4.1).

Another crucial aspect of OWT design is to ensure adequate structural resis-
tance against extreme environmental loads. A proposed method to estimate
long-term extreme responses of offshore structures is the full long-term anal-
ysis [58], but its use is typically prohibitive due to the high computational
costs. An alternative approach to calculate the extremes is the environmen-
tal contour method (ECM), which is a simplification of the inverse first-order
reliability method (IFORM). ECM is widely used in the offshore industry
and recommended in design standards [30, 59, 60]. However, its direct ap-
plicability to OWTs poses various challenges compared to other types of
offshore structures. Particularly, their non-monotonic response behaviour
with respect to wind loads, can lead to extreme responses during opera-
tional states with non-extreme environmental conditions. Additionally, as
shown, the continuous growth of monopile-based OWT dimensions brings
their natural periods closer to primary wave periods, resulting in high dy-
namic responses that demand thorough consideration of the impact of sta-
tistical modelling on several metocean parameters, such as the wave peak
period. The thesis uses ECM to establish multiple contours within the op-
erational wind speed range and further explores the impact of statistical
modelling of metocean conditions on environmental contours and extreme
responses.

For monopile-based offshore wind turbines, achieving the required structural
stiffness for the foundation can be accomplished by increasing the monopile
diameter or, to a lesser extent, increasing the wall thickness [61]. How-
ever, larger-diameter monopiles introduce challenges related to increased
wave loads and increase the necessity for accurate hydrodynamic and soil-
structure interaction models in dynamic analyses, as they can reduce the
conservatism in the OWT design, due to their impact on the dynamic re-
sponse. Therefore, the impact of hydrodynamic and soil-structure interac-
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tion models commonly used for long (small-diameter) slender piles needs
to be thoroughly assessed and compared to state-of-the-art models repre-
sentative for large-diameter monopiles for long-term fatigue and extreme
responses of large-diameter monopiles.

1.5 Thesis Objectives & Outline

This thesis focuses on FLS/ULS design challenges imposed by the grow-
ing dimensions of monopile foundations. The aim is to improve design
methods and to investigate the impact of state-of-the-art numerical models
for global responses on long-term fatigue and extreme responses of large-
diameter monopiles.

The first of the research objectives of this thesis is to develop an accurate
and computationally efficient method for FLS design as alternative to the
conventional long-term fatigue assessment, accounting for wind-sea and swell
components. The second objective is to compare the performance of state-
of-the-art foundation models with commonly employed modelling methods
and to assess their impact on fatigue estimates under varying metocean
conditions and operational states. The third objective is to assess various
statistical and physical load modelling uncertainties of extreme responses
for monopile-based OWTs, using environmental contour method, providing
a more thorough understanding of their relative importance for ULS design.
The thesis is divided into the following chapters, summarized below:

Chapter 2 provides a detailed literature review to establish the background
and scope of the thesis. The focus is on design methods for long-term fatigue
and extreme responses of large-diameter monopiles, soil-structure interac-
tion, and hydrodynamic modelling.

Chapter 3 provides a comprehensive overview of the numerical models em-
ployed for the analyses in the thesis. It includes details about the site-specific
metocean conditions, wind turbines, fully coupled time-domain models, and
reduced order state-space frequency-domain models.

Chapter 4 describes the environmental lumping method using fully coupled
and reduced order models. The method is initially described for one wave
component and then extended to bimodal sea states, i.e., combining wind-
sea and swell components.



1.6. Thesis Contributions 19

Chapter 5 presents the results of the lumping method. Its performance is
compared to a full long-term fatigue assessment in terms of accuracy and
computational time, and its sensitivity to various parameters is evaluated.

Chapter 6 investigates the effect of foundation modelling on fatigue dam-
age estimates. A macro-element approach is compared to the p − y curves
modelling approach. The effect of nonlinear soil damping formulation on fa-
tigue estimates is investigated, with focus on conditions when aerodynamic
damping is negligible in the response direction, such as parked states and
wind-wave misalignment conditions.

Chapter 7 focuses on the extreme responses of monopile-based OWTs using
the environmental contour method. The chapter assesses the relative im-
pact of different statistical and load models on extreme responses. Different
probabilistic models for the metocean variables are used, and their effect on
the resulting contours is shown. Then, the importance of soil and hydrody-
namic models on extreme responses is identified under different conditions.

Chapter 8 summarizes the main findings and contributions of the thesis
and serves as a conclusion chapter, providing recommendations for further
research of related topics.

1.6 Thesis Contributions

The research carried out in this PhD develops an accurate and computation-
ally efficient method for FLS design of monopile-based OWTs; improves the
understanding of the impact of state-of-the-art physical load models com-
pared to widely used approaches on fatigue estimates; and provides more
comprehensive insights of the relative importance between statistical and
physical load modelling uncertainties when characteristic design responses
are estimated using the environmental contour method. More specifically,
the following outcomes resulted from this work:

� Environmental lumping for FLS design
A novel lumping method was developed as an alternative to full long-
term fatigue assessment for the FLS design of monopile-based OWTs.
This method integrates the metocean conditions and OWT dynamics
to extract representative DLCs to predict long-term fatigue estimates
along the support structure. Moreover, the method is further devel-
oped to incorporate wind-sea and swell components in an integrated



20 20

and consistent manner.

The proposed method addresses several challenges and limitations of
existing methods. Furthermore, it provides a remarkable reduction of
computational effort for fatigue assessment compared to the conven-
tional approach using scatter diagrams, which is proposed in the design
standards, while maintaining comparable levels of accuracy through-
out the support structure. This significant reduction in computational
requirements makes the lumping method an efficient tool for fatigue
design and sensitivity studies, enabling practitioners to achieve accu-
rate fatigue predictions with notably reduced computational resources
from early design phases, enhancing the feasibility and efficiency of the
design process.

Finally, to the author’s knowledge, there is no method available in the
literature incorporating wind-sea and swell components, and no rec-
ommendations in the design standards. The proposed lumping method
is extended to consistently consider wind-sea and swell components in
fatigue assessment. Validation against hindcast data assessment pro-
vided similar levels of accuracy and reduction of computational effort,
revealing a great potential for the method to be used in FLS design.

� Effect of foundation modelling on fatigue
The thesis investigates the influence of foundation modelling on the
dynamic behaviour and fatigue estimates of monopiles, focusing on
comparing the widely used p−y curve approach with a macro-element
model that incorporates hysteretic damping and varying stiffness after
load reversals.

The thesis contributes to a more thorough understanding of how foun-
dation modelling impacts the estimated dynamic behaviour and fa-
tigue of monopiles. It highlights the importance of considering hys-
teretic damping and varying stiffness after load reversals, especially in
parked states or conditions with large wind-wave misalignment, with
negligible aerodynamic damping.

� Environmental contours and extreme responses
The focus of the research lies in the comprehensive evaluation and com-
parison of some uncertainties originating from statistical and physical
load modelling aspects, when estimating extreme responses for large-
diameter monopile foundations, using environmental contour method.
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The results enhance the understanding of how different probabilistic
models and estimation methods for distribution parameters impact the
resultant contours and corresponding extreme responses for monopile-
based OWTs. Furthermore, the study depicts the increasing signif-
icance of load cases at the rated speed, as wind turbine sizes and
natural periods increase.

The variations in extreme responses due to foundation modelling un-
derscore its impact in the absence of aerodynamic damping. Diffrac-
tion effects are seen to be increasingly important for larger diameters
and shorter period sea states. Nevertheless, for the cases analyzed in
the thesis, variations on extreme responses caused by contours estab-
lished from different statistical models of the metocean parameters or
stochastic variation due to seed variability can be larger than varia-
tions caused by different physical load models.



22 22



Chapter 2

Design challenges of
large-diameter monopiles

This chapter focuses on the challenges related to long-term fatigue and ex-
treme responses of large-diameter monopiles. The reader is given a detailed
literature review of state-of-the-art design methods and physical load mod-
els commonly used for FLS and ULS design. The chapter aims to identify
research gaps and current limitations, extracting the topics of this thesis.

2.1 Design methods for long-term responses

2.1.1 Long-term fatigue responses

Different approaches can be used to estimate the accumulated fatigue dam-
age of offshore structures. These include deterministic, spectral-based, sim-
plified, and time-domain methods [62, 63]. Deterministic methods utilize a
regular wave to represent a sea state, ignoring its stochastic characteristics.
Spectral-based approaches consider the stochastic nature of the sea state,
but they cannot correctly handle nonlinearities in the system. Simplified
fatigue assessment based on a closed-form formulation is an alternative ap-
proach to estimate the long-term fatigue damage and can be found in various
design guidelines [62–64].

The time-domain method typically incorporates time-domain simulations
for the dynamic analysis of the structural model, combined with the rain-
flow counting technique [65] to estimate the fatigue damage. Although the
time-domain method is considered the most accurate approach, it requires
significant computational effort.

23
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2.1.1.1 Full long-term fatigue assessment

OWTs are complex systems with multiple sources of nonlinearities, includ-
ing aerodynamic and hydrodynamic loads, soil-structure interaction, and
control system effects. Moreover, there is a strong coupling between the
applied loads and the response characteristics of the wind turbine. For ex-
ample, aerodynamic damping depends on the wind speed and operation of
the turbine, and soil damping depends on the mean thrust force resulting
from wind loading for different wind speeds.

Due to the nonlinear effects and the strong coupling between environmen-
tal loads and structural responses, fully integrated time-domain simulations
combined with rainflow counting are considered the most accurate approach
for OWTs. In the context of OWT fatigue assessment, the common approach
is to analyze all sea states that have a non-zero probability of occurrence
in the wave scatter diagrams, as recommended by design standards such as
the IEC 61400-3 [30]. This procedure, referred to as a full long-term fatigue
assessment, requires analyzing a significant number of load cases, consider-
ing all relevant combinations of environmental parameters and operational
conditions. Seidel et al. [66] highlighted that, when considering directional
information on wave conditions as a function of wind speed and wind direc-
tion, up to 30,000 time series simulations may be necessary during the basic
design phase to capture the fatigue load cases according to IEC 61400-3 [30].
This emphasizes the need for computationally efficient yet accurate methods
for simulating and analyzing the long-term fatigue behaviour of OWTs.

2.1.1.2 Environmental lumping for fatigue design

Reducing the computational effort of long-term time-domain fatigue assess-
ment for OWTs can be achieved through simplifications such as omitting
simulations for opposite wind-wave directions and combining occurrences
in post-processing [66]. Reducing the number of environmental conditions,
also referred to as environmental lumping, is another efficient method to
reduce the computational effort. Environmental lumping involves selecting
a reduced set of representative sea states to replace the full set of load cases
used in full long-term fatigue assessment. The challenge is to select the
reduced set of load cases that accurately predicts the accumulated fatigue
damage along the OWT structure, considering its dynamic properties and
the long-term metocean conditions simultaneously.

Various methods have been developed for selecting representative sea states
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in the context of fatigue life assessment for offshore applications such as
mooring and riser systems [67, 68], fish cages [69, 70], OWTs [47, 71–74],
fixed and floating platforms [75–77]. A common practice involves lumping
the sea states within a wave scatter diagram into a smaller number of blocks,
as shown in Figure 2.1. Representative sea states (blue markers) within each
block are adopted to replace original sea states in the fatigue assessment.
As outlined in standards like DNV-RP-F204 [78], it is important to ensure
that the fatigue damage from the representative sea states is not smaller
than that from the original sea states in the lumping block.

Figure 2.1: Example of lumping of a wave scatter diagram in blocks (red
rectangles), represented by on lumped load cases (blue markers).

Different approaches have been proposed for selecting representative sea
state parameters within lumping blocks. For example, Sheehan et al. [67]
applied a conservative approach for selecting representative sea state param-
eters for riser fatigue assessment, using the largest significant wave height
(Hs) and the weighted average of the peak period (Tp). However, this
method resulted in significant overestimation of fatigue damage. Further-
more, the study highlighted the importance of the choice of peak period and
the number of lumping blocks.

Jia [77] applied a block lumping method for calculating wave-induced dam-
age on jacket structures, using the assumption of a proportional relationship
between fatigue damage and the mth power of the wave height, where m
corresponds to the S-N fatigue curve slope. In his approach, similar to Bur-
ton et al. [79], the representative Hs of each block was estimated based on
this assumption, and Tp was estimated using a weighted average principle.
However, the applicability of this method to a two-segment S-N curve is
questionable. The study depicted that the number of the lumping blocks, as
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well as the representative sea states within those blocks are critical aspects
for the accuracy of the method, as important sea states that may contribute
notably to fatigue damage may be disregarded. Sensitivity studies, such as
investigating the influence of the number of lumping blocks, were recom-
mended to ensure the accuracy and reliability of the fatigue assessment.

Song et al. [75] introduced a lumping block method based on spectral mo-
ments equivalence to select representative sea states. The method demon-
strated accurate results for both fixed and floating offshore structures. How-
ever, it was observed that the method had a strong dependency on the num-
ber of blocks used. To address this limitation, Song et al. further developed
the method in a subsequent study [76] by incorporating fatigue equivalence,
which offered significant advantages compared to conventional block meth-
ods. Hou et al. [70] proposed an improved lumping block method for the
fatigue assessment of a mooring system for a fish cage. Their method in-
volved selecting a more severe significant wave height outperformed other
block lumping methods in terms of accuracy.

Low and Cheung [68] proposed a lumping method based on fatigue equiv-
alence by establishing a fatigue damage function over sea state parameters
for the long-term fatigue assessment of mooring and riser systems. Although
the method proved to be robust and accurate within engineering expecta-
tions, it is considered rather complicated for practical purposes [75]. Du et
al. [69] simplified and further evaluated the lumping method proposed by
Low and Cheung [68] for the fatigue assessment of a mooring system.

Lumping for OWTs should account for the influence of wind loading and the
correlation between wind and waves in the offshore environment, which are
essential for accurately predicting the response of OWTs considering factors
like aerodynamic damping and soil-structure interaction. In the literature,
various methods for environmental lumping in OWTs have been proposed.
Kühn [71] introduced an iterative, damage-equivalent approach where the
initial Hs is estimated based on the assumption of proportionality between
fatigue damage and the mth power of wave height [79], and the reciprocal
of the wave period is defined in terms of the probabilistic average of wave
frequencies. The sea state parameters are then refined iteratively to achieve
a target damage level based on the full wave climate. Seidel [47, 72] pro-
posed an approach that uses an equivalent spectral energy representative of
the entire scatter diagram, calculated from the weighted spectral values of
the original sea states at the first natural frequency. A representative Tp is
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obtained based on the equivalent spectral energy, while the representative
Hs is calculated using quasi-static considerations. Passon [73, 74] developed
a damage-equivalent contour lines method, where the sea state parameters
of the lumped load cases are defined based on the equivalence of a pseudo
fatigue damage matrix over wave height and period. This method resulted
in more accurate preservation of fatigue damage at different locations along
the support structure compared to Seidel’s and Kühn’s methods [74], al-
though it involved several simplifications.

The methods discussed above have certain limitations. For example, many
block lumping methods are sensitive to how the blocks are partitioned, and
some lack a solid theoretical foundation for selecting equivalent wave param-
eters, leading to significant overestimation of fatigue damage. Additionally,
some existing methods are overly complex for practical use, and most ap-
proaches do not consider the dynamic characteristics of the structure. Fi-
nally, it is important to note that design standards for OWTs [80, 81] do not
provide clear recommendations on how lumping should be performed, while
recommendations from other offshore applications [78] have been found to
be overly conservative.

To address these shortcomings, the thesis presents an environmental lumping
method (Chapter 4), specifically developed for the extraction and analysis
of representative load cases for FLS design of monopile-based OWTs. This
method considers the wind-wave climate and the dynamics of the OWT in
an integrated manner. It ensures that similar levels of accuracy in predict-
ing fatigue damage are maintained throughout the support structure, while
significantly reducing the computational effort required.

2.1.1.3 Lumping of wind-sea and swell

During the design process, wave hindcast data are typically provided for the
combined sea state as well as for the wind-sea and swell components sep-
arately. The wind-sea component is predominantly influenced by the wind
direction, while the swell component can come from any direction and is un-
related to the wind. Assuming that swell is co-directional with the wind-sea
can lead to either overestimation or underestimation of fatigue damage for
specific locations around the circumference of the monopile.

Considering the misalignment between wind and waves is crucial because
there is negligible aerodynamic damping in the direction of wave loading.
Therefore, it is essential to consistently account for the individual contribu-
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tions of wind-sea and swell components during the FLS design to ensure a
safe approach without excessive conservatism in fatigue damage predictions.

However, incorporating wind-sea and swell components into a full long-term
fatigue assessment poses significant challenges due to the computational ef-
fort involved. Moreover, to the author’s knowledge, there is no lumping
method available in the literature to address the issue. In the thesis, the
environmental lumping method is extended to consider wind-sea and swell
components in a consistent manner.

2.1.2 Long-term extreme responses

In the design process for OWTs, ensuring structural integrity against ex-
treme environmental conditions is a critical task. To perform design checks
for ULS, long-term extreme responses are considered. These responses are
typically characterized by specific annual exceedance probabilities or N -year
target return periods [30, 59]. In principle, the long-term cumulative dis-
tribution function (CDF) of the extreme response should be determined to
accurately estimate the characteristic N -year value. Then the response level
at which the computed long-term probability matches the target exceedance
probability is the desired characteristic N -year value [82]. An approach
typically proposed for estimating long-term extreme responses of offshore
structures is the full long-term analysis [58]. However, its use is typically
prohibitive due to high computational costs, while, it does not account for
serial correlation in environmental conditions, resulting in positive bias in
estimated extreme responses [83, 84]. Therefore, alternative methods are
used in practice.

2.1.2.1 Full long-term analysis

Full long-term analysis (FLTA), also known as all sea states approach, con-
siders all site-specific environmental conditions to estimate long-term ex-
treme responses [85]. The method takes into account both the variability in
environmental conditions (such as waves and wind) and the short-term vari-
ability of the response. The FLTA involves computing the long-term CDF
of the extreme response by integrating the joint probability density function
of a specific environmental condition with the corresponding short-term re-
sponse probability distribution.

To perform FLTA, several steps are involved. First, the site-specific joint
distribution of the environmental parameters needs to be established. Then,
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a multidimensional integral is solved, which considers the contribution of all
short-term conditions to the long-term response, to obtain the long-term
CDF of the extreme response. However, performing FLTA can be compu-
tationally intensive, as it often requires time-domain simulations or model
tests to capture the stochastic nature of the relevant response quantities.
As a result, FLTA becomes impractical for many offshore applications [86].
For OWTs, the complexity is further increased as the integration domain
expands to include both wind and wave conditions, resulting in a larger
number of short-term conditions that need to be analyzed [82, 87, 88].

FLTA results are often used as a benchmark to assess the accuracy and
calibrate approximate long-term analysis methods [87] used for predicting
extreme responses of offshore structures. For example, Li et al. [87] compared
a modified environmental contour method with FLTA to estimate extreme
responses of bottom-founded offshore wind turbines. Similarly, Baarholm et
al. [86] used FLTA results as a reference to estimate the target percentile
for the environmental contour method in their investigation of the ringing
phenomenon in the Troll A Platform. Haselsteiner et al. [89] provide a sum-
mary of examples of FLTA methods used in various studies in the literature.

To improve the computational efficiency of FLTA, researchers have explored
different approaches. These include reducing the number of required short-
term response calculations or developing more efficient methods to compute
the short-term quantities [90]. However, in practical offshore design, the
environmental contour method is commonly applied as an alternative to
FLTA for defining extreme conditions and responses. The environmental
contour method is widely used to estimate extreme responses and is preferred
due to its computational efficiency compared to FLTA.

2.1.2.2 Environmental contour method (ECM)

For ULS design requirements, the focus is on low exceedance probabilities,
such as loads and responses with a 50-year or higher return period. It has
been observed that only a small portion of the joint distribution of envi-
ronmental parameters, specifically the tail part, significantly contributes to
long-term extreme responses, while the majority of environmental conditions
have negligible effects on the results [91]. Consequently, it is sufficient to
check a limited set of load cases to ensure adequate structural capacity.

One approach to limit the number of load cases assumes that the maxi-
mum response for a specific return period is approximated for a sea state
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with similar return period. For example, to estimate 50-year responses, one
can analyze a sea state with a 50-year significant wave height (Hs) and
representative values of other variables, such as peak period (Tp), for that
Hs level. Empirical evidence supports this assumption for structures where
the response is primarily driven by Hs. However, it may be misleading
for dynamically sensitive structures, where critical conditions can occur for
moderate sea states near the natural period of the structure [92, 93]. This
is particularly relevant for offshore wind turbines that exhibit resonant be-
haviour, leading to critical responses, especially in parked conditions when
aerodynamic damping is negligible or for conditions with moderate sea states
combined with maximum wind loads. This motivates the concept of environ-
mental contours, which represent combinations of environmental variables
with a specified return period.

The Environmental Contour Method (ECM) further simplifies general in-
verse reliability approaches, which include the response conditional on the
environment as an additional variable, and thus identifies a limited number
of short term conditions. Besides its computational efficiency, the method is
appealing since it decouples the probabilistic description of the environment
from the structural design. This can be particularly beneficial for evaluating
different design options under site-specific environmental conditions.

Establishing environmental contours involves three steps, as illustrated in
Figure 2.2. First, a statistical model is constructed to describe the joint
distribution of metocean parameters. This model is then used to establish
the N -year contours, which represent combinations of parameters with a
specific return period. Finally, the response of interest is calculated for
various conditions along the N -year contour.

Figure 2.2: Steps to establish contours from a metocean dataset [94]

Figure 2.3 shows an example of an Hs − Tp environmental contour for dif-
ferent probabilistic models, along with the metocean data and simulated
combinations along the contour. Typically, to identify the most severe sea
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state, multiple stochastic time-domain simulations are performed for dif-
ferent conditions along the contour, and the largest response is calculated.
Then, having defined the most severe sea state, to establish the N -year
characteristic response that represents the extreme response for the N -year
return period, different approaches can be used. One common method is to
calculate the median (50th percentile) of the largest response values obtained
from the simulations. Alternatively, a higher percentile, such as 85% to 95%,
can be selected to indirectly account for the short-term variability [86, 95–
97]. Other approaches include using a contour with a higher return period,
a correction factor to refine the design loads [98], or applying an additional
safety factor multiplied by the characteristic load [99]. A combination of
these methods can be employed, as proposed by Derbanne et al. [100].
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Figure 2.3: Simulated combinations along the contours, to identify the
most severe sea state for the extremes of a selected response quantity.

Various approaches exist for establishing the joint distribution of metocean
variables and establishing environmental contours. These methods include
global hierarchical models [101–116], copula models [117–120], kernel den-
sity estimates [121–123], block-resampling methods [124], and conditional
extreme value models [125, 126]. The global hierarchical model that is used
in the thesis is widely used and also recommended by the design standards,
however it poses several challenges. Firstly, selecting specific statistical mod-
els for the metocean parameters and the way in which those are related (de-
pendence structure) in a model is mostly based on experience, rather than
solid theoretical principles. In particular, the dependence functions typically
used in literature and recommended in the design standards [30, 59] do not
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provide any physical interpretation as noted by Haselsteiner et al. [127] who
presented recent work on the topic. Furthermore, fitting a statistical model
to all observations does not guarantee a representative fit to the tail of the
distribution, which is the range of most interest for estimating extremes,
while serial in the data is ignored, resulting in positive bias in extreme esti-
mates [83, 84].

Similarly, different methods exist for establishing metocean contours, based
on different concepts of exceedance probability. For the inverse first-order re-
liability method (IFORM) that is widely used in the offshore industry [90, 92,
128], and direct sampling method [129–131], the contour exceedance proba-
bility is defined as a marginal exceedance probability. In contrast, for recent
methods such as inverse second-order reliability method (ISORM) [132, 133],
and highest density contour method (HDC) [123], contours are defined in
terms of the total exceedance probability, being significantly more conser-
vative [134]. Other approaches are the Nataf transformation [135], or the
Direct-IFORM, which replaces the multi-dimensional joint distribution by a
series of univariate fits, allowing to be applied in higher dimensions for ar-
bitrary numbers of variables, without loss in performance. The method was
firstly introduced by Derbanne et al. [136] and further presented by Mackay
et al. [137], where its applicability to the design of OWTs is discussed.

Ross et al. [138] presented a survey of the metocean user community regard-
ing environmental contours, providing recommendations on when and how
to use them. Studies have compared different environmental contour meth-
ods and investigated the impact of statistical uncertainties on the contour
lines and resulting extreme responses [139, 140]. Notably, Mackay and Hasel-
steiner [134] studied the impact of the choice of contour on simple structural
reliability problems, highlighting that some understanding about the shape
of a structure’s failure surface is required, to choose an appropriate contour
method. Haselsteiner et al. [94] conducted a benchmarking exercise compar-
ing contours obtained using different methods, revealing large variations in
the contours and no clear conclusions on which contours provide the most
accurate response estimates or how the contour establishment steps con-
tribute to these variations. Hautecloque et al. [83] extended the study by
quantifying the accuracy of extreme responses using various contour meth-
ods for different types of structures, such as ships and a tension leg platform.
The study highlighted the importance of ensuring that the statistical model
fits the data well to obtain accurate response estimates. Contours based on
IFORM were found to exhibit better accuracy, but further evaluation for
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different offshore applications was recommended. It was also depicted that
neglecting serial correlation in the data can lead to a positive bias in response
estimates, while methods that account for serial correlation showed closer
agreement with reference results. A method to reduce the influence of serial
correlation in metocean data and environmental contours for prediction of
extreme return levels was also presented by Coe et al. [141].

These studies highlight the ongoing research and discussion around the se-
lection and accuracy of different environmental contour methods, as well as
the importance of considering statistical uncertainties and serial correlation
in the data to obtain reliable extreme response estimates.

2.1.2.3 Challenges of ECM for offshore wind turbines

Applying the environmental contour method (ECM) directly to offshore
wind turbines (OWTs) can be challenging. According to the IEC 61400-
3-1 standard, a 2-dimensional contour of wind speed (Uw) and significant
wave height (Hs) should be established, with the peak period (Tp) cho-
sen deterministically as the value that results in the highest response for a
given Uw-Hs combination. However, for dynamically sensitive structures like
OWTs, neglecting the stochastic nature of the wave period in establishing
the contours can lead to non-conservative extreme response estimates.

Valamanesh et al. [142] found that higher mudline bending moments were
observed for moderate sea states near the natural period compared to cases
where Tp was chosen for the most severe wind and wave combination. Simi-
larly, Velarde et al. [85] demonstrated that resonant loads during parked or
idling conditions under operational wind speeds could dominate the design
loads for monopile-bases OWTs.

To account for the three dominant variables (Uw, Hs, and Tp) in a probabilis-
tic manner, it is necessary to establish a three-dimensional contour surface.
Li et al. [143] proposed estimating the response for a set of points on this
surface to consider the combined effect of the three metocean variables on
the extreme response of OWTs. Horn and Winterstein [144] used multiple
2D contours, both Uw−Hs and Hs−Tp, to deal with the three-dimensional
variable space. Other studies focused on using Hs-Tp contours representa-
tive of different wind speeds [87]. It is still uncertain which approach is best
suited to address the environmental variables relevant to OWT design [89].
However, as emphasized by Ross et al. [138], it is essential to include all
dominant environmental variables associated with the response quantity of
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interest in the establishment of the contour. Otherwise, it is likely that the
contour will result in an inadequate estimation of the N -year response.

Another challenge using the ECM for OWTs is their non-monotonic be-
haviour with respect to wind loads due to the controller. The control system
is designed so the OWT extracts the maximum possible power from wind,
until its rated capacity, at the rated wind speed, where mean responses
reach their maximum due to wind loads. Above rated speed, the blades are
pitched to keep constant power output, such that mean loads due to wind
gradually decrease until the cut-out speed. Finally, blades are fully pitched
to minimize loads above cut-out wind speed while the turbine is parked,
i.e., not producing power, and wind loads as well as fore-aft aerodynamic
damping abruptly drop. As a result, OWT responses, e.g., overturning mo-
ment, can be higher during operational conditions, particularly close to the
rated speed. The importance of evaluating both operational and parked
conditions to derive design loads has been highlighted in the literature, see
e.g., Saranyasoontorn and Manuel [145]. Due to this behaviour, extreme re-
sponses can be governed by the non-extreme operating wind conditions due
to wind loads instead of an extreme condition where the turbine is parked.

Various studies have indicated that the ECM is not directly applicable to
OWTs, and it is recommended to use the complete IFORM that accounts
for response variability [82]. Li et al. [87] proposed a modified version of the
ECM specifically for OWTs. They established multiple Hs-Tp environmen-
tal contours for different wind speeds ranging from the rated wind speed to
the cut-out wind speed, to identify the largest response value. This modified
ECM has been successfully applied to various OWT configurations, including
bottom-founded [87] or semi-submersible [146] OWTs, a two-rotor floating
OWT concept [147], and integrated offshore renewable energy devices [88],
yielding reasonable accuracy compared to results obtained from FLTA.

In this thesis, some statistical and physical load modelling uncertainties of
extreme responses for monopile-based OWTs are assessed, using environ-
mental contours. ECM using the global hierarchical approach and IFORM
was used to establish contours for representative wind classes. The focus is
on investigating the impact of different conditional probability distributions
for significant wave height and peak period, as well as methods for estimating
distribution parameters on the resulting contours. Additionally the relative
importance compared to the impact of foundation and hydrodynamic load
models on extreme responses is evaluated for different design scenarios.
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2.2 Physical load models for design purposes

2.2.1 Soil-structure interaction

Soil-structure interaction refers to the interaction between the foundation of
an OWT and the surrounding soil, and it plays a crucial role in the overall
dynamic behaviour of the wind turbine system.

Several important aspects of soil behaviour should be considered in the anal-
ysis. These include the variation in soil stiffness under cyclic loading, the
increase in soil damping with higher shear strain caused by larger loads, and
the accurate representation of the load-transfer mechanism from the foun-
dation to the soil. These factors have a significant impact on the long-term
performance of OWTs and should be carefully accounted for when assessing
the response of the system. It should be highlighted that the study does
not address the long-term behaviour of the soil, i.e., soil degradation over
time, but rather considers the long-term behaviour of the structure based
on short-term assessment with different soil-structure interaction models.

2.2.1.1 The p− y approach: applicability and limitations

The design standards for offshore structures, such as OWTs [30, 39], typi-
cally use the p− y method to model laterally loaded piles. In this approach,
the pile is represented as a beam, and the resistance of the soil to lateral dis-
placement is modeled using a series of discrete, uncoupled, nonlinear elastic
springs along the pile.

The p− y method was originally introduced by Reese & Matlcock [148] for
slender piles in the oil and gas industry, where axial loads are dominant and
the piles have high embedded length-to-diameter (L/D) ratios. It has been
widely accepted in the industry due to its successful track record in design-
ing flexible piles over many years [48, 149]. However, the loading conditions
for monopile foundations in OWTs are significantly different from those in
the oil and gas industry. The magnitude and character of the loads, as well
as the failure modes and cyclic loading effects, are distinct [51, 149, 150].

The loading of monopile foundations in OWTs is characterized by horizontal
loads, which, combined with the height of the structure, lead to dominant
bending moments at the seabed. The vertical loads, due to the relatively
low weight of the structure, are unimportant compared to the overturning
moments from wind and waves [48, 151]. Furthermore, the flexibility of
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the pile plays a significant role in the soil-structure interaction and failure
mechanism [150], and therefore a distinction shall be made between a pile
with rigid behaviour and one that is relatively flexible [149]. Large-diameter
monopiles are characterized by slenderness ratios (L/D) below 5, which leads
to relatively rigid behaviour compared to the slenderness ratios of 15-20
assumed in the development of the p − y method [152]. The difference in
geometry and loading conditions between monopile-based OWTs and piles of
jacket structures is illustrated in Figure 2.4, adopted from Bhattachary [153].
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Figure 2.4: Load transfer for an OWT supported on a monopile and a
jacket with multiple pile foundations [153]

The stiffness of the OWT system is significantly influenced by the stiffness
of the surrounding soil. Soil stiffness can be classified as strain-hardening
or strain-softening based on how it changes under repeated strains [153].
When the soil stiffness increases or decreases, the foundation becomes stiffer
or softer, respectively, directly affecting the natural frequency of the system.

Nonlinear response of foundations has been observed through various full-
scale measurements, indicating that the natural frequency of monopile-based
OWTs decreases as displacement or acceleration levels increase [154, 155].
Studies conducted by Arany et al. [156] on monopile-based OWTs have
demonstrated that rotational stiffness, which represents the moment re-
quired for unit rotation of the pile at the mudline, is the dominant factor
influencing the natural frequency of the system. Figure 2.5 illustrates the
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relationship between natural frequency and rotational stiffness for 12 op-
erating wind turbines. The curves clearly indicate that any change in soil
stiffness can alter the dynamic characteristics of the system. Similar ob-
servations regarding the dynamic soil-structure interaction have been made
through scaled model tests [50, 157, 158], which showed that the dynamic
characteristics of OWTs can change over time, or monitoring of operational
wind farms, such as the measurements from the Lely wind farm that revealed
change of natural frequency after six years of operation [71].
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superstructure length [152]

Soils exhibit nonlinear responses during load reversals, resulting in varying
soil stiffness during loading, unloading, and reloading cycles. These varia-
tions in stiffness can bring the natural frequency of the OWT closer to the
excitation frequencies, leading to increased dynamic responses and poten-
tially compromising the structural integrity due to resonance. Therefore,
it is crucial to accurately represent the cyclic loading-induced variations in
foundation stiffness to estimate fatigue damage more realistically.

Another essential aspect in the foundation modelling is the accurate rep-
resentation of soil damping, particularly in situations where aerodynamic
damping, which contributes the most to overall damping, is negligible. In
those conditions, such as parked state and wind-wave misalignment situa-
tions, the relative importance of soil damping increases. Soil damping in
soil-structure interaction consists of radiation damping resulting from geo-
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metric spreading of waves, hysteretic damping due to material plastic defor-
mations, and to a lesser extent, damping induced by pore fluid [153, 159].
Wave radiation damping and pore fluid-induced damping are generally neg-
ligible for frequencies below 1 Hz [153, 160], and hysteretic damping becomes
the main contributor in the analysis of monopile foundations.

While the p − y method is widely employed for OWTs and can be eas-
ily integrated into simulation tools, it cannot entirely capture effects such
as hysteretic damping or stiffness variation after load reversals. Therefore,
alternative numerical foundation models have been proposed for fully in-
tegrated analyses of monopile-based OWTs [159], including modified p − y
curves, p−y curves derived from finite element analysis, discrete lateral and
rotational springs, and macro-element models.

2.2.1.2 Macro-element models

An approach that can accurately capture both the foundation stiffness and
damping is macro-element modelling. Macro-element models were initially
introduced in geotechnics by Roscoe and Schofield [161] and have been widely
applied in various offshore applications [162–166]. Unlike p−y curves, macro-
element models condense the response of the foundation and surrounding soil
into a force-displacement relationship at a single point, typically located at
the mudline [163], as illustrated in Figure 2.6. The response at this point
is derived from the interaction between the soil and the structure below the
mudline, but the explicit representation of these interactions is not included
in the model.

In the macro-element model, the relationship between horizontal forces, mo-
ments, and displacements, as well as rotations, is described using the frame-
work of multi-surface plasticity, which was originally proposed by Iwan [167].
The model assumes linear elastic responses for vertical and torsional cyclic
loading, which are decoupled from the horizontal responses. The nonlinear
behaviour of the surrounding soil is incorporated into the macro-element
formulation through various input parameters, including coefficients of the
elastic stiffness at the mudline, two load-displacement curves, and a few nu-
merical parameters.

A macro-element was developed as part of the REDWIN (REDucing cost of
offshore WINd by integrated structural and geotechnical design) project [168],
specifically for predicting the response of monopile-based offshore wind tur-
bines. The mathematical formulation and detailed characteristics of the
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2.2.1.3 Effect of soil modelling on OWT responses

Several studies have investigated the effect of soil stiffness and damping on
the long-term responses of monopile-based OWTs. Schafhirt et al. [172]
examined the impact of soil stiffness variations on the damage equivalent
loads using p − y curves. They found that a 50% reduction in soil stiffness
increased the damage equivalent loads at the mudline by 7%. This result
was consistent with the findings of Damgaard et al. [173], who studied the
effects of soil stiffness and damping changes on fatigue loads using a lumped-
parameter foundation model. They observed that a 50% reduction in soil
Young’s modulus increased the fatigue equivalent moment at the mudline
by approximately 12%, while a 50% reduction in soil damping properties
increased the fatigue damage equivalent moment by 25%.

Aasen et al. [174] compared different soil-foundation models and highlighted
the influence of both stiffness and damping on fatigue damage. They con-
sidered four models: (1) p − y curves, (2) linear elastic stiffness matrix at
the mudline, (3) linear elastic stiffness matrix with soil damping, and (4) a
nonlinear 1-D elasto-plastic model, which can capture the nonlinear stiffness
and damping due to hysteresis. The last model, which provided the most
realistic representation, reduced long-term fatigue damage by 11% to 22%
compared to the other models. Furthermore, Carswell et al. [175] investi-
gated the effect of hysteretic damping on extreme responses of monopiles
subjected to storm loading. They found that soil damping reduced both the
maximum and standard deviation of the mudline bending moment by 7-9%.

Considering these findings, it becomes evident that commonly used soil-
structure interaction models like p − y curves may not accurately capture
the behaviour of large-diameter monopiles in OWTs, due to the different
geometry and nature of loading. Furthermore, neglecting important aspects
such as unloading on different stiffness after load reversals and damping
due to hysteresis can affect fatigue and extreme estimates. Hence, further
research and comparison of more realistic foundation models are necessary
to better understand and predict the fatigue responses of large-diameter
monopile foundations in OWTs.

2.2.2 Hydrodynamic modelling

Different models have been developed to calculate hydrodynamic loads on
circular cylinders that are partially submerged, such as those used in monopile-
based OWTs. Among the models for hydrodynamic loads, Morison’s equa-
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tion [176] is recommended by design standards like the International Elec-
trotechnical Commission (IEC) [30] and Det Norske Veritas (DNV) [59], and
it is commonly used in practice.

2.2.2.1 Morison’s equation

Morison’s equation is a semi-empirical formulation based on the assumption
that the cylinder is slender, meaning its diameter is small compared to the
wavelength of the incident waves. This assumption implies that the cylinder
does not generate a significant diffracted wave field. Morison’s equation
combines viscous drag and inertia load components, and it can be expressed
as follows,

dF =
1

2
CdρDp|ur|ur + Cmπρ

D2
p

4
(u̇w − u̇s)− ρ

D2
p

4
u̇s (2.1)

where dF is the force per unit length, Cd, Cm are the drag and inertia
coefficients respectively, ρ is the water density, and Dp is the pile diameter.
ur is the relative horizontal fluid particle velocity normal to the member,
and u̇w, u̇s are the flow and structure accelerations normal to the member,
respectively. The inertia coefficient can be split in two contributions

Cm = 1 + Ca (2.2)

where Ca is the added mass coefficient. The first term represents the Froude-
Krylov force from the pressure of the undisturbed wave, and the second
term represents the diffraction effects. Morison’s equation assumes a slen-
der structure, i.e. the cylinder diameter is small compared to the wavelength
of the incident wave.

The drag and inertia coefficients, Cd and Cm, vary with different parameters
such as Reynolds number, Keulegan-Carpenter number, surface roughness,
and the ratio of current or wave velocity to the cylinder velocity. Exper-
imental studies have shown significant variations in these coefficients even
under similar conditions [30]. In design calculations, it is common practice
to assume constant values of 0.9 for Cd and 2.0 for Cm [59]. However, it is
important to note that these values are simplifications and may not capture
the true variations in coefficients for specific conditions.

2.2.2.2 MacCamy-Fuchs model

When the dimensions of a structure are large compared to the wavelength,
λ, of the incident waves, i.e., typically when Dp > 0.2λ, diffraction effects
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become important. In such cases, Morison’s equation is no longer sufficient,
and alternative approaches are needed. Design standards [30], recommend
using the MacCamy and Fuchs [177] analytical solution for the diffraction
of long-crested waves incident on vertical piles. This approach considers
the superposition of incident and scattered wave potentials to determine the
wave field. While Morison’s equation can still be used for the drag force
component in this approach, the inertia force component varies depending
on the size of the pile and the frequency of the incoming waves.

The MacCamy and Fuchs model is particularly relevant for larger monopile
foundations, where diffraction is significant. As Figure 2.7 shows, the inertia
load coefficient Cm reduces significantly for short waves and larger diameters,
leading to a decrease in the total horizontal force. It is important to note
that the MacCamy and Fuchs model is applicable only for linear waves, while
Morison’s equation can be used with wave kinematics derived from different
theories.
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Figure 2.7: Comparison of inertia load coefficient for different monopile
diameters at 30 m depth

2.2.2.3 Challenges related to hydrodynamic load models

The choice of wave kinematics and wave load models depends on the spe-
cific purpose of the study and the wave conditions being considered. For
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fatigue analysis of OWTs, which is primarily dominated by moderate sea
states, the Airy linear theory is often sufficient. However, second-order ef-
fects from nonlinear waves can become important during parked states or
when wind and waves are misaligned, as aerodynamic damping in the wave
force direction is negligible. Researchers have discussed these aspects in
the literature [178, 179], and it has been noted that although higher peaks
may be observed when considering second-order waves, the overall fatigue
lifetime is not significantly affected, especially considering that severe sea
states have a low probability of occurrence. Therefore, for fatigue analysis,
linear wave kinematics can generally be used without compromising accu-
racy. Diffraction effects, which are crucial for fatigue lifetime estimation,
can then be incorporated using the MacCamy and Fuchs model [180].

In the context of ULS design, where the focus is on extreme loads and subse-
quent responses, steep waves become more relevant. Under these conditions,
the nonlinear effects caused by wave steepness cannot be neglected, partic-
ularly in intermediate and shallow water depths. Therefore, higher-order
wave kinematics and wave load models are typically required.

One commonly used approach in simulation tools is to use 2nd-order direc-
tional Stokes waves [59], which incorporate second-order correction terms, in-
cluding sum- and difference-frequency wave components. The difference fre-
quency components are not significant for monopiles, but the sum-frequency
components affect the wave shape, making them steeper with higher crests
and flatter troughs. The wave kinematics obtained 2nd second-order irreg-
ular wave theory can be used as input in Morison’s equation to compute
hydrodynamic loads. An alternative to 2nd-order waves, is using wave kine-
matics from a fully nonlinear potential flow solver, which is considerably
more computationally intensive. The challenge of both models is to accu-
rately capture wave breaking, which typically requires numerical filters.

Other methods to compute extreme loads from nonlinear waves include the
constrained wave approach, where a regular stream function wave is embed-
ded into a background irregular linear wave realization, or fully nonlinear
computations. However, these methods have limitations in terms of accu-
racy or computational time [181, 182]. Several higher-order theories have
been developed, such as Rainey’s model [183], Faltinsen et al. [184], Malenica
and Molin [185], and Kristiansen and Faltinsen [186]. Comparisons of these
higher-order models for extreme responses of monopile foundations can be
found in the literature [182, 187] but are not discussed further in the thesis.
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Current engineering models cannot account for diffraction effects when higher
order wave kinematic theories are used, as MacCamy and Fuchs’s approach
only applies to linear waves. As diffraction becomes increasingly important
with increasing diameter, a new load model has been developed during the
WAS-XL project. The model combines the conventional Morison’s formu-
lation for slender bodies with a frequency-dependent mass coefficient based
on formulation from MacCamy and Fuchs. Conventional Morison’s equa-
tion with constant and frequency-dependent mass coefficient, using 2nd-order
Stokes waves, are evaluated to compute extreme loads. The importance of
diffraction effects in hydrodynamic load models is compared to other mod-
elling aspects (soil modelling, statistical modelling of metocean conditions)
for estimating extreme responses (Chapter 7).



Chapter 3

Numerical models

This chapter describes the site conditions, the wind turbines, and the fea-
tures of the numerical models used in the thesis. It summarizes the struc-
tural formulation and environmental load models for the fully coupled time-
domain models and the simplified state-space frequency-domain models.

3.1 Site-specific information

This section provides a detailed summary of the site-specific metocean and
soil conditions for an hypothetical location at the North Sea with coordinates
(55.11◦N, 3.47◦E) and a water depth of 30 meters. These conditions served
as the basis for conducting long-term fatigue and extreme response studies,
and the soil conditions were the basis for calibrating the soil models used for
the thesis. Figure 3.1 indicates approximately the location of the site (blue
marker), along with areas of wind farm development in Europe.

3.1.1 Metocean conditions

Two site-specific metocean datasets were used, for the thesis and relevant
scientific papers. The first dataset was obtained from the National Kapodis-
trian University of Athens (NKUA) and was generated using a numerical
hindcast model for the Marina Platform project [143]. This dataset covers
a 10-year period from 2001 to 2010 and provides metocean parameters for
various locations. The second hindcast dataset, known as NORA10 [56, 57],
is from the Norwegian Reanalysis Archive. It is a regional dataset, devel-
oped by the Norwegian Meteorological Institute [188], specifically designed
for the northeast Atlantic and offers 3-hour resolution data. The NORA10
hindcast spans a longer time period, from 1957 to 2017. Both datasets in-

45
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Figure 3.1: Site location (blue marker) used in the thesis. Original figure
(without the marker) taken from European Environment Agency website.

clude information on mean wind speed at 10 meters above still water level
(SWL), significant wave height (Hs), wave peak period (Tp), and wind-wave
directionality for both wind-driven and swell components, as well as com-
bined sea conditions.

The 10-year hindcast data from NKUA were compared to the NORA10
dataset for the same location and period (2001-2010). The NKUA data,
which were originally provided at a different time resolution, were averaged
over 3-hour intervals to match the resolution of the NORA10 data. The
comparison did not consider spatial resolution effects. The agreement be-
tween the two datasets was evaluated using q-q plots for Hs and Tp, shown
in Figure 3.2.

The figure indicates a good agreement between the two datasets, with corre-
lation coefficients of 0.93 for Hs and 0.90 for Tp. It is noted that the NKUA
data exhibited slightly higher values for Hs in the range of 6-7 meters com-
pared to the NORA10 data. The minimum value of peak frequency in NKUA
data was 0.061 Hz, resulting maximum Tp slightly above 16 s, explaining
partly the difference with NORA10 data. Overall, the level of agreement
between the datasets was acceptable for the purposes of the study, and no
further comprehensive data comparison was conducted.
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Figure 3.2: q-q plots for Hs and Tp 10-year wave data comparison between
NKUA and NORA10 hindcast datasets

Figure 3.3 presents scatter density plots for the main metocean parameters
from NKUA hindcast data, illustrating the joint distribution of variables.
Figure 3.4 displays wind and wave roses, providing a graphical representation
of wind and wave directionality for the combined sea component.
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Figure 3.3: Scatter density plots of metocean parameters based on NKUA
hindcast data

3.1.2 Soil conditions

The soil conditions defined for the hypothetical site consisted of a 3-meter
layer of sand followed by clay layers below. The undrained shear strength
of the soil increased linearly with depth, while the shear modulus exhibited
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Table 3.2: FEA soil parameters for clay layers (3-100 m)

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

non-linear stress behaviour of saturated clays under undrained monotonic
loading conditions. It’s important to note that the focus of the thesis is not
to investigate the constitutive models used for the soil, but instead on using
calibrated foundation models based on FEA results provided by the NGI.

3.2 Wind turbine models

The thesis considers three representative utility-scale multi-megawatt wind
turbine models: the NREL 5 MW [190], the DTU 10 MW [191], and the IEA
15 MW [192] reference wind turbines. All three turbines are three-bladed
upwind variable-speed turbines, and their key parameters are summarized in
Table 3.3. The corresponding generator-torque and blade-pitch control sys-
tems were based on specific controller models. For the NREL 5 MW turbine,
the NREL Baseline Wind Turbine Controller [190] was employed. The DTU
10 MW turbine used the Basic DTU Wind Energy Controller [193], while
the IEA 15 MW [194] turbine employed NREL’s Reference OpenSource Con-
troller. Figure 3.5 illustrates their main response characteristics for steady
wind speeds ranging from 1 m/s to 25 m/s.
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Table 3.3: Main parameters of the turbines used in the thesis

Parameter Unit NREL DTU IEA

Power rating MW 5 10 15
Rotor orientation - Upwind Upwind Upwind
Number of blades - 3 3 3

Cut-in wind speed m/s 4 4 3
Rated wind speed m/s 11.4 11.4 10.6

Cut-out wind speed m/s 25 25 25

Minimum rotor speed rpm 4.9 6.0 5.0
Maximum (Rated) rotor speed rpm 12.1 9.6 7.56

Maximum tip speed m/s 79.9 90 95
Design tip speed ratio m/s 7.5 9.0

Hub height m 90 119 150
Hub diameter m 4.24 5.6 7.94

Rotor diameter m 126 178.3 240
Blade mass tonnes 17.7 41 65.3
RNA mass tonnes 350 674 1017

The tower of each wind turbine model was represented by sections with
specified lengths (Lt,i), diameters (Dt,i), and wall thicknesses (tt,i). The di-
mensions of these sections, summarized in Table 3.4, vary along the height
of the tower, as illustrated in Figure 3.6.

For the NREL 5 MW turbine, the sectional properties of the tower are sim-
ilar to the original land-based tower design, as documented in the NREL
5 MW reference [190]. However, the thickness of the sections was increased
by 30% to ensure that the first fore-aft and side-to-side frequencies of the
tower fall within the 1P-3P range of the wind turbine when installed on the
monopile designed for the hypothetical location.

The sectional properties of the tower for the DTU 10 MW turbine followed
a preliminary design presented by Velarde (Chapter 5) [195]. The tower di-
mensions were modified to meet the fundamental frequency requirement of
the entire system, considering a monopile with a 9 m diameter and a 0.11 m
thickness at a water depth of 30 m.
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Figure 3.5: Response characteristics for steady wind

The tower design for the IEA 15 MW turbine was based on the original
design specifications provided in the IEA 15 MW reference [192].

All wind turbines are supported on monopile-based support structures, sep-
arated into two parts. The first part is the substructure, which extends
from SWL to the mudline, and the second is the foundation, which extends
from the mudline to the monopile tip. Constant diameter (Dp) and wall
thickness (tp) along the monopile structure were considered for all OWTs.
The 5 MW monopile dimensions were based on the OC3 monopile [196],
modified to achieve a desired natural frequency ∼0.25 Hz, which is in the
middle of the soft-stiff frequency range of the 5 MW OWT (Figure 1.12).
The dimensions of the base-case 10 MW monopile were based on Velarde
and Bachynski [197], for water depth 30 m and a diameter-to-thickness ratio
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Figure 3.6: Representation of tower sections for the three OWT models

Table 3.4: Tower sectional properties [m] for the three OWT turbines with
the accumulated length of each section.

Section NREL 5 MW DTU 10 MW IEA 15 MW

i Lt,i Dt,i tt,i Lt,i Dt,i tt,i Lt,i Dt,i tt,i
1 8.76 6.00 0.0351 11.56 9.34 0.0665 15.00 11.00 0.1100
2 17.52 5.76 0.0339 23.13 9.01 0.0630 28.00 10.00 0.0395
3 26.28 5.53 0.0328 34.69 8.69 0.0595 41.00 9.96 0.0365
4 35.04 5.29 0.0316 46.25 8.36 0.0560 54.00 9.68 0.0338
5 43.8 5.05 0.0305 57.82 8.04 0.0525 67.00 9.14 0.0322
6 52.56 4.82 0.0293 69.38 7.71 0.0490 80.00 8.49 0.0307
7 61.32 4.58 0.0282 80.94 7.39 0.0455 93.00 7.77 0.0291
8 70.08 4.34 0.0270 92.50 7.06 0.0420 106.00 7.15 0.0272
9 78.84 4.11 0.0259 104.07 6.74 0.0385 119.00 6.83 0.0240
10 87.6 3.87 0.0247 115.63 6.41 0.0350 132.00 6.66 0.0208
11 - - - - - - 144.58 6.54 0.0240

∼80. The base-case embedded length was 36 m. The monopile support-
ing the 15 MW turbine was designed for a target natural frequency around
0.18 Hz - 0.19 Hz. For the 5 MW and 15 MW monopiles, the embedded
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length is chosen to have a length-to-diameter ratio (Lp : Dp) equal to 4, as
the 10 MW case. The diameter-to-thickness ratio (Dp : tp) is below the lim-
its required by design standards. The Young’s and shear modulus for steel
were taken as 210 MPa, and 80.8 MPa, respectively. The density was taken
as 8.5 t/kgm3 to account for secondary components. Figure 3.7 illustrates
the OWTs.
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Figure 3.7: Illustration of the three OWT models

Table 3.5: Main monopile dimensions for the three OWTs

Parameter Notation Unit NREL 5 MW DTU 10 MW IEA 15 MW

Diameter Dp m 7 9 11
Thickness tp m 0.07 0.11 0.11

Embedded length Lp m 28 36 44

Length-to-Diameter Lp : Dp - 4 4 4
Diameter-to-Thickness Dp : tp - 100 80 100
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3.3 Simulation models

The thesis used two different simulation models to represent the OWTs.
The first is a fully coupled nonlinear aero-hydro-servo-elastic time-domain
model, described in Sec. 3.3.1. The second model is a simplified state-space
frequency-domain model, discussed in Sec. 3.3.2.

3.3.1 Fully coupled models

3.3.1.1 RNA, tower and substructure

In the fully coupled time-domain models, the simulation tool SIMA [198, 199]
was used to model the rotor-nacelle assembly (RNA), tower, and monopile
above the seabed. SIMA is an aero-hydro-servo-elastic simulation tool devel-
oped by SINTEF Ocean. The tool has undergone verification through exper-
imental studies and code-to-code comparisons with other analysis tools for
both floating and bottom-fixed offshore wind turbines, see e.g. [42–44, 200].

The RNA was represented by a rigid body, which was replaced by a nodal
mass and inertia at the top of the tower, given in Table 3.6. The proper-
ties, geometry, and characteristics of the airfoils used to model the blades
were obtained from the relevant reference turbine documents [190–192]. The
tower and substructure components were modeled as axisymmetric beam
elements, using nonlinear beam element theory that allows for large rota-
tional deformations, incorporated in SIMA. A circular hollow cross-section
was used, with the diameter and thickness being specified according to the
design requirements.

Table 3.6: RNA masses and inertias of the OWTs

Parameter Unit NREL DTU IEA

Mass (MRNA) tonnes 350 674 1017
Inertia (Ixx)* tonnes m2 4.38E+07 1.60E+08 3.19E+08
Inertia (Iyy) tonnes m2 2.22E+03 7.81E+04 2.78E+05

* Ixx values include drivetrain inertia

3.3.1.2 Foundation modelling

Three different modelling approaches were employed to represent the foun-
dation, i.e., the monopile below the mudline, in the simulations. These
include a linear stiffness matrix, p − y curves, and a macro-element. All



3.3. Simulation models 55

models were calibrated using the same FEA results obtained from full 3D
continuum modelling of the soil volume. The soil properties used in the
simulations can be found in Tables 3.1 and 3.2, and the dimensions of the
foundations are provided in Table 3.5.

In the first approach, a linear elastic stiffness matrix was applied at the
mudline to represent the foundation. This stiffness matrix was considered as
the linear elastic stiffness part from the macro-element models, which were
used to capture the monopile-foundation response at representative load
levels. It is noted that this approach was used only in the first paper of the
thesis. The second approach involved the use of p−y curves. In this method,
the pile was modeled as a beam, and the resistance of the soil to lateral
displacement of the pile was represented by a series of discrete, uncoupled,
axisymmetric nonlinear elastic springs along the pile. An illustration of the
p− y springs modeled in SIMA is shown in Figure 3.8.

Mudline

SWL

p-y springs

Figure 3.8: OWT modelled in SIMA using p− y springs

The third approach used a nonlinear elasto-plastic model based on the
macro-element concept, which was developed as part of the REDWIN project.
The model condenses the soil-foundation system into a single node located at
the mudline, representing the interface between the foundation and the rest
of the structure, as shown in Figure 2.6. By using this model, the complete
nonlinear response of the soil-foundation system is captured through load-
displacement curves obtained from nonlinear analyses conducted in FEA.
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The macro-element model interacts with SIMA through a dynamic link li-
brary (DLL). This DLL serves as an interface between the macro-element
model and SIMA. At the beginning of each calculation time step, the DLL
retrieves the nodal displacement (ui) and rotation fields (ri) at the mudline
from SIMA to estimate the external forces (Fi, Mi) acting on the macro-
element model. These external forces are then computed by the macro-
element model and returned to SIMA. This iterative process continues until
specific convergence criteria are satisfied. The interface between SIMA and
the REDWIN DLL is depicted in Figure 3.9. To calculate the forces along
the monopile below the seabed, a separate post-processing numerical tool is
employed. This tool adopts a beam on spring model, where the springs are
calibrated based on the results obtained from FEA. The calibration method-
ology used for the springs is described by Klinkvort et al. 2020 [201].

Mudline

SWL

REDWIN.dll

�� , ��

��
�� , ��

��

Figure 3.9: Interaction between macro-element and SIMA

3.3.1.3 Stochastic wind field & aerodynamic loads

TurbSim, developed by the National Renewable Energy Laboratory (NREL),
was used in the thesis to generate turbulent wind time series for the aeroelas-
tic simulations. TurbSim is a stochastic turbulence simulation tool that gen-
erates time series of three-component wind-speed vectors at specific points
in a two-dimensional vertical rectangular grid fixed in space, as shown in
Figure 3.10 [202]. For each OWT, the center grid point was located at the
hub height, and the grid dimensions (height and width) were equal and cho-
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sen to cover the rotor diameter. The tool utilizes a numerical simulation
approach to generate realistic turbulent wind conditions.

Figure 3.10: TurbSim wind field example. Definitions of coordinate
systems, can be found in TurbSim’s user guide [202]

In the thesis, only the longitudinal wind component has a nonzero mean
value, while all three components include a fluctuating component. The de-
sired mean wind speed at the hub height of the wind turbine was provided
as input to TurbSim. The velocity spectra and spatial coherence, which de-
scribe the distribution of turbulence energy in the frequency domain and the
correlation between different points in space, respectively, were also speci-
fied as inputs. TurbSim employs an inverse Fourier transform with a random
seed to produce time series of wind output, compatible with SIMA.

For the simulations conducted in the thesis, the Kaimal spectrum with expo-
nential coherence, referred to as the “Kaimal turbulence model", was used,
which assumes exponential coherence only in the longitudinal direction. This
choice aligns with the recommendations for design load calculations outlined
in the IEC 61400-1 4th Edition [30]. The Kaimal turbulence model provides
a reasonable representation of the turbulence characteristics typically ob-
served in the atmosphere, allowing for realistic and accurate simulations of
wind turbine behaviour under turbulent wind conditions.

In the absence of detailed wind data for the location under consideration,
the turbulence intensity in TurbSim simulations was defined based on the
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normal turbulence model (NTM) for IEC Class C [30]. Wind shear, which
characterizes the change in mean wind speed with altitude above the SWL
due to the effects of the viscous boundary layer, was represented using a
power-law formulation [59]. In the thesis, a value of α = 0.14 was used for
the power-law exponent. This value is commonly recommended for offshore
environments according to design guidelines.

To calculate the aerodynamic loads from the wind speed time series, SIMA
employed blade element momentum (BEM) theory. BEM theory assumes
that the normal and tangential forces on the rotor plane can be derived from
the blade element theory and momentum theory for each blade element of the
turbine. Engineering corrections were applied to account for various factors.
For instance, the Prandtl tip-correction factor was considered to address
the assumption made by momentum theory that blade loads are evenly
distributed over the azimuth of an annular section, while in practice, the
loads are concentrated at a finite number of blades. The Glauert correction
was applied when the axial induction factors exceeded or equaled 0.5, as the
validity of axial momentum theory diminishes in such cases. Furthermore,
dynamic stall and dynamic wake corrections were incorporated to refine the
calculations and improve the accuracy of the simulations [203].

3.3.1.4 Wave kinematics & hydrodynamic loads

The time-domain simulations in the thesis used stochastic irregular waves
with random seeds as the wave input. Two wave kinematic theories were
employed: the Airy linear wave theory with constant extrapolation of the
wave potential up to the instantaneous free surface, and Stokes’ 2nd or-
der waves. The wave kinematics time series were generated using the Fast
Fourier Transform (FFT) within SIMA, based on specified significant wave
height (Hs) and spectral peak period (Tp), using commonly used wave de-
sign spectra such as JONSWAP and Pierson-Moskowitz. Long-crested waves
were considered. The number and duration of the time-domain stochastic
simulations were selected to minimize statistical variability and ensure a rea-
sonable basis for comparisons of the quantities of interest.

Different hydrodynamic models were employed to calculate wave loads and
responses of the OWTs. For fatigue-related studies, the Morison equation
was utilized with both linear and 2nd order wave theories. To account for
diffraction effects, the MacCamy & Fuchs hydrodynamic model was used.
The drag coefficient (Cd) and inertia coefficient (Cm) were assumed to be
0.9 and 2.0, respectively, according to DNV guidelines [59] for the Morison
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equation. The added mass coefficient was assumed to be constant and equal
to 1.0 for the MacCamy & Fuchs model. For extreme response analyses, the
Morison equation with 2nd order waves was employed and compared to a
novel hydrodynamic load model. This new model combines the conventional
Morison equation with a frequency-dependent mass coefficient based on the
first-order MacCamy & Fuchs solution.

3.3.1.5 Fatigue damage from time-domain simulations

The time-domain simulations provide a time history of loads at different
cross sections along the monopile, denoted as Nx (axial force), My (bending
moment about the y-axis), and Mz (bending moment about the z-axis).
Based on the coordinate system in Figure 3.11, the axial stress σx at a
specific point (r, θ) on the outer surface of the tubular cross section, with an
outer radius of r, is estimated using the following equation:

σx =
Nx

A
− My

Iy
r sin(θ) +

Mz

Iz
r cos(θ). (3.1)

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.

θ
r

N

S

EW

y

zx

Figure 3.11: Tubular cross-section local coordinate system with compass
directions

The shear stress and its resultant fatigue damage were not considered due
to their negligible effect compared to the axial stress. The number of load
cycles for different stress levels was calculated using the rainflow counting



60 60

method [65], implemented using the WAFO Toolbox [204]. Representative
bi-linear S-N curves were selected based on design standards. Curve “D” [63]
was chosen for steel in seawater with cathodic protection, while air was con-
sidered for the monopile and the tower, respectively. The S-N curves for
girth welds were used since fatigue damage is more prominent in welds. A
reference thickness of 25 mm and a thickness exponent of 0.2 for fatigue
strength were used based on DNV recommended practice [63]. Stress con-
centration factors were not taken into account in the analysis.

3.3.2 State-space models

The development of simplified models that accurately represent the response
characteristics of OWTs is an important aspect. These simplified models
provide quick insights into the system’s properties, making them valuable in
the design process. As part of this effort, a linear state-space representation
for the OWT models was developed and solved in the frequency domain.
This model was based on the work of J.M. Hegseth, as presented in his PhD
thesis [205], which focused on floating offshore wind turbines.

The simplified model was utilized in the thesis for two primary purposes.
Firstly, it was employed to assess the accuracy of response calculations com-
pared to the fully coupled models. This evaluation aimed to determine how
well the simplified model captured the essential characteristics of the OWT
response when compared to fully coupled models. Secondly, the potential in-
tegration of the simplified model into the design process was explored. This
involved investigating how the simplified model could be combined with the
developed environmental lumping method.

Overall, the development and evaluation of the simplified OWT model in this
thesis aimed to enhance the understanding of its accuracy and applicability,
with the ultimate goal of integrating it effectively into the design process for
offshore wind turbines.

3.3.2.1 OWT system formulation

The tower and substructure (monopile above the seabed) were modeled as
slender flexible beams, following Euler–Bernoulli beam theory, which as-
sumes small deflections. Each beam element was represented by an elemen-
tal mass and stiffness matrix. The elemental mass matrix accounted for the
structural mass of the beam element, as well as the added mass and enclosed
water mass (only for the monopile section). The blades of the model were
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Figure 3.13 illustrates the fore-aft mode shapes for the three OWT models.
These mode shapes represent the spatial distribution of displacements along
the support structure. The nodal displacement, u(z, t), at a specific position
z along the support structure and at a given time t can be expressed as a
superposition of the mode shapes, ψ(z), multiplied by their corresponding
modal coordinates, χ(t), given in Eq. 3.4

w(z, t) =

4∑
i=1

ψi(z)χi(t) = ψ(z)�χ(t). (3.4)

Here, ψi(z) is the i-th mode shape, and χi(t) is the modal coordinate cor-
responding to the i-th mode. The modal coordinates were assumed to be
harmonic with a complex amplitude χ0 and a frequency ω, represented as
χ(t) = χ0e

iωt. The generalized equations of motion for the OWT system
can be expressed as Eq. 3.5:

Mχχ̈(t) +Cχχ̇(t) +Kχχ(t) = F(t) (3.5)

where Mχ, Cχ, Kχ describe the generalized mass, stiffness and damping
matrices, respectively, and F (t) is the generalized load vector. The formu-
lation of the generalized system matrices of the structural system is given in
Appendix A.

The state variables included the position, χ(t), and velocity, χ̇(t), of the
structure in modal coordinates. The third state variable was the rotor speed,
ϕ̇, described by a single degree of freedom drivetrain model, considering only
the rigid body dynamics (Eq. 3.6).

ID ϕ̈ = QA −NgearQG (3.6)

where ID is the rotor and drivetrain inertia, QA is the aerodynamic torque,
Ngear is the gear ratio, and QG is the generator torque. QA is a func-
tion of relative wind speed between mean wind speed and horizontal RNA
velocity, rotor speed ϕ̇, and blade pitch angle θpa, and QG is a function of
ϕ̇. It should be noted that θpa and QG were defined from the control system.

The control system consisted of a generator-torque and a collective blade-
pitch controller, which were applied independently below-rated and above-
rated wind speeds, respectively. For both ranges, the rotor speed was low-
pass filtered to avoid high-frequency actuation, based on Eq. 3.7,

φ̈lp + ωcφ̇lp = ωcφ̇ (3.7)
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Figure 3.13: First four fore-aft mode-shapes, ψ(z), as obtained by the
eigenvalue analysis of the simplified state-space models

where ωc is the corner frequency, and φ̇lp is the filtered rotor speed. Below
rated wind speed, the generator torque was set proportional to the square
of the rotor speed to balance the aerodynamic torque and thus maintain the
optimal tip-speed ratio at the mean wind speed. For a rotor speed deviation
φ̈lp from the reference rotor speed φ̇0, the updated generator torque was
found from Eq. 3.8,

QG = 2Kgφ̇0φ̇lp (3.8)

where Kg is the generator torque constant, and ηκ is the gain-scheduling
parameter. Above rated wind speed, a gain-scheduled PI controller is used
to modify the collective blade pitch angle, which is found from Eq. 3.9, as
follows,
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θpa = ηκkiφlp + ηκkpφ̇lp (3.9)

where ki and kp are the integral and proportional gains of the PI controller,
respectively. Above rated speed, the generator torque is kept constant at the
rated torque, and using a first-order Taylor series expansion following [190],
it can be expressed by Eq. 3.10,

QG =
P0

Ngearφ̇0

− P0

Ngearφ̇2
0

φ̇lp (3.10)

where P0 is the rated power.

3.3.2.2 Hydrodynamic and aerodynamic loads

The generalized load vector consisted of the hydrodynamic and aerody-
namic loads. Wave loads were expressed by the load vector, FW , which
contains the generalized wave excitation force for each nodal position along
the substructure. The hydrodynamic loads include first order wave excita-
tion, dFM (z, ω), from MacCamy-Fuchs theory [177] to account for diffrac-
tion effects, and viscous excitation force, dFD(z, ω) based on stochastic lin-
earization of the quadratic drag term in Morison’s equation [206] for a fixed
cylinder. Eq. 3.11 shows the net force, dFM (z, ω), in the direction of wave
propagation per unit axial length for a regular wave of amplitude ζA acting
on a cylinder of radius r,

dFM (z, ω) =
4ρgζA

k

coshk(z + d)

coshkd

1√
A(kr)

ei[ωt−α(kr)] (3.11)

where g is the gravitational acceleration, k is the wave number, d is the water
depth, and parameters A(kr), α(kr) can be found in design standards [30].
Eq. 3.12 gives the viscous excitation force,

dFD(z, ω) =
1

2
ρCdDpu|u| ≈ 1

2
ρCdDp

√
8

π
σuu (3.12)

where Cd is the drag coefficient. From linear wave kinematics, the undis-
turbed wave particle velocity u for a wave elevation ζ

u(z, t) = ω
coshk(z + d)

sinhkd
ζ with ζ = ζAcosωt (3.13)

with the variance of the velocity, σ2
u, found from

σ2
u =

[
coshk(z + d)

sinhkd
ζ

]2 ∫ ∞

0
ω2Sζdω (3.14)
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where Sζ is the wave spectrum. The total generalized wave load vector is
given in Eq. 3.15.

FW (ω) =

∫ 0

−d
[dFM (z, ω) + dFD(z, ω)]ψ(z)dz (3.15)

The wave load cross spectral density matrix can be calculated from Eq. 3.16,

SFwave(ω) = HζF (ω)Sζ(ω)(HζF (ω))
H , (3.16)

HζF represents the transfer function from wave amplitude to total wave ex-
citation forces, and (·)H denotes the conjugate transpose [58].

The aerodynamic loads on the rotor were estimated using linearized blade
element momentum theory. The incoming wind field is described by the
Kaimal spectrum and an exponential coherence function in the longitudinal
wind velocity component, as specified by the IEC standard [80].

The calculation of axial and tangential induction factors for each OWT fol-
lows the procedure proposed by Ning [207]. The BEM equations are param-
eterized to a single variable, the local inflow angle. An iterative procedure
is then employed to estimate the induction factors for each blade element,
considering various blade pitch angles and tip speed ratios. The Prandtl
and Glauert corrections for tip loss and hub loss are included in the pro-
cedure [79], while dynamic wake and dynamic stall effects are neglected.
Considering that the rotor design and blade geometry for each OWT model
do not change in the course of the thesis, the pre-calculated induction fac-
tors, which remain constant throughout the thesis, are stored and used in the
subsequent response analyses. It is worth noting that the dynamic response
of the blades and their impact on the support structure response were not
considered in this study.

The aerodynamic forces on a blade element are nonlinear functions of the
relative wind speed, rotor speed, and blade angle [79]. A first-order Taylor
expansion was used to approximate the tangential (Ft) and normal (Fn)
blade element forces relative to the rotor plane at a distance r from the
blade root [205]. By integrating the loads along the blade radius R, the blade
root loads were estimated, including the flapwise shear force, the flapwise
bending moment, and the edgewise bending moment. Finally, the resultant
rotor loads, which consist of the aerodynamic thrust FT , tilting moment
MT , and aerodynamic torque QA, were calculated by summing the blade
root forces. Figure 3.14 provides a simplified illustration of an OWT rotor
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with the relevant resultant loads, demonstrating the interaction between the
aerodynamic forces and the rotor structure.

FT (vrel, ϕ̇, θ) =
3∑

i=1

∫ R

0
Fn,i(vrel, ϕ̇, θ) dr (3.17a)

MT (vrel, ϕ̇, θ) =

3∑
i=1

∫ R

0
rFn,i(vrel, ϕ̇, θ) dr (3.17b)

QA(vrel, ϕ̇, θ) =

3∑
i=1

∫ R

0
rFt,i(vrel, ϕ̇, θ) dr (3.17c)

x

FT
QA

z

y

UX

R

r

MT

Figure 3.14: Horizontal axis rotor with the resultant loads indicated

In the OWT simplified model, the aerodynamic forces on the rotor were
applied as resultant loads at the top of the tower. These loads were esti-
mated based on the concept of rotor effective wind speed, which describes
the incoming wind for each of the three forces (thrust, tilting moment, and
aerodynamic torque) mentioned in Eq. 3.17.

The rotor effective wind speed is defined as a transfer function that relates
the incoming wind speed at the hub height, associated with a specific blade
pitch angle and rotor speed, to the rotor effective wind speed for a given
resultant load. The rotor effective wind speed is chosen such that it pro-
duces identical loads as the full wind field over the rotor. This transfer
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function takes into account the interaction between the wind speed and the
blade element loads. The rotor effective wind speed spectra are established
by considering the incoming wind spectrum, the spatial coherence function,
and the transfer functions between wind speed and blade element loads.
These factors are combined in the wind load matrix SFwind

(ω). The de-
tailed derivation of the rotor effective wind speed spectra is provided by
Hegseth [205], building upon the work of Halfpenny [208].

By using the rotor effective wind speed spectra, the loads on the rotor can
be accurately represented based on a simplified model, taking into account
the relevant characteristics of the incoming wind field and the aerodynamic
forces acting on the blades. This approach allows for efficient and accurate
analysis of the OWT system response while considering the complexities of
the aerodynamic loads.

3.3.2.3 State-space formulation

The ordinary differential equations that describe the dynamics of the system
were transformed into a set of first-order differential equations in the state-
space form, Eq. 3.18,

ẋ = Ax+Bu (3.18)

where x is a vector that contains the unknown state variables that describe
the system’s state at any time, and A contains the system characteristics. B
is a locator matrix that relates any external input-excitation u to the states
of the system. The state-space model consists of a structural and a control
module, each with its state-space formulation, with representative inputs,
outputs, and states. Their formulation follows the one described in detail
by Hegseth [205, 209], and only an overview is given here.

For the structural system, based on Eq. 3.5 and Eq. 3.7, the state vector,
xs, consists of the position and velocity in modal coordinates, χ(t), and the
rotor speed, ϕ̇. This was considered a minimal set of degrees of freedom
that could give an accurate overview of the system dynamics. Similarly, for
the control system, from Eq. 3.7, the state vector xc consists of the low pass
filtered angular position φlp, and velocity φ̇lp, of the rotor, while the output
is the generator torque, QG, and the blade pitch angle, θ. The output of
the control state-space module was incorporated as input in the structural
module with the environmental loads to obtain the coupled aero-hydro-servo-
elastic model. The representation of the coupled structural-control system
based on Eq. 3.18, is given by Eq. 3.19,
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[
ẋs

ẋc

]
=

[
As 0
0 Ac

] [
xs

xc

]
+

[
Bsd Bsc

0 Bc

] [
usd

usc

]
(3.19)

where As, Ac are the structure and control system characteristics respec-
tively, Bsd relates the environmental input to the structure, Bc relates the
control input to the controller, and Bsc couples the structural system to the
control system. The closed-loop system is then transformed to the frequency
domain, where the transfer matrix between input and output for a frequency
ω is defined by Eq. 3.20,

H(ω) = C (iωI−A)−1B (3.20)

with C equal to the identity matrix. The cross spectral density matrix for
the load processes, Su(ω), can be written by Eq. 3.21, and the response
spectra of output y (Eq. 3.22) are then found along the diagonal of the cross
spectral density matrix Sy(ω).

Su(ω) =

[
SFwind

(ω) 0
0 SFwave(ω)

]
(3.21)

Sy(ω) = H(ω)Su(ω) (H(ω))H . (3.22)

To evaluate the validity of the simplified models, the fore-aft bending mo-
ment spectra were compared to spectra from time domain simulations of the
fully coupled models. Results from comparisons are shown in publication
P3 [210].



Chapter 4

Environmental lumping for
fatigue design

This chapter describes the developed environmental lumping method to ex-
tract and analyze representative load cases for FLS design, as an alternative
to the standard long-term fatigue assessment procedure. The detailed steps
of the method are described, for co-directional scatter diagrams for one wave
component, and multi-directional scatter diagrams for wind-sea and swell
components.

4.1 Organization of metocean parameters

Fatigue design of OWTs is based on load calculations considering simultane-
ous wind and wave conditions. The domain of the variables that describes
the metocean conditions is split into classes (bins) of constant size, typically
defined by the design standards [30], and represented by scatter diagrams.
Scatter diagrams describe the long-term variability of metocean conditions
by defining the joint probability of occurrence of different sea states within
the dataset, considering concurrent metocean conditions. To establish the
scatter diagrams, the following metocean parameters are considered,

� Wind speed at hub height, U

� Wind direction, θu
� Significant wave height, Hs

� Peak period, Tp

� Wave direction, θw

69
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Combining those parameters leads to a five-dimensional parameter space
Ω = (U, θu, Hs, Tp, θw), which consists of all the observations N within the
dataset. Below, some basic probability definitions are given, which will
be used in the following sections. The marginal probability of a metocean
parameter, e.g. U , to be within a class k, with lower and upper bounds U lb

k

and Uub
k respectively, can be expressed by Eq. 4.1,

P (Uk) = P
(
U lb
k ≤ Uk < Uub

k

)
=

nk

N
(4.1)

where nk is the number of observations where U ∈ [U lb
k , Uub

k ). Similarly, the
joint probability of two metocean parameters, e.g., Hs and Tp to be within
classes i, and j, respectively, i.e., Hs ∈ [H lb

s,i, H
ub
s,i) and Tp ∈ [T lb

p,j , T
ub
p,j) can

be expressed by Eq. 4.2,

P (Hs,i ∩ Tp,j) = P
(
H lb

s,i ≤ Hs < Hub
s,i ∩ T lb

p,j ≤ Tp < T ub
p,j

)
=

ni,j

N
(4.2)

where ni,j is the number observations with Hs ∈ [H lb
s,i, H

ub
s,i) and Tp ∈

[T lb
p,j , T

ub
p,j). Finally, the conditional probability of a sea state P (Hs,i ∩ Tp,j)

for a given wind class Uk, where U ∈ [U lb
k , Uub

k ) can be expressed by Eq. 4.3,

P (Hs,i ∩ Tp,j |Uk) = P
(
Hs,i ∩ Tp,j |U lb

k ≤ U < Uub
k

)
=

nk,i,j

N
(4.3)

where nk,i,j is the number observations with Hs ∈ [H lb
s,i, H

ub
s,i) and Tp ∈

[T lb
p,j , T

ub
p,j), under the condition that U ∈ [U lb

k , Uub
k ).

For the co-directional scatter diagrams, the wind (θu) and wave (θw) direc-
tion were not considered, and they are assumed equal, and 0◦, i.e., facing
the fore-aft direction of the OWT in the analyses. Wave data (Hs − Tp)
were organized in scatter diagrams based on wind speed classes associated
with the mean wind speed at hub height for each OWT. Each scatter di-
agram consists of i = 1, ...NHs classes for the significant wave height and
j = 1, ..., NTp classes for the peak period, each one represented by the class
midpoints Hs,i − Tp,j .

For a given wind class Uk, where U ∈ [U lb
k , Uub

k ), the probability of occurrence
of a wave class Hs,i − Tp,j can be expressed by the conditional probability
given by Eq. 4.3, and the total probability of the representative scatter
diagram is given by Eq. 4.4,

PSDk
=

NHs∑
i=1

NTp∑
j=1

P (Hs,i ∩ Tp,j |Uk) . (4.4)
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Extraction and processing 
of dynamic response

Cycle counting and short-
term damage estimation

Wave scatter with sea-states for 
the time-domain simulations

Outline Environmental lumping Closed-form fatigue SA for fatigue design ULS Recommendations 

Figure 4.2: Procedure to estimate short-term fatigue damage for each sea
state within a wave scatter diagram (RFC illustration [211]).

To estimate the long-term fatigue damage, the short-term damage of each
sea-state class is multiplied by its representative probability of occurrence,
denoted as P (Hs,i ∩ Tp,j |Uk), and the specified design lifetime Ny expressed
in hours. This calculation is based on the assumption of Palmgren-Miner’s
linear damage accumulation hypothesis [62, 81], and is given in Eq. 4.5,

dLT (Uk, Hs,i, Tp,j) = Ny · P (Hs,i ∩ Tp,j |Uk) · dTD
ST (Uk, Hs,i, Tp,j). (4.5)

The procedure described above is referred to in the thesis as a full long-
term fatigue assessment. Fatigue assessment based on the conventional full
long-term approach requires analyzing a large number of load cases. For
the hindcast data considered in this work, assuming a wind class size of
2 m/s, and a typical wave class with size 0.5 m for Hs and 1 s for Tp

(as shown in Figure 4.1), results in 19 co-directional scatter diagrams, and
a total number of approximately 1000 (U,Hs, Tp) combinations that need
to be analyzed. If the wind speed class size is decreased to 1 m/s, the
number of analyses is almost doubled. Moreover, considering seed variability
and performing multiple analyses to reduce statistical uncertainty further
increases the computational time.

4.3 Damage-equivalent lumping method

The damage-equivalent lumping method (DELM) derives one lumped load
case to represent each scatter diagram within the long-term fatigue assess-
ment. The lumped load case, denoted as

(
HLC

s , TLC
p

)
, has a probability of

occurrence equal to the total probability of occurrence of the representative
scatter diagram PSDk

(Eq. 4.4), and it replaces all sea-state classes with in-
dividual probabilities of occurrence P (Hs,i∩Tp,j |Uk) in the scatter diagram.
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This approach is illustrated in Figure 4.3. The use of the lumped load case
aims to reduce the computational effort required for the fatigue assessment
compared to the conventional approach. Instead of analyzing each individual
sea state within the scatter diagram, only one load case needs to be analyzed,
simplifying the analysis process and saving computational resources.
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Figure 4.3: Illustration of damage-equivalent lumping method

The main objective of the method is to extract a lumped load case
(
HLC

s , TLC
p

)
that can provide adequate long-term damage estimates throughout the sup-
port structure, by considering the following aspects in an integrated manner:

� The effect of wind loading, which is essential for the OWT response;

� The wind-wave correlation of offshore environment and the long-term
distribution of the sea states within the wave scatter diagrams;

� The dynamic response characteristics of the OWT structure within the
lumping process;

� Combination of wind-sea and swell components in a consistent way.
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For each co-directional scatter diagram associated with a wind class, the
lumped load case is defined by a concurrent mean wind speed at hub height,
taken as the midpoint value of the wind class, and the sea state parameters(
HLC

s , TLC
p

)
. For multi-directional scatter diagrams, the wind and wave di-

rections are also considered, as discussed in Sec. 5.3.

The lumping method presented by Katsikogiannis et al. [210, 212] is based
on the concept of damage-equivalent contour lines, also known to as contour
lines [73, 74]. These contour lines represent Hs−Tp combinations that result
in similar long-term fatigue damage estimates at a specific location along the
structure. The method applies to both fully integrated time-domain mod-
els (Sec. 3.3.1) and state-space frequency-domain models (Sec. 3.3.2).

The lumping method consists of two main steps. The first step is to derive
the stress spectra along the support structure for each Hs,i−Tp,j combination
within the wave scatter diagrams (Sec. 4.3.1). The second step of the method
is to determine the damage-equivalent contour lines, to obtain the lumped
load cases (Sec. 4.3.2). The application of the method using the fully coupled
and simplified models differs only in the derivation of the stress spectra, while
the overall procedure to derive the lumped load cases is identical.

4.3.1 Derivation of stress spectrum

To derive the stress spectrum using fully-coupled models, a 3-hour white
noise wave excitation and uniform wind are applied to the OWT model
for each wind class. By conducting a time-domain simulation, the stress
response along the OWT is obtained. To establish the relationship between
wave elevation and stress response at different positions along the support
structure, a linear stress transfer function, denoted as Hζσ, is derived. This
transfer function quantifies the relationship between the spectral densities
of the wave input and the stress output given in Eq. 4.6,

|Hζσ(f, z)| =
√

Sσσ(f, z)

Sζζ(f)
, (4.6)

where Sσσ(f, z) is the power spectral density of the stress response, Sζζ(f) is
the incident white noise wave spectrum, and z is the vertical position along
the support structure. Spectral densities from wave and response time series
were estimated using WAFO toolbox [204], applying spectral smoothing.
Figure 4.4 illustrates the procedure to derive stress transfer functions for
different positions along the support structure for one wind speed class.
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For monopile-based OWTs, the contour lines (and lumped load cases) could
be extracted from two locations along the support structure [210]. One
should be representative of the tower response (e.g., tower base), and one of
the monopile response (e.g., mudline), to adequately capture the dynamic
response due to wave loads. The exact locations chosen for extracting the
contour lines have minimal influence on the derived HLC

s − TLC
p values, as

shown by Katsikogiannis et al. [210]. The variations in the derived lumped
load cases were found to be negligible compared to the statistical uncertainty
in the damage estimation. In the thesis, the tower base and the mudline were
selected as representative locations along the OWT for the lumping process.

White noise 
spectrum

Stress spectrum Transfer functions

Uniform wind & White noise Stress response along OWT

Figure 4.4: Procedure to determine stress transfer functions representative
for each scatter diagram associated with a wind speed class, using fully

integrated time-domain models (Figure 3.7).

As the spectral approach relates the wave input to the stress response, the re-
sponse spectra should represent the OWT dynamic response caused only by
wave loads. Therefore, the operational turbine was subjected to a constant,
uniform wind field while disabling tower shadow effects. This approach as-
sists to minimize the dynamic excitation caused by the wind while still cap-
turing the influence of aerodynamic damping and mean thrust. Including
the mean thrust is also essential for accurately representing the nonlinear
soil properties, such as stiffness and damping, which are affected by the
soil deflection resulting from the mean responses to the aerodynamic thrust.
To ensure that the transfer functions adequately cover the entire frequency
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range within the scatter diagram, MacCamy & Fuchs’ load model [177] was
applied. This model accounts for diffraction effects that become important
for frequencies higher than approximately 0.15-0.2 Hz, as shown in Fig-
ure 2.7. The frequency range between 0 Hz and 0.7 Hz was considered in
the analysis to include all relevant response frequencies for the monopile-
based OWT models considered in the thesis.
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Figure 4.5: Hs classes probability of occurrence (colour) and contribution
to the long-term damage (size) at mudline. Probabilities are scaled to the

total wind class quantities

For the white noise excitation, the significant wave height was selected as
the midpoint value of the most probable Hs class within the wave scatter
diagram associated with the wind class. This choice relies on the results of
the full long-term fatigue assessment, which depicted that for the monopile-
based OWTs used in the study, long-term fatigue damage within a scatter
diagram was generally dominated by the sea states with the highest probabil-
ity of occurrence, as shown in Figure 4.5 for the 10 MW model. In Figure 4.5,
each Hs class is represented by marker colour indicating its probability of
occurrence, scaled to the total probability of the wind class. The marker size
represents the contribution of each Hs class to the long-term fatigue damage
within each wind class at the mudline position. The analysis shows that the
probability of occurrence of different Hs classes is positively correlated with
their contribution to long-term damage, with a correlation coefficient ex-
ceeding 0.95 for operational and approximately 0.9 for parked wind classes.
Similar trends were observed for the 5 MW and 15 MW OWT models.
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The transfer functions Hζσ(f, z) obtained for each wave scatter diagram,
are combined with typical wave spectra, such as JONSWAP or Pierson-
Moskowitz spectra, corresponding to each (Hs,i, Tp,j) class, resulting in a
representative stress spectrum Sσi,j (f, z) within the scatter diagram. The
procedure to derive stress spectra is illustrated in Figure 4.6. Sσi,j (f, z) is
used in the subsequent step of establishing the damage-equivalent contour
lines, which are used to determine the lumped load cases.Outline Environmental lumping SA for fatigue design ULS study 

Figure 4.6: Derivation of stress spectrum Sσi,j (f, z) for each (Hs,i, Tp,j)
class within a scatter diagram, by combining Hζσ(f, z) and wave spectra

For the simplified state-space models (Sec. 3.3.2), the stress spectra Sσi,j (f, z)
along the support structure for each Hs,i − Tp,j combination were derived
directly as an output (Sy(ω) in Eq. 3.22) from the frequency-domain model.

4.3.2 Establishing damage-equivalent contour lines

Having defined the stress spectra, to establish the damage-equivalent contour
lines, two main quantities are calculated: the target, and the scaled unit
fatigue damage. These are derived based on the unit fatigue damage. The
procedure for calculating these quantities is the same for the fully coupled
and simplified models, and it is described in detail in the following sections.

4.3.2.1 Unit fatigue damage

To estimate the unit fatigue damage dFD
ST (Uk, Hs,i, Tp,j) for a specified envi-

ronmental condition Hs,i − Tp,j within the scatter diagram associated with
wind class Uk, the derived stress spectra Sσi,j (f, z) are used. This unit fa-
tigue damage represents the short-term damage over a specified time period,
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such as one hour. The irregularity factor β1 is determined based on the stress
spectrum, and it is calculated as β =

√
m2

2/(m0 ·m4) , where mi represents
the ith spectral moment. If β ≥ 0.96, corresponding to a bandwidth param-
eter δ ≤ 0.28, the stress spectrum is considered narrow-banded. Otherwise,
it is assumed to be wide-banded.

For a narrow-banded spectrum, the short-term stress ranges follow a Rayleigh
distribution. The total number of cycles can be expressed using the mean
zero up-crossing rate ν0 and an equivalent stress range σeq. The equivalent
stress range represents a constant stress range loading that is equivalent to
the random loading. Assuming a single slope S-N curve with fatigue strength
exponent m, for a narrow-banded Gaussian process with zero mean, the
equivalent stress range σeq is calculated using Eq. 4.7 [58],

σm
eq =

(
2
√
2m0

)m · Γ(1 +m/2), (4.7)

Here, m0 is the zeroth spectral moment representing the variance of the
stress spectrum Sσi,j (f, z), and Γ(·) is the Gamma function. Finally, the
short-term (1 hour) fatigue damage for the narrow-banded process associated
with the environmental condition Hs,i − Tp,j is calculated using Eq. 4.8,

dFD
ST (Uk, Hs,i, Tp,j) = 3600 · ν0 · σm

eq/K, (4.8)

where K is the material fatigue parameter. For a wide-banded process, em-
pirical solutions have been proposed by several researchers since the 1980s.
These include Wirching and Light [213], Zhao and Baker [214], Dirlik [215],
Tovo-Benasciutti [216, 217], Gao-Moan [218]. Among these solutions, Dir-
lik’s [215] and Benasciutti-Tovo’s [217] empirical formulas have been found to
be the most accurate approximations of the rainflow counting method [219].
Dirlik’s formulation was used in the thesis. Dirlik’s closed-form formulation
is based on extensive numerical simulations using various spectral shapes.
It approximates the probability density function of the stress range by com-
bining one exponential and two Rayleigh distributions. Dirlik’s solution has
been widely used in estimating fatigue damage of offshore structures, and
provides accurate results over a wide range of bandwidths for a stationary
Gaussian process [218].

Dirlik’s closed-form formulation requires a single slope parameter m. [215].
From the full long-term fatigue assessment, where bi-linear curves were used

1In Papers P2 & P3, β is called the bandwidth parameter. For the sake of completeness,
β =

√
m2

2/(m0 ·m4) , where mi is the ith spectral moment, is typically defined as the
irregularity factor, while the bandwidth parameter is defined as δ =

√
1− β2 .
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to calculate the damage, it was observed that the main contributor to the
total damage is the high cycle region, above 106 cycles. Figure 4.7 shows
the long-term fatigue damage distribution over the stress range for the three
OWT models, at SWL and mudline. In the vicinity of SWL, the long-
term damage occurs entirely in the high-cycle region, while at and close
to the mudline, due to relatively larger responses, approximately 10% of
the long-term damage is caused by stress ranges above the transition point.
Therefore, to account for the significant contribution of the high-cycle region
to the total damage, a single value m = 5 is used in Eq. 4.7.
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Figure 4.7: Long-term damage distribution over the stress range, from full
long-term fatigue assessment based on co-directional scatter diagrams

4.3.2.2 Target fatigue damage

Based on the unit fatigue damage dFD
ST , the long-term damage of each class

(Hs,i, Tp,j) can be calculated from Eq. 4.9 similarly to Eq. 4.5, as follows,

dFD
LT (Uk, Hs,i, Tp,j) = Ny · P (Hs,i ∩ Tp,j |Uk) · dFD

ST (Uk, Hs,i, Tp,j). (4.9)

The target fatigue damage DLT,target, representative for a wave scatter di-
agram, is calculated by summing up the long-term damages dFD

LT over all
sea states in the scatter diagram. The summation is performed over the Hs

and Tp classes in the scatter diagram, denoted by NHs and NTp respectively,
given in Eq. 4.10,

DLT,target =

NHs∑
i=1

NTp∑
j=1

dFD
LT (Uk, Hs,i, Tp,j). (4.10)
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4.3.2.3 Scaled unit fatigue damage

The scaled unit fatigue damage DU,scale is calculated using Eq. 4.11, by mul-
tiplying the unit fatigue damage dFD

ST (Uk, Hs,i, Tp,j) by the total probability
of occurrence PSDk

of the representative wave scatter diagram (Eq. 4.4),

DU,scale(Uk, Hs,i, Tp,j) = Ny · dFD
ST (Uk, Hs,i, Tp,j) · PSDk

. (4.11)

DU,scale represents the long-term fatigue damage for a sea state (Hs,i, Tp,j),
assuming that only the evaluated sea state class would be present in the wave
scatter diagram. The surface plot shown in Figure 4.8 illustrates an example
of the scaled unit fatigue damage DU,scale as a function of Tp and Hs at the
mudline and tower base of a 10 MW offshore wind turbine. By calculating
DU,scale for different sea state classes within the scatter diagram along the
support structure, a surface is formed, which follows a behaviour similar to
the dynamic amplification factor of a single-degree-of-freedom system.

(a) Mudline (b) Tower base

Figure 4.8: Scaled unit fatigue damage surface over the Hs − Tp space

The damage-equivalent contour line (DECL) represents all combinations of
Hs,c and Tp,c for which the target long-term fatigue damage DLT,target (cal-
culated using Eq. 4.10) is equal to the scaled unit fatigue damage DU,scale

(calculated using Eq. 4.11), for a specific location along the OWT. The con-
dition for the DECL is expressed in Eq. 4.12,

Ny ·DU,scale(Uk, Hs,c, Tp,c) · PSDk
= DLT,target. (4.12)

Figure 4.9, the scaled unit fatigue damage DU,scale is represented by the
multi-coloured surface, while the target long-term fatigue damage DLT,target
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(a) Mudline (b) Tower base

Figure 4.9: Scaled unit and target fatigue damage together with their
intersection points, which form the DECL.

is shown as the green plane. The intersection points between these two rep-
resent the damage-equivalent contour lines (DECLs) for the mudline (Fig-
ure 4.9a) and tower base locations (Figure 4.9b). Only a small range of Hs

and Tp is displayed for illustration purposes. Figure 4.10 shows the con-
tour lines over the full Hs-Tp parameter space. Each contour line represents
combinations of Hs and Tp that satisfy the condition in Eq. 4.12 for the
specified location along the OWT. Their intersection point, indicated by a
green marker, represents the lumped load case HLC

s -TLC
p , which satisfies

Eq. 4.12 for both the mudline and tower base locations.

The shape of the contour lines reflects the dynamic behaviour of the struc-
ture and exhibits an approximately inverse relationship to the stress transfer
functions, as shown in Figure 4.11 [210]. In the vicinity of the natural pe-
riod, resonance effects cause a steep increase in fatigue damage, and as a
result, small values of Hs are required to excite the structure to the target
damage level DLT,target. This leads to a local minimum in the contour lines.
For longer wave periods, the stress transfer functions gradually decrease, in-
dicating lower dynamic amplification, as expected for frequencies far below
resonance. In this range, the number of load cycles also decreases, resulting
in lower fatigue damage. Consequently, Hs gradually increases along the
contour lines to excite the structure to the target damage level DLT,target.
For short wave periods, the dynamic amplification tends to zero as high-
frequency external forces produce little response, resulting in low fatigue
damage. In this range, a steep increase in Hs is observed in the contour
lines. However, it is important to note that some of the sea state combina-
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Figure 4.10: DECLs for the 10 MW model and the resultant lumped load
case for wind class 12-14 m/s.

tions obtained in this range are nonphysical, exceeding the wave steepness
limit [59]. The differences in the natural periods of OWTs are reflected in the
contour lines, where the local minimum for the 5 MW and 10 MW models
is observed close to 4 s, while for the 15 MW, it is approximately at 5.5 s.

4.3.3 Fatigue damage from the lumped load cases

Once a lumped load case HLC
s -TLC

p has been defined to represent a scatter
diagram with a total probability of occurrence PSDk

, the long-term fatigue
damage can be calculated using Eq. 4.13:

Dlumped
LT,SD = Ny · dTD

ST

(
Uk, H

LC
s , TLC

p

) · PSDk
, (4.13)

where dTD
ST is the short-term fatigue damage obtained from 1-hour time-

domain simulation and Ny is the specified design lifetime expressed in hours.
Short-term damage estimates from time domain simulations strongly depend
on wind and wave seed variability. Figure 4.12 illustrates this variability for
damage estimates from 20 1-hour simulations with random seeds, for the
same environmental condition. Variations up to ±20% from the average
damage estimate (obtained from the 20 simulations) can be observed.

While the effect of seed variability is relatively low in full long-term fatigue
assessments due to the large number of simulated sea states, it becomes more
significant when a single load case is used to represent a scatter diagram.
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(a) Tower base contour lines (b) Mudline contour lines
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Figure 4.11: DECLs and stress transfer at functions at tower base and
mudline for the three OWT models. Wind class 18-20 m/s. [210]

In such cases, the statistical uncertainty is expected to increase. Therefore,
several realizations of the lumped load case are required to obtain reasonable
damage estimates [212].

To determine the number of simulations required to obtain reasonable fatigue
damage estimates, the “modified coefficient of variation” (m.C.o.V) was used,
by calculating the standard error over the mean for a given number of seeds.
In this case, 20 1-hour simulations were conducted for the lumped load
cases across various wind classes. Assuming that the true mean (μ20) and
standard deviation (σ20) of the short-term damage can be estimated from
the results of the 20 simulations, the standard error for a different number
(n) of simulations (seeds) can be calculated as σn = σ20/

√
n . The m.C.o.V

is then defined as the ratio of σn to μ20.
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Figure 4.12: 1-hr damage from 20 simulations with random wind and wave
seeds (U=17 m/s, Hs=2.78 m, Tp=7.32 s)
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Figure 4.13: Statistical uncertainty of 1-hour damage as a function of
number of realizations for the 10 MW OWT (Top: mudline - Bottom:

tower base)

The fatigue damage was evaluated at the upwind position at both the mud-
line and tower base for the 10 MW OWT model. In Figure 4.13, the results
for five wind classes are shown, indicating that the m.C.o.V varies between
approximately 4.5% and 24% for a single simulation, and reduces gradu-
ally as more seeds are used. Higher stochastic variation was observed at



4.4. Lumping wind-sea and swell scatter diagrams 85

the tower base, particularly for wind classes close to the rated speed. To
achieve a reasonable compromise between accuracy and computational ef-
fort, an m.C.o.V cut-off limit of approximately 10% was set, and therefore
five one-hour time-domain analyses were used for each lumped load case.

4.4 Lumping wind-sea and swell scatter diagrams

The previous sections described the damage-equivalent lumping method for
co-directional scatter diagrams for the total sea representation. However,
design standards [30] require multi-directional scatter diagrams for various
DLCs, such as 1.2 (power production), 6.4 (idling due to wind speeds below
cut-in or above cut-out) or 7.2 (parked within the operational range), where
each wind class is divided into sectors with specified wind-wave direction.
Furthermore, it is essential to consistently consider the individual contribu-
tions of wind-sea and swell components during FLS design. The following
paragraphs outline the extension of the damage-equivalent lumping method
to incorporate multi-directional scatter diagrams that include both wind-sea
and swell components.

To establish multi-directional scatter diagrams, initially wind data and then
wave data are split in iθu = 1, ..., Nθu , and iθw = 1, ..., Nθw wind and wave
directional sectors, respectively. Assuming wind-sea as the primary wave
parameter, the probability of occurrence of a wind-sea sea state is given
from Eq. 4.14,

P
(
Hws

s,i ∩ Tws
p,j |Uk, θu,iθu , θ

ws
w,iθw

)
=

= P
(
H lb

s,i ≤ Hws
s < Hub

s,i ∩ T lb
p,j ≤ Tws

p < T ub
p,j |Uk, θu,iθu , θ

ws
w,iθw

)
. (4.14)

Eq. 4.14 denotes the probability of occurrence of a wind-sea sea state Hws
s,i −

Tws
p,j in a scatter diagram that contains all occurrences under the concurrent

conditions; wind speed U ∈ [U lb
k , Uub

k ), wind direction θu ∈ [θlbu,iθu
, θubu,iθu

),
and wave direction θws

w ∈ [θlbw,iθw
, θubw,iθw

). The total probability of a wind-sea
scatter diagram representative for a wind class k, wind direction class iθu ,
and wind-sea direction class iθw can be written in Eq. 4.15,

Pws
SDk,θu,θws

=

NHs∑
i=1

NTp∑
j=1

P
(
Hws

s,i ∩ Tws
p,j |Uk, θu,iθu , θ

ws
w,iθw

)
. (4.15)

Swell data are organized following the similar procedure, with an additional
step to condition them with the wind-sea data. This is achieved by organiz-
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ing the swell data in directional sectors for each wind-sea direction. As will
be explained later, this will lead to consistently derived lumped load cases
with unique probability of occurrence. The total probability of occurrence
of swell scatter diagram can be expressed by Eq. 4.16,

P sw
SDk,θu,θws,θsw

=

NHs∑
i=1

NTp∑
j=1

P
(
Hsw

s,i ∩ T sw
p,j |Uk, θu,iθu , θ

ws
w,iθw

, θsww,iθw

)
. (4.16)

Table 4.1: Organization of wind-sea and swell scatter diagrams for a wind
class based on wind speed, wind, wind-sea, and swell direction.

θu θlbu θubu θws
w SDws θsww SDsw

0 345 15 [0:30:330] 12 [0:30:330] 144
30 15 45 [0:30:330] 12 [0:30:330] 144
60 45 75 [0:30:330] 12 [0:30:330] 144
90 75 105 [0:30:330] 12 [0:30:330] 144
120 105 135 [0:30:330] 12 [0:30:330] 144
150 135 165 [0:30:330] 12 [0:30:330] 144
180 165 195 [0:30:330] 12 [0:30:330] 144
210 195 225 [0:30:330] 12 [0:30:330] 144
240 225 255 [0:30:330] 12 [0:30:330] 144
270 255 285 [0:30:330] 12 [0:30:330] 144
300 285 315 [0:30:330] 12 [0:30:330] 144
330 315 345 [0:30:330] 12 [0:30:330] 144

Assuming that the directional sectors are split in 30◦, Table 4.1 demon-
strates the organization of the relevant wind and wave parameters for one
wind class in order to construct representative wind-sea and swell scatter
diagrams for the lumping procedure. Within a given wind class and wind
direction range, there are 12 wind-sea scatter diagrams (SDws) correspond-
ing to specific direction ranges. Each scatter diagram represents wind-sea
sea states within that particular direction range and has an associated total
probability of occurrence

(
Pws
SDk,θu,θws

)
.

Similarly, each wind-sea directional sector includes 12 swell scatter dia-
grams (SDsw) representing swell sea states within specified direction ranges.
These swell scatter diagrams are conditioned on the wind-sea direction. The
damage-equivalent lumping method is applied for all non-zero wind-sea and
swell scatter diagrams. The same procedure is followed as described in
Sec. 4.3, except that the white noise wave excitation is applied with the
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required misalignment angle with respect to the uniform wind field, which
is always applied in the fore-aft direction.
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Figure 4.14: Organization wind-sea and swell data to derive representative
lumped load cases for a wind class.

Figure 4.14 provides an illustration of how wind-sea and swell data are or-
ganized to perform the lumping process and derive representative lumped
load cases comprising two wave components. The first component (C1) rep-
resents the wind-sea scatter diagram with direction θws

w,iθw
and is defined by

the sea state parameters Hws,LC
s − Tws,LC

p − θws
w,iθw

. The second component
(C2) represents the swell scatter diagram with direction θsww,iθw

and is defined
by the sea state parameters Hsw,LC

s − T sw,LC
p − θsww,iθw

.

The long-term fatigue damage, denoted as Dlumped
LT,SD , is calculated using

Eq. 4.17, which incorporates the short-term damage dTD
ST (C1, C2) obtained

from one realization in the aero-servo-hydro-elastic simulation tool. The
short-term damage accounts for the two wave components (wind-sea and
swell) with their representative sea-state parameters. The probability in
Eq. 4.17 represents the joint probability of wind-sea data with direction
θws
w,iθw

and swell data with direction θsww,iθw
, for a given wind speed (Uk) and

wind direction
(
θu,iθu

)
, as shown in Eq. 4.16.

Dlumped
LT,SD = Ny · dTD

ST (C1, C2) · P sw
SDk,θu,θws,θsw

(4.17)
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Chapter 5

Results of lumping method for
fatigue assessment

The chapter demonstrates the performance and validation of the damage-
equivalent lumping method through comparison with full long-term fatigue
assessment results. Initially, it shows the results for co-directional scatter di-
agrams of one wave component (combined sea), for the reference OWTs used
in this thesis. Subsequently, the method’s validation extends to wind-sea and
swell components for a commercial project. The chapter also highlights the
method’s sensitivity across various aspects.

5.1 Results for co-directional scatter diagrams

Lumped load cases from damage-equivalent lumping method (DELM) were
extracted using fully coupled and simplified models for the three OWTs.
Then, the accuracy and computational time of the method were evaluated
by comparing long-term fatigue damage estimates from lumped load cases
and full long-term fatigue assessment (LTFA), using time-domain simula-
tions.

The study considered wind classes ranging from 4 m/s to 30 m/s, with wind
and waves acting in the fore-aft direction of the OWTs. The OWTs were
operational for all wind classes, except for wind classes of 26-28 m/s and
28-30 m/s, where they were parked with their blades pitched at 90◦. For
each 1-hr simulation, a wind field was generated in TurbSim (Sec. 3.3.1.3),
and a time-domain analysis with turbulent wind and irregular, long-crested
waves was conducted in SIMA.

89
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Random wind and wave seeds were used for each realization, and the first
400 s (transient response) were disregarded. Short-term damage from each
time-domain simulation was calculated using rainflow counting method, as
described in Sec. 3.3.1.5. Long-term damage was determined assuming
Palmgren-Miner’s linear damage accumulation rule. Table 5.1 summarizes
the long-term fatigue assessment simulations for the two methods.

Table 5.1: Summary of long-term fatigue assessment for each OWT

LTFA (Sec. 4.2) DELM (Sec. 4.3)
Wind classes (13) 4-30 m/s 4-30 m/s

Wind/Wave direction 0◦ 0◦

Sea state parameters Hs,i − Tp,j HLC
s − TLC

p

Simulations ∼ 1020 13
Duration (excluding transient) 1h 1h
Random seeds per simulation 1 5

The wave kinematic theories and hydrodynamic load formulations used in
the time-domain simulations are summarized in Table 5.2. The transition
limits between the Airy linear theory and Stokes’ 2nd order waves, as well
as Morison’s equation and MacCamy & Fuchs formulation, were determined
by calculating wave loads on a rigid pile with a diameter of 9 m for various
sea states. It was found that the Airy theory adequately represented wave
loads for Hs up to 4.5 m. Additionally, by comparing the variance of the in-
ertia loads calculated using Morison’s equation were similar (approximately
5%) to those obtained using MacCamy & Fuchs formulation for peak wave
periods Tp greater than 10 s. Based on Figure 2.7, which shows the inertia
force coefficient as a function of frequency for the OWTs used in the thesis,
the differences were negligible for Tp greater than 10 s (corresponding to fp
less than 0.1 Hz). Therefore, the same limits were assumed for all OWTs in
the analysis.

Table 5.2: Load formulation and wave kinematics for simulations

Tp ≤ 10 s Tp > 10 s

Hs ≤ 4.5 m MacCamy & Fuchs / Airy Morison / Airy

Hs > 4.5 m MacCamy & Fuchs / Airy Morison / 2nd order
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5.1.1 Observations from long-term fatigue assessment

The current section summarizes the results from LTFA, identifying the main
response characteristics for each OWT. LTFA was performed by analyzing
all sea state classes with a non-zero probability of occurrence in the scatter
diagrams (Sec. 4.2). Figure 5.1 shows the long-term damage distribution at
the mudline and tower base, over different wind classes.
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Figure 5.1: Long-term fatigue damage contribution over wind classes

The results show that wind classes near the rated speed contributed more to
fatigue damage as the size of the turbine increases, indicating the higher im-
portance of wind loads for larger OWTs. In particular, wind classes ranging
from 8 m/s to 14 m/s contributed approximately 55% to the total fatigue
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damage at the tower base, while for the 10 MW and 5 MW turbines, the
contributions were approximately 37% and 24%, respectively. The effect was
less pronounced at the mudline, with relative contributions of approximately
27% (15 MW), 15% (10 MW), and 8% (5 MW) for the same wind classes.
Figure 5.2 shows the axial stress spectra (grey lines) at the tower base for
all sea states analyzed within the OWT scatter diagrams for wind class 8-
10 m/s. The shaded area represents the range of peak frequencies of the
sea states analyzed, and the vertical lines indicate the fore-aft first bending
natural frequency, and the excitation frequencies from the operating rotor.
For wind classes particularly in the vicinity of the rated speed, significant
differences in slowly-varying wind-induced responses (f�0.05 Hz) were ob-
served for the 15 MW turbine. The variance (area) of the stress spectra
for f�0.05 Hz was calculated from the time-domain simulations for all wind
classes to quantify this effect, and the results are shown in Figure 5.3. For
the 15 MW turbine, the slowly varying wind process, which dominates the
low-frequency components of the time series, is significantly higher than for
the other turbines at the tower base, particularly around the rated speed,
while minor differences are observed at the mudline. Similar results were
observed for the 15 MW responses close to 3P excitation, although it is
challenging to isolate the load processes at this frequency range.
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Figure 5.2: Stress spectra (logarithmic scale) at tower base for all sea
states analyzed within the scatter diagram for wind class 8-10 m/s. Shaded

region represents the range of peak frequencies considered.

Figure 5.1 indicates a relatively high contribution of fatigue damage for the
10 MW turbine at wind speeds below 8 m/s. This is attributed to the
operating characteristics of the 10 MW rotor, which operates at a constant
frequency (1P) of 0.1 Hz (6 rpm) for these wind speeds. Consequently,
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Figure 5.3: Variance (area) of the stress spectra for f�0.05 Hz from the
time-domain simulations for all wind classes.

the 3P excitation (0.3 Hz) is close to the first natural frequency of the
support structure (0.28 Hz), causing resonance effects and contributing more
to fatigue damage. This is depicted in Figure 5.4, which illustrates the axial
stress spectra at the tower base for all sea states analyzed within the scatter
diagrams for wind class 6-8 m/s. The high-frequency peaks due to the
operating rotor are also evident.

Furthermore, Figure 5.1a reveals an increasing contribution of fatigue dam-
age at the mudline for wind speeds ranging from 14 m/s to 24 m/s. The dam-
age contribution increases from approximately 6-8% to 12-16% depending
on the OWT. Higher wind speeds are associated with more severe sea states,
leading to increased hydrodynamic loads and subsequent bending moments
and stresses. As a result, wave loads gradually become more significant for
lower cross-sections along the monopile due to the increased moment arm,
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Figure 5.4: Stress spectra (logarithmic scale) at tower base for all sea
states analyzed within the scatter diagram for wind class 6-8 m/s. Shaded

region represents the range of peak frequencies considered.

thereby dominating the fatigue responses. In contrast, for the tower base
(Figure 5.1b), those classes contribute approximately 5-10% depending on
the OWT, with no specific trend observed. For example, Figure 5.5 illus-
trates the sea states analyzed within the 20-22 m/s class of the 15 MW
turbine. The stress responses at the mudline are primarily dominated by
wave excitation frequencies, whereas the tower base primarily vibrates in
the vicinity of the first natural frequency, with the peak responses varying
depending on the severity of the sea state.
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Figure 5.5: Stress spectra (logarithmic scale) for all sea states analyzed
within the scatter diagram for wind class 20-22 m/s (15 MW). Shaded

region represents the range of peak frequencies considered.
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For wind classes higher than 24 m/s, the low probability of occurrence domi-
nates the contribution to the accumulated fatigue damage, and a decreasing
trend is observed for all wind turbines. Nevertheless, despite the low prob-
ability, these wind classes still have a notable impact on long-term fatigue
damage, particularly at the mudline, due to the relatively low or negligible
aerodynamic damping above cut-out speed, combined with the severity of
the sea states in those wind classes (most probable Hs classes within the
wind class are between 4.5 m and 6 m). In these wind classes, vibrations
around the natural frequency dominate the response at both locations along
the OWT. At the mudline, responses in the wave excitation frequency also
play a significant role. This is illustrated in Figure 5.6, which depicts the
sea states analyzed within the 28-30 m/s wind class for the 10 MW turbine.
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Figure 5.6: Stress spectra (logarithmic scale) for all sea states analyzed
within the scatter diagram for wind class 28-30 m/s. Shaded region

represents the range of peak frequencies considered.

5.1.2 Lumped load cases, accuracy, and computational time

The lumping method was applied to the three OWTs for co-directional scat-
ter diagrams to generate lumped load cases representative for each wind
class. The section summarizes the lumped load cases for each OWT model,
and the accuracy of the fatigue damage obtained from the lumped load
cases (DELM) compared to the full-scatter assessment (LTFA). The long-
term damage estimates for different locations along the support structure
are compared across the various wind classes for each OWT. Results are
shown for the load cases extracted using fully-coupled and simplified models.
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Figures 5.7 and 5.8 illustrate the sea state parameters (HLC
s , TLC

p ) of the
lumped load cases, as obtained using the fully coupled and simplified models.
For each wind class, HLC

s , and TLC
p are shown together with the probability

of occurrence of Hs and Tp classes, scaled to the total wind class probability.
The colour and size of the markers represent the relative magnitude of the
probabilities for each class.

Across all OWTs and wind classes, the HLC
s was found in the proximity of

the most probable Hs class, increasing from low to high wind speeds due
to the larger probability of severe sea states. The HLC

s values were similar
for the three OWTs, with differences arising solely from the distribution of
sea states in the scatter diagrams, which were based on the hub height wind
speeds at 90 m (5 MW), 119 m (10 MW), and 150 m (15 MW). Specifically,
the same wind speed at a lower hub height is associated with more severe sea
states, resulting in scatter diagrams with relatively higher probabilities for
higher Hs classes. This effect becomes pronounced for higher wind speeds,
explaining the increasing Hs values from the 15 MW to the 5 MW OWTs.

The TLC
p values generally follow a similar pattern, influenced by two factors.

Firstly, for intermediate and high wind classes, where more severe sea states
are present in the scatter diagrams (reflected in larger HLC

s values), larger Tp

values are observed. This leads to slightly larger TLC
p values for the 5 MW

model compared to the 10 MW and 15 MW models for the same reasons
as given above. For the lower wind classes, the dynamic characteristics of
the OWTs have a more significant impact on the resulting TLC

p values. In
particular, the peak period is about 1 s larger for the 15 MW model, at-
tributed to its natural period being approximately 1.5 seconds longer, and
thus affecting the distribution of scaled unit damage.

Comparing the load cases obtained using the fully coupled and simplified
models, a strong agreement was observed for all OWTs. The differences in
HLC

s ranged from 0.05 m (4%) to 0.2 m (16%), while the differences in TLC
p

ranged from 0.1 s (2%) to 0.4 s (8%). The largest discrepancies were found
for wind classes below and near the rated speed, particularly for the 15 MW
model. This is due to the simplified representation of the control system,
which becomes particularly significant for those wind classes.

Figures 5.9 (mudline) and 5.10 (tower base) show a comparison of the long-
term fatigue damage between the full scatter assessment (LTFA) and the
lumped load cases obtained using fully coupled and simplified models for the
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Figure 5.7: HLC
s as derived using fully coupled (red marker) and simplified

(black marker) models, compared to the probability of occurrence of Hs

classes within the scatter diagrams.
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Figure 5.8: TLC
p as derived using fully coupled (red marker) and simplified

(black marker) models, compared to the probability of occurrence of Tp

classes within the scatter diagrams.
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three OWTs. For the lumped load cases, each bar represents the mean long-
term fatigue damage from the five time-domain realizations (see Sec. 4.3.3),
and the error bars indicate the standard deviation. Fatigue values are nor-
malized to the results from LTFA. Comparisons for the individual wind
classes and the total (summation over the wind classes) are shown.

Overall, there was a generally good agreement between the lumped load
cases and the full scatter results for individual wind classes, capturing the
behaviour of long-term fatigue damage across different wind speeds. For all
OWTs in the operational state, the relative differences between the lumped
load cases and LTFA results mostly ranged between ±10-15%. The stochas-
tic variability in the time-domain realizations of the lumped load cases,
represented by the error bars, can explain most of the differences observed
between DELM and LTFA. Additionally, the damage estimates for parked
states were sensitive to the chosen wave kinematics model, which became
increasingly important in the absence of aerodynamic damping. This effect
was pronounced at the tower base and for locations close to SWL, and can
be clearly seen in the comparisons in Figures 5.10a and 5.10b. Similar find-
ings have been reported in previous studies [178, 179]. Specifically, for the
parked states of the 5 MW OWT, the lumped load cases analyzed using 2nd

order waves overestimated the damage by approximately 40%, while for the
10 MW OWT, the use of Airy theory underestimated significantly damage
estimates by approximately 70%. The effect was also observed at the mud-
line, although to a lesser extent. For the total damage, differences between
the results remained relatively stable. At the mudline, the variations were
mostly within ±5%, falling within the range of stochastic variability.

Figure 5.11 provides an overview of the accuracy of damage estimates along
the OWTs when comparing the results obtained from the lumped load cases
to those from the full scatter assessment. The comparison includes the
monopile location where the maximum damage occurs. A negative differ-
ence indicates that the damage calculated by the lumped load cases under-
estimates the actual damage, while a positive difference implies an over-
estimation. Below the mudline, the relative difference in long-term fatigue
damage ranges from -6% to +1%, indicating that the lumped load cases gen-
erally underestimate or overestimate the damage by a small margin. These
variations below the mudline are similar to those observed at the mudline.
The previous paragraphs primarily focused on damage comparisons for the
tower base and the mudline. However, the objective of the DELM is to
extract lumped load cases that can accurately determine the fatigue damage
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Figure 5.9: Long-term fatigue damage comparison at mudline between full
scatter assessment and lumped load cases obtained using fully coupled and

simplified models

for the entire support structure. Figure 5.12 illustrates the total fatigue
damage along the support structure for the three OWTs, with the values
normalized to the maximum damage, confirming that the lumped load cases
successfully capture the response characteristics along the OWTs. Moreover,
similar results were observed for the damage estimated from the lumped load
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Figure 5.10: Long-term fatigue damage comparison at tower base between
full scatter assessment and lumped load cases obtained using fully coupled

and simplified models

cases obtained using fully coupled and simplified models. Consequently,
given that simplified models of reasonable accuracy are available, they can
be used in conjunction with fully coupled time-domain models to apply the
DELM and estimate long-term fatigue damage.
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Figure 5.11: Total fatigue damage relative difference between DELM and
LTFA for the three OWTs. Comparison at the angular position of the

maximum damage around the circumference.

5.2 Sensitivity of lumped LCs to different factors

In the subsequent sections, variations in the dynamic characteristics of the
structure and site-specific environmental conditions are examined to assess
their impact on the derived lumped load cases. Additionally, the influence of
the duration of white noise on the stress transfer functions and the resulting
load cases is investigated.

5.2.1 Monopile design

The sensitivity of the lumped load cases to variations in monopile character-
istics for the 10 MW OWT model was evaluated in this section. The primary
parameters considered for monopile design are the embedded length, diam-
eter, and thickness. To assess the sensitivity of the lumped load cases to
different embedded lengths, five designs with different Lp/Dp ratios were
tested. The diameter (Dp) and the thickness (tp) were kept constant at 9 m,
and 0.11 m. The lumping procedure was applied using fully-integrated time
domain models. Figure 5.13 presents the first fore-aft natural frequencies
and global damping ratios obtained from free decay tests. It is observed
that higher load levels lead to lower natural frequencies due to the lower
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0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1

Normalized fatigue damage [-]

0

10

20

30

40

50

60

70

80

90

100

110

120

V
er

tic
al

 p
os

iti
on

 a
bo

ve
 S

W
L 

[m
]
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Figure 5.12: Comparison of total long-term fatigue damage along the
support structure between full scatter assessment and lumped load cases.
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foundation stiffness, while larger global damping ratios result from the rep-
resentation of hysteretic damping in the macro-element (further explained
in Chapter 6).

Contour lines were similar for all the models, with slight variations in the
region of the natural frequency, due to the differences in dynamic proper-
ties among the models. Lumped load cases with negligible variations were
obtained for all wind classes within the operational range, as shown in Fig-
ure 5.14, indicating that the variations in the monopile embedded length
had minimal impact on the derived lumped load cases.
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Figure 5.13: Natural frequency and global damping ratio of the foundation
models from free-vibration test [212]

To assess the sensitivity of the lumped load cases to variations in the monopile
diameter (Dp) and thickness (tp), the simplified model of the 10 MW OWT
was used. To cover a range of frequencies within the soft-stiff design range of
the turbine (∼ 0.16− 0.30, Figure 1.12), different points were selected with
a constant Dp/tp ratio equal to 100, as illustrated in Figure 5.15. Table 5.3
summarizes the chosen points, and their natural frequency. It is noted that
the soil stiffness is assumed to be the same for all the models and taken as
the linear stiffness of the base case model (Dp =9 m tp =0.11 m).

The different natural frequencies of the models were reflected in the contour
lines obtained at the tower base, as shown in Figure 5.16 for wind class
10-12 m/s. The vertical lines represent the natural periods of the models.
Figure 5.17 shows the lumped load cases for the various models across all
wind classes. In terms of HLC

s , similar values were observed for all the
models, with variations ranging from 0.02 m to 0.18 m, without any specific
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Figure 5.15: Variation of natural frequency with monopile diameter and
thickness within the soft-stiff design range of 10 MW OWT

trend with respect to wind classes. TLC
p varied between 0.04 s and 0.3 s

between models M2-M6, while for model M1, differences from 0.2 s up to
0.75 s were found.
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Table 5.3: Models to evaluate the sensitivity of the lumped load cases on
variations of monopile diameter (Dp) and thickness (tp)

Point Dp tp Eigenfrequency Eigenperiod
- m m Hz s

M1 6.0 0.06 0.1737 5.757
M2 7.0 0.07 0.2139 4.675
M3 8.0 0.08 0.2455 4.073
M4 9.0 0.09 0.2686 3.723
M5 10.0 0.10 0.2848 3.511
M6 11.0 0.11 0.2959 3.379
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Figure 5.16: Contour lines at tower base for four models

It can be concluded that monopile design variations within the soft-stiff
range, which can affect the natural period of the structure by approximately
1 s, will not significantly impact the derived TLC

p . Therefore, similar lumped
sea states can be used, especially in the early design phases, considering that
the observed variations fall within this range. However, for more substantial
differences, such as variations of up to 2.5 s (as seen in model M1), the
dynamic characteristics of the structure gradually become more important,
resulting in more notable changes in TLC

p , and therefore it is recommended
to update the lumped LCs to reflect the changes in design.
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Figure 5.17: Lumped load cases for the different design points (Table 5.3)

5.2.2 Environmental variability

Due to the inherent variability of the offshore environment, metocean con-
ditions vary each year even for the same site, as shown in Figure 5.18 for
the annual and 60-year empirical marginal distributions of U119, Hs, and Tp.
The lumping process takes into account this long-term variability by using
scatter diagrams, and as a result, variations in the lumped load cases are
expected. This section investigates how the lumped load cases vary using
the annual scatter diagrams, each established from the annual data between
1958 and 2017, with the results illustrated in Figure 5.19.

A single white noise simulation was performed for each wind class, and the
same stress transfer functions were used in the lumping process for all years.
Therefore, the only parameter that varies is the distribution of sea states in
the scatter diagrams, represented by P (Hs,i ∩ Tp,j |Uk), and the total prob-
ability of occurrence PSD associated with a scatter diagram for a specific
wind class. The metocean variability affects the calculation of DLT,target

through the use of P (Hs,i ∩ Tp,j |Uk) in Eq. 4.10, and DU,scale through the
use of PSD in Eq. 4.11.

The variability in the metocean data leads to different lumped LCs, primarily
driven by the distribution of sea states within the scatter diagrams. Gen-
erally, for most wind classes, HLC

s varied between 0.15 m and 0.3 m, while
larger variations (0.7 m to 1.5 m) were observed for higher wind speeds.
Similarly, TLC

p varied between 0.5 s and 1.5 s, with differences of up to 2 s
for wind classes 26-28 m/s and 4 s for 28-30 m/s.
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Figure 5.18: Annual and total (60 years) distributions of site-specific
metocean conditions (NORA10 dataset)

The larger spread of the lumped LCs in these classes is due to the relatively
small number of sea states present in the scatter diagrams, making it in-
creasingly important how they are distributed within the scatter diagram
for deriving the lumped sea states. Additionally, Figure 5.19 indicates a
positive correlation between HLC

s and TLC
p for all wind classes, with corre-

lation coefficients ranging from 0.85 to 0.95, which aligns with the physical
behaviour of waves where larger wave heights are generally associated with
longer periods. Results depict the high sensitivity to annual variation in off-
shore conditions conditions, highlighting the uncertainty in fatigue damage
estimates using annual data.

5.2.3 Numerical variation

The damage-equivalent lumping method using fully-integrated time-domain
models requires a white noise simulation to extract representative transfer
functions (as discussed in Sec. 4.3.1). For the results presented in the thesis
and the attached papers, a white noise simulation duration of 3 hours was
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Figure 5.19: Lumped sea state parameters and LCs from the annual
scatter diagrams between 1958-2017

chosen. This duration ensures that the signal has approximately equal wave
energy, i.e., constant power spectral density, over the frequency range.

The white noise simulation is computationally demanding, and therefore,
reducing its duration without compromising the accuracy of the resulting
lumped load cases would be highly beneficial. However, decreasing the du-
ration of the white noise simulation leads to significant variations in the
wave spectrum over the frequency range.
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Figure 5.20 provides an example of wave spectra for a white noise signal
with the same wave amplitude. Figure 5.20a demonstrates how the wave
spectra vary with signals of different duration, while Figure 5.20b illustrates
the variability of the wave spectra from four 10-minute white noise simula-
tions with different random seeds. To evaluate the effect of the white noise
duration on the stress transfer functions Hζσ and the resulting lumped load
cases HLC

s −TLC
p , the lumping procedure was applied with different duration

(1 min, 10 min, 1 hour, 3 hours, 6 hours) for three wind classes (8-10 m/s,
18-20 m/s, 26-28 m/s) using the 10 MW OWT model. Figure 5.21 shows
the Hζσ obtained from the white noise simulations for the 18-20 m/s class.
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Figure 5.20: White noise variation with (a) duration (b) seed variability
(for 10 min duration)

For the 1-minute duration, 60 random seeds were analyzed, but the resulting
Hζσ was found inadequate in capturing the dynamic response, particularly
the wave response at mudline, due to high sensitivity to the wave spectrum
dependency on the seed. The 10-minute simulations produced reasonable
Hζσ, accurately capturing the dynamic response at both locations along the
OWT with slight variations. For longer simulation durations, the variability
due to seed dependency became negligible. Similar results were also observed
for the other wind classes.

Using the obtained Hζσ, the lumped load cases HLC
s − TLC

p were extracted
for the three wind classes, as shown in Figure 5.22. In the 1-minute cases, a
relatively large variation was observed in the lumped parameters, with a co-
efficient of variation ranging from 2% to 5% for HLC

s and 1% to 3% for TLC
p .

Extending the white noise simulation duration to 10 minutes significantly
reduced the variation of HLC

s and TLC
p to a range of 0-0.1 m and 0-0.1 s,
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Figure 5.21: Stress transfer functions Hζσ, as obtained from white noise
simulations of different duration for wind class 18-20 m/s

respectively, across all wind classes. For longer durations, the variation be-
came negligible, as indicated in the zoomed-in section of Figure 5.22a. The
variations observed for the 10 min case are considered negligible, given the
notable reduction of computation time from 3 hours to 10 min (∼ 94%), and
the inherent uncertainty in the fatigue damage estimates from time-domain
simulations, and can be recommended when the method is applied using
fully-coupled models for monopile foundations.



112 112

1 min 10 min 1 hr 3 hrs 6 hrs
1

1.05

1.1

1.15

1.2

1.25

1.3
H

sLC
 [m

]

1 min 10 min 1 hr 3 hrs 6 hrs
5.8

5.9

6

6.1

6.2

6.3

6.4

6.5

6.6

T
pLC

 [s
]

1.2572

1.2576

6.422

6.425

(a) 8-10 m/s

1 min 10 min 1 hr 3 hrs 6 hrs
2.8

2.9

3

3.1

3.2

H
sLC

 [m
]

1 min 10 min 1 hr 3 hrs 6 hrs
7.5

7.6

7.7

7.8

7.9

8

8.1
T

pLC
 [s

]

(b) 18-20 m/s

1 min 10 min 1 hr 3 hrs 6 hrs
4.8

4.9

5

5.1

5.2

5.3

5.4

5.5

5.6

H
sLC

 [m
]

1 min 10 min 1 hr 3 hrs 6 hrs
9.2

9.3

9.4

9.5

9.6

9.7

9.8

9.9

10

10.1

10.2

T
pLC

 [s
]

(c) 26-28 m/s

Figure 5.22: Variation of lumped load cases, with respect to white noise
simulation time



5.3. Lumping of wind-sea and swell 113

5.3 Lumping of wind-sea and swell

5.3.1 Main project information

The accuracy of DELM was investigated for the Front End Engineering De-
sign (FEED) stage of a monopile-based OWT project. Lumped LCs were
derived based on the method described in Sec. 4.4 and used for the long-term
fatigue assessment of the OWT, for the DLC 7.2 (parked within the opera-
tional range). The procedure involved defining one load case for each wind
class, wind direction, wind-sea direction, and swell direction. In addition, an
LTFA was carried out using hindcast data directly. Verification results are
provided for three wind classes, allowing a comparison between the results
obtained from the lumped LCs and the direct hindcast data analysis.

The SIMA software was employed to model the monopile-based OWT sys-
tem, as illustrated in Figure 5.23. The monopile and tower were represented
as beam elements with specified diameter and thickness, while the RNA
was modelled as a SIMA body with defined mass and inertia. Soil-structure
interaction was considered using p − y curves. To determine the natural
frequencies of the system’s vibration modes, an eigenvalue analysis was per-
formed. Table 5.4 provides a summary of the natural frequencies for the
first and second fore-aft and side-side vibration modes.

Figure 5.23: Numerical model in SIMA

Aerodynamic damping was represented by a dash-pot located at the RNA.
Damping values related to the 1st side-side and fore-aft system modes for
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Table 5.4: Natural frequencies-periods from the eigenvalue analysis

Vibration Natural frequency Natural period
mode [Hz] [s]

1st Side-Side 0.16267 6.14
1st Fore-Aft 0.16439 6.08
2nd Side-Side 0.77607 1.29
2nd Fore-Aft 0.87865 1.14

different wind speeds were provided as percent of critical damping by the
wind turbine manufacturer. The remaining sources of damping, i.g., hy-
drodynamic, soil, and structural, were represented by Rayleigh proportional
damping, based on the first natural frequency, as obtained from the eigen-
value analysis.

The water depth of the site is 27.3 m. Hourly site-specific hindcast data for
the continuous period from 2002 to 2019 were used to organize the meto-
cean parameters. Figures 5.24 and 5.25 show the wind-sea and swell wave
roses for Hs and Tp. Wind and wave directions are measured clockwise from
North. It is observed that the wind-sea direction is predominantly from
the southwest, following the general wind direction, while the swell compo-
nent is independent and mainly originates from the southeast. The different
characteristics of the two components are also observed by their Hs − Tp

parameters, where wind-sea is dominated by waves with Tp mainly between
3-7 s, while swell is dominated by waves between 6-11 s.
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Figure 5.24: Wind-sea roses for the commercial FEED design
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Figure 5.25: Swell roses for the commercial FEED design

5.3.2 Lumped load cases

Representative lumped load cases (LCs) were derived for 29 wind classes,
with wind speeds ranging from 3 m/s to 31 m/s in steps of 1 m/s. Con-
sidering the combination of all wind speeds, wind and wave directions in
30◦ increments from 0◦ to 330◦, a total of 4176 wind-sea scatter diagrams
were obtained. However, only around 2000 scatter diagrams had a non-zero
probability of occurrence, as empty scatter diagrams were disregarded. Sim-
ilarly, for the swell component, the total number of directional swell scatter
diagrams was 50112. However, due to the limited range of swell directions,
the non-zero scatter diagrams were around 4000 (92% reduction).

By coupling swell with wind-sea in the lumping process without crude simpli-
fications, the total number of lumped LCs was found to be 4087, represent-
ing the total variability in wind speed, wind direction, wind-sea direction,
and swell direction in the metocean database, which included 150283 occur-
rences.

The wind-wave environment was fully described using 4087 unique lumped
load cases. Each load case consists of a wind-sea and a swell wave com-
ponent, with representative sea-state parameters, as described in Sec. 4.4.
Figure 5.26 shows the lumped LCs for wind-sea and swell for all wind speeds
and wind directions, respectively, along with the hindcast data for the time
considered. Each “dot” represents one wind-sea or swell scatter diagram,
with the colour density indicating the total probability of occurrence for the
wave scatter diagrams represented by the damage-equivalent lumped LCs.
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(a) Wind-sea

(b) Swell

Figure 5.27: Hs − Tp histograms of wind-sea and swell hindcast data and
lumped load cases

5.3.3 Verification of results

To verify the results, a full long-term assessment was conducted for three
wind classes: 18 m/s, 21 m/s, and 24 m/s. The hourly wave occurrences for
each wind class were selected from the hindcast data within the respective
wind speed ranges: [17.5, 18.5) m/s, [20.5, 21.5) m/s, and [23.5, 24.5) m/s.
For each occurrence, a representative load case was analyzed, consisting of
both a wind-sea and swell component with their respective characteristics
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was observed. Considering the various uncertainties associated with the
lumping process and fatigue calculation, these deviations in fatigue damage
are relatively small. This is especially noteworthy considering the signifi-
cant reduction in computational time achieved through the use of lumped
load cases and the comprehensive representation of wind-sea and swell wave
components in an integrated and consistent manner.
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Chapter 6

Soil-structure interaction
effects on fatigue damage

This chapter evaluates the impact of foundation modelling on the dynamic
behaviour and fatigue estimates of monopiles. Aspects such as hysteretic
damping and different stiffness after load reversals incorporated into the
macro-element model, which cannot be represented by the widely used ap-
proach of p − y curves, are emphasized. Focus is given to conditions when
aerodynamic damping is negligible in the response direction, such as parked
states and wind-wave misalignment conditions.

6.1 Foundation damping and stiffness

In the time-domain simulation tool, the total damping includes aerodynamic,
hydrodynamic, structural, and soil damping. Aerodynamic damping arises
from the air drag on the rotating blades due to the relative motion between
the rotor and the wind, and hydrodynamic viscous damping is approximated
using the relative velocity between the structure and the fluid in the Morison
equation. Hydrodynamic radiation damping was not modelled explicitly in
the simulations.

Structural damping, which describes material damping due to friction and
local strains, was represented by stiffness-proportional Rayleigh damping
along the support structure. A structural damping ratio of ξ ≈1.0-1.1% of
critical damping was used for all OWTs, based on the natural frequency
of their first vibration mode. The value was based on published results
using both full-scale measurements and simulations [220] and typical val-
ues adopted for reference wind turbines [191, 192]. The mass-proportional

123
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term in the definition of Rayleigh damping can introduce an artificial over-
damping for low-frequency vibrations; therefore, it was not used.

Soil damping is inherently represented by the macro-element model, while
for p−y curves, it was represented by stiffness-proportional damping, where
the stiffness-proportional coefficient βd was defined based on a desired global
damping ratio ξ, and the natural frequency of the first vibration mode for
each OWT, as shown in Eq. 6.1,

βd =
ξ

πf1
. (6.1)

To quantify the natural frequency and soil damping of each foundation
model, free vibration tests with no wind and no waves were conducted for
the three OWTs. The tests were performed by gradually applying the max-
imum thrust force for each OWT at the tower top and then releasing the
force to allow the OWT to vibrate for 600 s. Aerodynamic damping was neg-
ligible during the decay test as the rotor was kept locked and the blades were
pitched to feather by 90◦. The global damping ratio ξ for each load cycle
was then quantified based on the logarithmic decrement δ, which was cal-
culated for multiple successive amplitudes (Ai, Ai+1) of the fore-aft bending
moment at the mudline, as shown in Eq. 6.2,

δ = ln

(
Ai

Ai+1

)
= 2π

ξ√
1− ξ2

≈ 2πξ. (6.2)

Figure 6.1 shows an example of free vibration analysis, where the bending
moment at mudline is illustrated during the test. Free vibration tests were
conducted for the macro-element and p− y curve models. Figure 6.2 shows
an example of the fore-aft bending moment at the mudline and the global
damping ratio for the two foundation models, as obtained from the free-
vibration test of the 15 MW OWT. The non-zero slope of the damping ratio
with respect to response amplitude depicts the nonlinear soil (hysteretic)
damping reproduced by the macro-element. Hysteretic damping cannot be
reproduced by the stiffness-proportional Rayleigh damping, which provides
similar damping over the range of response amplitudes.

Figure 6.3 shows the response from the decay test of the macro-element
model alongside the p−y curves, clearly depicting the hysteretic loops of the
former, and the different soil stiffness formulation between the two models.
In the p − y curves, soil stiffness is represented as a nonlinear relationship
between lateral soil resistance (p) and lateral displacement (y). As illustrated
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Figure 6.1: Example of free vibration analysis for 15 MW OWT
(macro-element)
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Figure 6.2: Decay test (left) and global damping ratio (right) for
macro-element, and p− y curves for different levels of soil damping

(stiffness proportional)

in Figure 6.3, at low response levels, i.e., within the elastic region of the p−y
curve, the soil stiffness is typically linear, indicating that resistance increases
proportionally with deflection, reflecting the initial stiffness of the soil. As
lateral deflection increases, the p−y curve transitions into a nonlinear region.
Figure 6.4 presents the first fore-aft natural frequencies obtained from free
decay tests for the macro-element and p − y curves. It is observed that for
higher load levels, the foundation stiffness is lower, leading to lower effective
resonance frequencies.
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Figure 6.3: Response at mudline of macro-element and p− y curve models
from a decay test of the 15 MW OWT
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Figure 6.4: Decay frequency of macro-element and p− y foundation models
from free-vibration test

While the p−y curves capture the overall nonlinear soil response, considering
the cumulative effects of loading and unloading cycles, they fail to explicitly
account for the different foundation stiffness between load reversals, which
is captured by the macro-element model. In particular, Figure 6.3 demon-
strates that during load reversals, when the load on the foundation reaches
its maximum and is subsequently reversed, the soil surrounding the monopile
unloads. Initially, the unloading is elastic, resulting in a stiffer response than
before the reversal. As the load reversal magnitude gradually increases, the
stiffness decreases due to plastic deformations in the soil. A similar pat-
tern is observed during reloading. This behaviour creates a hysteresis loop,
with the enclosed area representing the energy dissipated in the soil, which
also corresponds to hysteretic damping at the foundation level. Higher load
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levels, which correspond to a larger enclosed area, are associated with in-
creasing soil strains, resulting in a larger amount of hysteretic damping. In
contrast, the p−y curves follow the same elastic curve during load reversals,
indicating no generation of hysteretic damping, as well as no variation in
stiffness during load reversals.

6.2 Dynamic response and short-term fatigue

The impact of the foundation modelling on fatigue responses was assessed
based on time-domain analyses using the fully coupled aero-hydro-servo-
elasto-plastic simulation tool SIMA. The macro element model, which in-
corporates hysteretic damping and different stiffness after load reversals,
was considered the baseline model and was compared to p− y curves. Both
models were calibrated to FEA results obtained from the same soil profile
(Sec. 3.1.2). Their implementation in SIMA was discussed in Sec. 3.3.1.2.
The next sections compare the p − y curves to the macro-element. Firstly,
the dynamic response obtained from time-domain simulations is compared
for the two models, then the short-term damage estimates are assessed.

6.2.1 Effect of foundation modelling on dynamic response

OWTs respond across a wide range of frequencies as mentioned in previ-
ous sections (e.g., Sec. 1.4.3, Sec. 5.1.1), including slowly varying responses
caused by wind loads, 1P-3P rotor operating frequencies, and wave frequen-
cies. High-frequency vibrations, e.g., 2nd mode responses, are also present;
however, their contribution to fatigue is negligible for monopile-based OWTs,
considering also that stiffness-proportional Rayleigh damping, chosen based
on the first vibration mode, dampens higher-frequency vibration modes to
a great extent. Fatigue damage in OWTs, as obtained from time-domain
simulations, is a result of various processes, any of which may dominate de-
pending on the natural frequency of the OWT, its operational state (and
wind speed), the sea state severity, and the location of interest along OWT.

Using the p − y curves leads to distinct changes in the response compared
to the macro-element. Firstly, the soil stiffness is generally reduced, leading
to higher response amplitudes in the wave frequency range, as illustrated in
Figure 6.5, which shows the fore-aft axial stress spectra (Sσσ) at mudline
for the two foundation models. The macro-element model reproduces the
different foundation stiffness after load reversals, while the p − y curves
follow the same elastic curve. The lower soil stiffness of the p − y models
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results in a lower resonance frequency that is also observed from the response
spectra. The difference in soil stiffness was generally more pronounced for
wind classes close to the rated speed with operating OWT, where the highest
mean loads are applied due to the maximum thrust force.
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Figure 6.5: Axial stress spectra at mudline (10 MW OWT) for a point
aligned with the FA direction for p− y curves and macro-element

(U119=11 m/s, Hs=1.39 m, Tp=6.37 s)

Soil damping particularly affects the response around the natural frequencies
of the models. In operational states, aerodynamic damping dominates, so
variations in soil damping included in the p− y curves result in only minor
differences in the overall response. However, in the parked state, the soil
becomes the primary contributor to damping. This is evident in Figures
6.6 and 6.7, which demonstrate the impact of soil damping variation in the
response, particularly for the parked states, at both the mudline and SWL.

Figures 6.6 and 6.7 compare the stress spectra for p − y curves with soil
damping corresponding to different global damping ratios. In the opera-
tional state, at the mudline, the response is dominated by the wave frequency
range for that particular load case, while aerodynamic damping attenuates
the response at the natural frequency. Variations in soil damping lead to
only minor differences in the response spectra between the models. However,
in the parked state, where aerodynamic damping is negligible, the resonant
response becomes significantly more important. In this case, variations in
soil damping have a considerable impact on the responses and subsequently
on fatigue. Similar behaviour is observed at SWL, where the response close
to SWL primarily occurs at the OWT natural frequency and the rotor op-
erating frequencies, with negligible response due to wave excitation.
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Figure 6.6: Axial stress spectra at mudline (10 MW OWT) for a point
aligned with the FA direction for p− y curves with different levels of soil

damping (U119=25 m/s, Hs=4.48 m, Tp=9.15 s)
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Figure 6.7: Axial stress spectra at SWL (10 MW OWT) for a point aligned
with the FA direction for p− y curves with different levels of soil damping

(U119=25 m/s, Hs=4.48 m, Tp=9.15 s)

The stiffness-proportional term contributes damping that is linearly propor-
tional to frequency. As only stiffness-proportional damping is used, with the
coefficient determined based on the first natural frequency (as described in
Eq. 6.1), any high-frequency response is strongly damped. This behaviour
is illustrated in Figure 6.8, which compares the stress spectrum (log scale)
at the mudline (parked condition) between macro-element and p− y curves.
While the p − y closely approximate the macro-element response at the
1st natural frequency, responses in higher frequencies, such as the 2nd or
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3rd vibration mode, are more heavily damped. This frequency dependency
is an inherent limitation of the Rayleigh damping formulation. However,
as Figure 6.8 shows, the energy content in the high-frequency range (e.g.,
above 3P) is negligible compared to the rest of the excitation frequencies
when considering the fatigue of monopiles. Therefore this effect is assumed
negligible for the resultant fatigue estimates. Finally, no differences in the
response spectra were observed between the soil models in the low-frequency
responses, i.e., for f < 0.1 Hz.
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Figure 6.8: Effect of using Rayleigh formulation for soil damping on
higher-order responses (U119=25 m/s, Hs=4.48 m, Tp=9.15 s) - 10 MW

6.2.2 Short-term fatigue sensitivity to foundation modelling

To investigate the impact of foundation modelling on fatigue estimates, rep-
resentative lumped load cases for four wind classes (obtained from Chap-
ter 4) were tested for each OWT. For the p−y curves, stiffness-proportional
Rayleigh damping was employed to represent four levels of soil damping.
The amount of soil damping, expressed as a percentage of critical damp-
ing, was selected for each OWT so that the total global damping ratio of
the p − y curves closely matched that of the macro-element model for low,
intermediate, and high mean load levels at the mudline, as obtained from
free-vibration tests. Figure 6.9 shows the global damping ratios used in the
analyses for each OWT, using the macro-element model, and the p−y curves
with different levels of soil damping. The figure also shows the mean mudline
moment for different wind classes, with black markers indicating the wind
classes analyzed for each OWT.
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Figure 6.9: Left: Global damping ratio for macro-element, and p− y curves
for different levels of soil damping (stiffness proportional). Right: Mean

bending moment mudline at different wind classes.

Table 6.1 summarizes the load cases analyzed for each OWT. Both oper-
ational and parked states were evaluated. For each load case, five 1-hour
time-domain simulations were conducted with random wind and wave seeds,
and the average fatigue damage was compared. The same seeds were used
over the different operational states and soil models to eliminate the effect
of statistical uncertainty from the simulations (see e.g., Figure 4.12).

Figures 6.10, 6.11, and 6.12 show the relative difference of 1-hour fatigue
damage between the p− y curves and the macro-element (reference) for the
three OWTs, for operational and parked states. On the x-axis, the global
damping ratio of the p − y curves is shown (see Figure 6.9), corresponding
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Table 6.1: Loading conditions analyzed for the different OWTs

5 MW 10 MW 15 MW
U90 Hs Tp U119 Hs Tp U150 Hs Tp

m/s m s m/s m s m/s m s

7 1.01 6.61 7 1.02 6.51 7 1.13 7.49
11 1.46 6.41 11 1.39 6.37 11 1.44 7.17
15 2.29 7.28 13 1.76 7.10 15 2.08 7.13
25 4.77 9.35 25 4.48 9.15 25 4.33 8.99

only to different amounts of soil damping included in the p− y model. Pos-
itive (negative) deviation implies overestimation (underestimation) of p− y
curves compared to the macro-element. Results are shown for the monopile
sections at mudline and still water level (SWL).

In operational states, the relative differences between the p− y curves (with
various damping levels) and the macro-element model mostly ranged from
-5% to +15% for all OWTs. However, higher variations were observed for
the 10 MW OWT in the wind class of 6-8 m/s. In this case, the p−y curves
underestimated the fatigue damage by 20% up to 50% for low and high soil
damping levels, respectively. This discrepancy can be attributed to the res-
onance effects caused by the close proximity of the first natural frequency
(0.28 Hz) to the mean 3P excitation frequency (0.3 Hz) of the turbine ro-
tor, as mentioned in Sec. 5.1.1. The different stiffness formulation of the
macro-element model results in the natural frequency being closer to the ex-
citation frequency, resulting in relatively large differences in fatigue damage.

In parked conditions, significantly larger variations were observed between
the models. At the tower, differences ranged from -80% to +120% for dif-
ferent OWTs, while at the mudline, differences were up to ±50%. These
variations highlight the increased importance of foundation modelling and
the inclusion of hysteretic damping effects in cases where aerodynamic damp-
ing is negligible, as expected from the response spectra (Figures 6.6b, 6.7b).

In operational states, for all OWTs, different soil damping levels (repre-
sented by Rayleigh damping) for each wind speed need to be applied in
the p − y curves model to closely approximate the fatigue responses ob-
tained from the nonlinear elasto-plastic macro-element model. This can be
observed, for example, by looking at Figures 6.11a and 6.9 for the 10 MW
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Figure 6.10: Fatigue damage relative difference between p− y curves and
macro-element model for 5 MW model

model. At the rated speed, where maximum mean loads are experienced, the
macro-element model exhibits maximum soil damping, resulting in a global
damping ratio of approximately 2.4%. For higher wind classes (12-14 m/s
and 24-26 m/s), where the mean loads gradually decrease to approximately
140 MNm and 80 MNm, respectively, the macro-element model exhibits
decreasing global damping ratios of approximately 2.0% and 1.6%. Conse-
quently, lower soil damping levels are required in the p− y curves model to
approximate the macro-element fatigue estimates, as shown in Figure 6.11a
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Figure 6.11: Fatigue damage relative difference between p− y curves and
macro-element model for 10 MW model

for those wind classes. Similar behaviour is observed for other wind tur-
bines, however it is generally challenging to isolate the effect of different
processes on the resulting fatigue estimates, particularly in operational con-
ditions where the differences between the models are small.

Contrary to operational states, in the parked state, the p−y curves produced
similar fatigue estimates to the macro-element model with an approximately
constant soil damping level, regardless of the wind class. This was observed
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Figure 6.12: Fatigue damage relative difference between p− y curves and
macro-element model for 15 MW model

for all OWTs, as depicted in Figures 6.10b, 6.11b, and 6.12b, respectively.
Notably, for the 5 MW OWT, a soil damping level corresponding to a global
damping ratio of 1.2% resulted in variations of 5-10% for all wind classes,
except for the 24-26 m/s class where a model with a 1.4% damping value
provided the best match to the fatigue estimates of the macro-element model.
For the 10 MW and 15 MW models, the p − y models with soil damping
corresponding to a constant global damping ratio of 1.4% resulted in minor
deviations from the macro-element model (±10%) for all wind classes.
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6.3 Wind-wave misalignment

To understand the effect of foundation models on conditions with mis-
aligned wind and waves, the general behavior of the OWTs is first analysed
(Sec. 6.3.1) before comparing the macro and p− y models (Sec. 6.3.2). The
10 MW OWT is used to demonstrate the effects of wind-wave misalignment.
The results shown in this section are from publication P1 [221]. In all sim-
ulations the OWT is in operational state, and the rotor is facing the wind,
meaning that the wind coincides with the fore-aft (FA) direction, and the
side-to-side (SS) direction is perpendicular to the wind. The wind-wave mis-
alignment is the angle between the wave and the FA direction. Table 6.2
summarizes the cases analyzed. The wave parameters were chosen as the
mid values of the class that contributes the most to the long-term damage
for the scatter diagram.

Table 6.2: Load cases analyzed for wind-wave misalignment

Load
U119 Hs Tp

Wind-wave Wave
case misalignment spectrum

- m/s m s ◦ -

LC1 5.06 0.75 5.5 [0◦, 15◦, 30◦, 45◦, 90◦ ] Pierson–Moskowitz
LC2 9.06 1.25 5.5 [0◦, 15◦, 30◦, 45◦, 90◦ ] Pierson–Moskowitz
LC3 14.94 2.25 6.5 [0◦, 15◦, 30◦, 45◦, 90◦ ] Torsethaugen
LC4 20.9 3.75 7.5 [0◦, 15◦, 30◦, 45◦, 90◦ ] JONSWAP

6.3.1 Maximum damage and dynamic response

Figures 6.13, 6.14, and 6.15 illustrate the short-term fatigue damage at the
mudline around the circumference for three of the different load cases, each
with varying wind-wave misalignment angles. For all cases, wind always
comes from 0◦, and waves come from 0◦ (left), 45◦ (middle), and 90◦ (right),
as indicated by the black arrows.As shown, the point (angle) around the
monopile circumference with largest fatigue damage changes, for different
misalignment angles.

In LC1 (see Figure 6.13), the response is primarily dominated by the 3P ex-
citation. As a result, the maximum fatigue damage occurs at a point around
the circumference close to the wind direction, regardless of the wave direc-
tion. For misalignment angles up to 45◦, the point of maximum damage
slightly shifts towards the wave direction. However, as the misalignment
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Figure 6.13: Fatigue damage at mudline around the circumference for LC1
(U119=5 m/s) for different wind-wave misalignment angles.
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Figure 6.14: Fatigue damage at mudline around the circumference for LC2
(U119=9 m/s) for different wind-wave misalignment angles.
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Figure 6.15: Fatigue damage at mudline around the circumference for LC4
(U119=21 m/s) for different wind-wave misalignment angles.

angle between the wind and waves increases, the maximum fatigue dam-
age decreases. Moreover, as the misalignment angle increases, the fatigue
damage in the side-to-side direction due to waves also becomes noticeable.
In LC2 (see Figure 6.14), which is close to the rated wind speed, a similar
pattern is observed, with the maximum damage around the circumference
decreasing as the misalignment angle increases. However, unlike LC1, the
point of maximum damage aligns more closely with the wave direction. Fur-
thermore, even for waves approaching from 90◦, the aerodynamic loads at
the rated speed in the fore-aft direction remain significant. For more se-
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vere wind and waves, such as LC4 (see Figure 6.15), dynamic responses due
to waves become dominant. Larger misalignment angles between wind and
waves lead to increased maximum fatigue damage. The point around the
circumference experiencing the highest fatigue damage fully correlates with
the wave direction.
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Figure 6.16: Axial stress PSD at mudline for the point of maximum fatigue
damage for LC1, LC2, and LC4, for different misalignment angles

Figure 6.16 shows the axial stress spectra for three load cases (LC1, LC2,
and LC4) at the mudline, at the point with the maximum fatigue damage,
for different wind-wave misalignment angles. In the low-frequency range
(below 0.05 - 0.1 Hz), for LC1 where the maximum damage occurs close to
the wind direction (fore-aft), the responses remain the same for all misalign-
ment angles. However, for LC2 and LC4, the responses gradually decrease
as the misalignment angle increases, indicating that the maximum damage
shifts from the wind direction to the wave direction (side-side). This shift is
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particularly noticeable for LC2 when operating close to the rated speed.

In the wave frequency range (0.1 – 0.2 Hz), the responses slightly decrease
with larger misalignment angles. In unidirectional wind-waves, the soil expe-
riences higher load levels due to the mean thrust force acting in the fore-aft
direction. As a result, the soil softens, leading to slightly higher responses.
For LC1, it is worth noting that at 90◦ misalignment, where the point of
maximum damage is nonetheless in the fore-aft direction, the response in
the wave frequency range is approximately zero.

In the resonance frequency range (0.25 – 0.27 Hz), for misalignment angles up
to 30◦, aerodynamic damping effectively attenuates the dynamic responses.
However, for larger misalignment angles (45◦ and 90◦), the contribution of
aerodynamic damping becomes negligible in the wave excitation direction,
and the soil becomes the primary source of damping. This is particularly
significant for load cases where waves dominate the fatigue. Finally, the
responses in the 3P frequency range dominate only for LC1, while for the
other load cases, they decrease with larger misalignment angles. However,
these responses have minor importance for these load cases.

6.3.2 Effect of foundation modelling

A comparison of the axial stress PSD between the macro-element and p− y
curves for different misalignment angles, indicates the importance of foun-
dation modelling. Figure 6.17 shows LC4 in operational state with the
different misalignment angles. As shown, for 0◦ and 15◦ there are negligi-
ble differences, due to the dominance of aerodynamic damping. For larger
misalignment angles, the absence of aerodynamic damping in the wave exci-
tation direction, where the maximum is found, makes foundation modelling
essential for attenuating the response near the first natural frequency, with
the macro-element providing with much lower stress amplitudes.

These effects are reflected in the fatigue damage relative differences between
the macro-element and the p− y curves, shown in Figure 6.18. Similarly as
before, positive (negative) deviation implies overestimation (underestima-
tion) of p− y curves compared to the macro-element.

In LC1, relative differences between the models are negligible, because as
mentioned before, the maximum fatigue damage is found in in fore-aft di-
rection, where aerodynamic damping dominates. A similar behaviour is
observed for LC2, with small differences in fatigue damage for all angles,
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Figure 6.17: Axial stress PSD at mudline for LC4 for different
misalignment angles, at the point around the circumference with the

maximum fatigue damage.

except for the 90◦ case, where a difference about 180% was found, as the
maximum damage is found close to side-side direction. For more severe LCs,
for misalignment angles up to 30◦, the relative difference in fatigue damage
is comparable to the unidirectional wind-waves cases (aerodynamic damping
is effective) with slight variations up to 20%, depending on the EC. How-
ever, for larger misalignment, the differences vary between 60% (EC4) 160%
(EC3), indicating the importance of foundation modelling, in the lack of
aerodynamic damping.
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Figure 6.18: Relative difference in fatigue damage at mudline between
macro-element and p− y curves for different wind-wave misalignment

6.4 Effect of foundation model on long-term fatigue

The previous section focused on evaluating the impact of foundation mod-
elling on the dynamic behaviour of of the OWTs, and the resultant short-
term fatigue estimates. However, to determine the long-term effects, there
are additional factors that need to be taken into account. These factors
include site-specific long-term metocean conditions, the availability of in-
dividual OWTs throughout their entire lifespan, and potential long-term
effects on the soil caused by OWT operation, such as soil degradation due
to cyclic loading.

To investigate the impact of foundation modelling on long-term fatigue
estimates, a sensitivity study was conducted using the elementary effects
method, as explained in Paper 5 [222]. This study aimed to investigate var-
ious parameters, including foundation modelling, and their contribution to
the uncertainty in long-term fatigue estimates. Among the different input
choices considered in the time-domain load analyses, such as wave spectrum,
wave spreading, turbulence model, and scour protection, it was found that
foundation modelling was one of the most significant parameters influencing
long-term fatigue estimates, especially for the monopile foundation up to
the tower base.



142 142



Chapter 7

Extreme responses using
environmental contours

The chapter investigates the effect of different statistical and load models on
extreme responses of monopile-based offshore wind turbines using environ-
mental contours. Focus is given on how using different probabilistic models
for the metocean variables affects the resulting contours. Then, the effect
of state-of-the-art soil and hydrodynamic models on extreme responses is
identified for different operational states.

7.1 Full long-term assessment and contour method

The design of OWT foundations shall ensure that they can withstand ex-
treme conditions. To achieve this, the Ultimate Limit State (ULS) design
approach is used, which involves estimating long-term extreme responses
based on characteristic values with a specified target return period [30, 59].

A commonly proposed method for estimating these long-term extreme re-
sponses is the full long-term analysis (FLTA) [58]. FLTA takes into account
the variability in the environment and the short-term response, consider-
ing the contribution of all short-term conditions to the long-term response.
Particularly, FLTA integrates the joint probability density function of a
given environmental condition and the corresponding cumulative distribu-
tion function of the short-term extreme response. The full long-term cumu-
lative distribution function of the structural response is obtained through
this integration, shown in Eq. 7.1,

FLT
X (ξ) =

∫ ∫ ∫
FST
X (ξ|u, h, t)fUw,Hs,Tp(u, h, t) du dh dt = 1−Pf (ξ) (7.1)

143
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In Eq. 7.1, FLT
X (ξ) represents the long-term probability that the response X

is less than or equal to ξ. FST
X (ξ|u, h, t) is the short-term cumulative distri-

bution function for X = ξ for the corresponding probability density function
fUw,Hs,Tp(u, h, t) of environmental condition Uw = u,Hs = h, and Tp = t,
and Pf (ξ) is the failure probability for level ξ, typically found using FORM
(First-Order Reliability Method). It’s important to note that Eq. 7.1 is a
common approximation used in practice, and a more complete formulation
is obtained when ergodic averaging is used, see e.g. Giske et al. [133].

Eq. 7.1 provides a statistical distribution of the long-term response, consid-
ering the contributions of the short-term response under all possible envi-
ronmental conditions. However, calculating this distribution requires com-
putationally intensive time-domain simulations or model tests, which can be
impractical for large numbers of conditions [86]. To address this, alternative
approaches such as the environmental contour method are commonly used.
In this thesis, contours are estimated using IFORM (Inverse FORM) [92],
which involves solving the inverse problem of finding the characteristic re-
sponse level ξ that corresponds to a given failure probability Pf (ξ). Envi-
ronmental contours represent the set of environmental conditions that are
likely to result in a specific extreme response level, decoupling the structural
response from the environment.

To establish N-year environmental contours, the target exceedance probabil-
ity Pf is defined based on the desired return period TN , expressed in hours
of stationary sea states [96], and the duration of a stationary sea-state τ
(e.g., 1 or 3 hours) in the hindcast data, as shown in Eq. 7.2,

Pf =
τ

TN
. (7.2)

The reliability index β is then calculated using FORM theory from Eq. 7.3,

β = Φ−1 (1− Pf ) = Φ−1
(
1− τ

TN

)
, (7.3)

where Φ−1(·) denotes the inverse standard CDF. Given the reliability index,
an environmental contour can be established based on a joint probabilistic
model of metocean conditions using IFORM. The following sections describe
the procedure and how using different probabilistic models for the metocean
variables affects the resulting contours.
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7.2 Joint environmental distribution

To establish environmental contours, a probabilistic model needs to be fitted
to the metocean data. In this study, the conditional modelling approach
was used [106, 108]. The joint probability distribution of the metocean
variables was expressed as the product of their individual probability density
functions. Specifically, the joint probability distribution is given by Eq. 7.4,

fUhub,Hs,Tp(u, h, t) = fUhub
(u) · fHs|Uhub

(h|u) · fTp|Uhub,Hs
(t|u, h), (7.4)

where fUhub
(u) represents the marginal distribution fitted for the wind speed

data at hub height, fHs|Uhub
(h|u) is the conditional model fitted to Hs for

a given wind speed, and fTp|Uhub,Hs
(t|u, h) is the conditional model fitted to

Tp for given wind speed and significant wave height.

The combined sea data, which includes both wind-sea and swell components,
were used for fitting the probabilistic model. Fitting the joint distribution
model poses additional challenges due to the different sea characteristics of
the two components, which are particularly evident for lower and interme-
diate wind classes. These challenges also affect the shape of the resulting
contours, which will be discussed further in Sec. 7.3.

The Hs−Tp data were sampled based on the wind speed at hub height using
the power law. As a result, the data contained within the same wind class
may slightly differ between the 10 MW and 15 MW turbine models. Conse-
quently, the fitted conditional distributions and resulting contours may also
exhibit slight variations between the two models. However, similar conclu-
sions can be applied to both cases. Therefore, the conditional distributions
of Hs (Sec. 7.2.2) and Tp (Sec. 7.2.3) are only shown for the 10 MW OWT.

7.2.1 Wind speed marginal distribution

The 1-hour mean wind speed Uhub was calculated from the 10 m data using
power law with exponent α = 0.14, and was modelled using the Weibull
distribution defined by Eq. 7.5,

fUhub
(u) =

κu
Au

(
u− γu
Au

)κu−1
exp

[
−

(
u− γu
Au

)κu
]
. (7.5)

Parameters κu, Au and γu denote the shape, scale and location parameters,
respectively. Both a 2-parameter (γu = 0) that is more common in the
literature, see e.g. [108–110], and a 3-parameter model were used. The
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maximum likelihood method was applied for the fitting. Figure 7.1 shows
the histograms for wind speed data at 119 m and 150 m with the probability
density functions and Weibull plots of Uhub marginal distributions.

(a)

0 0.5 1 1.5 2 2.5 3 3.5 4

ln(U
119

)

-6

-5

-4

-3

-2

-1

0

1

2

3

ln
(-

ln
(1

-F
(U

1
1

9
))

)

Hindcast data
3P Weibull
2P Weibull

1   1.6 2.7 4.5 7.4 12.2 20.1 33.1 54.6

U
119

 [m/s]

(b)

(c)

0 0.5 1 1.5 2 2.5 3 3.5 4

ln(U
150

)

-6

-5

-4

-3

-2

-1

0

1

2

3

ln
(-

ln
(1

-F
(U

1
5

0
))

)

Hindcast data
3P Weibull
2P Weibull

1   1.6 2.7 4.5 7.4 12.2 20.1 33.1 54.6

U
150

 [m/s]

(d)

Figure 7.1: (a),(c) Probability density functions of U119 and U150 data.
(b),(d) Weibull plots of U119 and U150 empirical and fitted distributions.

The fitted parameters are also indicated. Good agreement between the
data and the fitting models was obtained, with negligible difference for wind
speeds lower than 3.0 m/s, which are not considered important for the pur-
poses of constructing environmental contours for extreme responses. In the
upper tail, the 3-parameter distribution was slightly more conservative for
both cases, and it was used for the rest of the study.

7.2.2 Significant wave height conditional distribution

Different distributions can be found in the literature for modelling Hs data.
Previous studies have shown that Hs can be modelled reasonably well by 2-
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or 3-parameter Weibull distributions, which have been used extensively in
the literature [85, 101, 102, 107, 108, 110–115, 117]. Other distributions have
been proposed, such as Ochi [223], generalized Gamma [223], 3-parameter
beta [224] models. Finally, a hybrid model incorporating a log-normal and a
Weibull distribution, usually called as LonoWe distribution was introduced
by Haver et al. [103] and can be found in the literature [143].

7.2.2.1 Probabilistic models

In this study, four models were adopted for the conditional distribution of
Hs given Uhub: a 2 parameter Weibull model, a 3-parameter Weibull model,
where the fitted parameters were estimated using two different methods, and
a LonoWe model. Wave data were sampled in wind classes with bin size of
2 m/s, associated with the mean wind speed at hub height, Uhub.

The 2-parameter Weibull distribution is given in Eq. 7.6,

fHs|Uhub
(h|u) = κ2ph

A2p
h

(
h

A2p
h

)κ2p
h −1

exp

⎡
⎣−

(
h

A2p
h

)κ2p
h

⎤
⎦ (7.6)

where κ2ph , A2p
h are the shape and scale Weibull parameters, respectively.
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Figure 7.2: 2-parameter Weibull and empirical cumulative distributions for
Hs within different wind classes

Figure 7.2 shows Weibull probability plots of the empirical data and the fit-
ted 2-parameter Weibull cumulative distributions for different wind classes.
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The plot highlights notable discrepancies between the analytical model and
the hindcast data, particularly in the low and upper tails of the distribu-
tion. These findings are consistent with similar observations documented in
the literature, e.g. [102, 143, 225], which also reported the insufficiency of
2-parameter distributions for Hs. The deviations were more pronounced in
lower and intermediate wind classes, as the model was inadequate to capture
the mixed nature of the data (wind-sea and swell) with distinct characteris-
tics, making it challenging for the 2-parameter Weibull model to accurately
capture the full range of variability in Hs. However, for higher wind classes
where the sea states are predominantly wind-driven for the site considered,
the 2-parameter Weibull model provided a more reasonable fit to the data.

A 3-parameter Weibull model was also employed to fit the data. The pa-
rameters were estimated using two methods: Maximum Likelihood Estimate
(MLE) and Method of Moments (MoM). The conditional model fitted to Hs

for a given wind class is given by Eq. 7.7:

fHs|Uhub
(h|u) = κ3ph

A3p
h

(
h− γ3ph
A3p

h

)κ3p
h −1

exp

⎡
⎣−

(
h− γ3ph
A3p

h

)κ3p
h

⎤
⎦ (7.7)

Here, κ3ph , A3p
h , and γ3ph represent the shape, scale, and location parameters of

the Weibull distribution, respectively. The parameters of fHs|Uhub
(h|u) were

estimated using the Maximum Likelihood Estimate (MLE) by maximizing
the log-likelihood function of the Hs sample data, see e.g. [140]. Using the
MoM, the distribution parameters of fHs|Uhub

(h|u) were estimated to match
the observed moments of the Hs data in the wind class. To estimate the
parameters for the MoM method, the expected value (μHs), the variance
(σ2

Hs
) and the skewness coefficient (γHs) - the first three moments - of Hs

data for each wind class were estimated and then replaced in the Eqs 7.8,
7.9, and 7.10 respectively,

μHs = γ3p +A3pΓ

(
1 +

1

κ3p

)
(7.8)

σ2
Hs

= A2
3p

[
Γ

(
1 +

2

κ3p

)
− Γ2

(
1 +

1

κ3p

)]
(7.9)

γHs =

Γ

(
1 + 3

κ3p

)
− 3Γ

(
1 + 1

κ3p

)
Γ

(
1 + 2

κ3p

)
+ 2Γ3

(
1 + 1

κ3p

)
[
Γ

(
1 + 2

κ3p

)
− Γ2

(
1 + 1

κ3p

)]3/2
(7.10)
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Figure 7.3 shows the fitting of the 3-parameter Weibull model, along with
the empirical cumulative distributions for Hs in different wind classes. In-
corporating the additional (location) parameter in the 3-parameter Weibull
model improves the fit to the data, particularly in capturing the low and
upper tails of the distribution, compared to the 2-parameter Weibull model.
However, its behaviour, especially in the lower and upper tails, depends on
the method used to estimate the fitted parameters. When using the MLE
method, the distribution parameters are primarily driven by the bulk of
the data, with less emphasis on the tails. This results in non-conservative
models, disregarding some severe sea states. This effect was particularly
pronounced in lower and intermediate wind classes, where the dataset con-
tains a large number of small or moderate sea states and only a few severe
sea states, mainly originating from the swell component.
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Figure 7.3: 3-parameter Weibull and empirical cumulative distributions for
Hs within different wind classes. Vertical dashed lines indicate the location

parameter of the fitted models.

In contrast, the Method of Moments (MoM) tends to capture the charac-
teristics of the upper-tail behaviour of the data more accurately when esti-
mating the distribution parameters. Consequently, MoM provided a better
fit for the upper tail and resulted in more conservative models across all
wind classes. The differences between the models, especially in the upper
tail, were more significant in low and intermediate wind classes, whereas less
variations were observed for high wind classes. It is important to emphasize
that although the differences between the fitted models may appear small in
the Weibull probability plot, they have a substantial impact on the resulting
contours, as discussed in further detail in Sec. 7.3.1.
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The LonoWe distribution was also employed to model the conditional dis-
tribution fHs|Uhub

(h|u) for each wind class. The LonoWe distribution was
first introduced using a 2-parameter Weibull distribution. In the present
study, the LonoWe model combines a Log-normal distribution for h ≤ η and
a 3-parameter Weibull distribution for h > η, as described in Eq. 7.11.

fHs|Uhub
(h|u) =

⎧⎪⎪⎨
⎪⎪⎩

1√
2π σhh

exp
[
− (ln(h)−μh)

2

2σ2
h

]
, h ≤ η

κh
Ah

(
h−γh
Ah

)κh−1
exp

[
−

(
h−γh
Ah

)κh
]
, h > η

(7.11)

The Log-normal distribution is characterized by its mean (μh) and variance
(σ2

h) of ln(h). The Weibull distribution is defined by its shape (κh), scale
(Ah), and location (γh) parameters. The LonoWe model is relatively com-
plex compared to the others. Firstly, more parameters need to be estimated,
and secondly, there is no clear procedure to determine the transition point
η between the two distributions, which is usually chosen arbitrarily.

To determine the transition point η between the two distributions, first, a
Log-normal distribution was fitted to the data for h ≤ η. Then, the Weibull
parameters were estimated using the non-linear least square method by en-
suring the continuity of the density function, fHs|Uhub

(h|u) and the cumula-
tive distribution function, FHs|Uhub

(h|u), at h = η. The goal was to find the
value of η that minimizes the root mean square error (RMSE) between the
model and the data. The RMSE serves as a measure of the goodness-of-fit
between the LonoWe model and the observed data for each wind class.

Different values of η were investigated for each wind class. Lower values
of η imply that the majority of the Hs data within the wind class is mod-
elled using the 3-parameter Weibull distribution, with only a small portion
modelled using the Log-normal distribution. Conversely, higher values of η
indicate a larger portion of the data being modelled with the Log-normal
distribution. The specific value of η chosen for the LonoWe distribution
was defined based on the minimum RMSE between the model and the data,
ensuring the best overall fit for the given wind class.

Figure 7.4 shows the RMSE values between the fitted fHs|Uhub
(h|u) and the

data for different values of η. The plot depicts that the RMSE is highest
for lower values of η and gradually decreases as η increases. In some wind
classes, such as 10-12 m/s, a minimum RMSE value is achieved at a specific
η value. However, for other wind classes, like 14-16 m/s and 24-26 m/s, the
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RMSE continues to decrease without reaching a clear minimum, indicating
that the choice of η is not straightforward. Consequently, although RMSE
provides a useful indication of the fitting quality of the LonoWe model,
further investigation is needed to determine the optimal value for η.

0 1 2 3 4 5

Transition  [m]

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

R
M

S
E

 [m
]

4-6 m/s

1 2 3 4 5

Transition  [m]

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

10-12 m/s

1 2 3 4 5

Transition  [m]

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

14-16 m/s

2 4 6 5 6 7 8

Transition  [m]

0.5

1

1.5

2

2.5

3

3.5

4

4.5

24-26 m/s

Figure 7.4: RMSE value between the LonoWe model and the data for
various wind classes, using different transition points η.

Figure 7.5 shows the empirical and the fitted LonoWe cumulative distribu-
tions for two wind classes, considering different values of η. LonoWe had
the same behaviour for all wind classes. For low values of η, the LonoWe
model cannot capture the characteristics of the data, as indicated by the
large RMSE values. As η increases, the model gradually improves, better
capturing the behaviour of the lower and upper tails of the distribution.

However, with larger η, the amount of data used to fit the Weibull part of
the LonoWe model decreases, leading to increased uncertainty in the fitted
model. If an accurate probabilistic model for the whole range of Hs within a
wind class is of interest, then it is essential to select a value for η that ensures
an adequate amount of data is available for fitting both the Log-normal and
Weibull distributions, avoiding extremely low or high values of η. When
extreme responses are of interest, focus should be given on fitting only the
high quantiles of Hs [226], omitting the bulk of the data, while η can be
chosen based on a quantity that better indicates the quality of the fit at the
upper tail, and not RMSE, which is a measure of fit to all observations.
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Figure 7.5: LonoWe cumulative distributions for Hs for different transition
η values between the Log-normal and Weibull distributions.

7.2.2.2 Dependence structure

The dependence structure used in this study is typically used in literature
and recommended in the design standards [30, 59]. The dependence func-
tions for the scale, shape, and location parameters for Weibull models were
described by the power function given the wind speed data within a wind
class, shown in Eq. 7.12,

A = c1 + c2 · uc3
k = d1 + d2 · ud3
γ = e1 + e2 · ue3

(7.12)

where parameters ci=1,2,3, di=1,2,3, ei=1,2,3 were estimated using nonlinear
curve-fitting based on least-squares, and u represents the wind speed data
within each wind class. Figure 7.6 shows an example of the fitted parame-
ters of the dependence function for the Weibull models. As shown, the MLE
method resulted in larger shape and scale parameters for all wind classes,
while the MoM predicted larger values for the location parameter (γh), also
observed from Figure 7.3, leading to a worse fit at the lower tail of the data.
The dependence functions for the Log-normal parameters of the LonoWe
distribution are given in Eq. 7.13,

μh = m1 +m2 · um3

σ2 = s1 + s2e
(s3·u) (7.13)

where mi=1,2,3, si=1,2,3 are the parameters of the power and exponential func-
tions, respectively.
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Figure 7.6: Weibull parameters and fitted polynomials for fHs|Uhub
(h|u) for

Weibull models (10 MW - Uhub=119 m)

7.2.3 Peak period conditional distribution

In previous studies, it has been commonly assumed that the conditional
distribution of Tp given Hs follows a log-normal distribution when consid-
ering only wave data [103, 106–108]. A method to establish the conditional
distribution for Tp given Uhub and Hs was developed by Johannessen [227],
and it has been used in other studies [113, 143]. However, as mentioned by
Li et al. [143], the process of obtaining the distribution of Tp conditionally
on both Hs and Uw is challenging following the methods described by Jo-
hannessen, as it is not straightforward to identify a reasonable relationship
between the distribution parameters, and moreover, the raw data indicated
that the dependency of the distribution parameters for Tp on Uw is limited.
Therefore Johannessen’s method was not employed in the thesis.

Two models were evaluated for the conditional distribution of Tp given Uhub

and Hs: a log-normal, and a 3-parameter Weibull distribution shown in
Equations 7.14, and 7.15, respectively,

fTp|Uhub,Hs
(t|u, h) = 1√

2π σtt
exp

[
−(ln(t)− μt)

2

2σ2
t

]
, (7.14)

fTp|Uhub,Hs
(t|u, h) = κt

At

(
t− γt
At

)κt−1
exp

[
−

(
t− γt
At

)κt
]

(7.15)

In both equations, fTp|Uhub,Hs
(t|u, h) represents the conditional probability

density function of Tp given Uhub and Hs. In Eq. 7.14, μt and σ2
t are the

mean and variance of ln(t) of the log-normal model and κt, At, γt denote the
shape, scale and location Weibull parameters, respectively. The process of
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fitting the peak period (Tp) to the combined data is challenging due to the
distinct characteristics of the wind-sea and swell components. Furthermore,
there is usually a limited amount of Tp data available, particularly in the
upper range of the period distribution, which poses an additional challenge
for fitting the conditional distribution fTp|Uhub,Hs

(t|u, h). Figure 7.7a shows
the scatter density plots illustrating the site-specific hindcast data for the
wind-driven and swell components. It is evident that swell is characterized
by long wave periods and primarily consists of moderate sea states with
Hs mostly below 6 m. On the contrary, the wind-sea component follows
a different trend, closer to the wave steepness limit [59], with increasing
severity for larger wind speeds.

Wave data characteristics for different wind speeds are also shown in colour
density plots of Hs and Tp Figure 7.7b for low, intermediate, and high wind
speeds. In the case of low and moderate wind speeds, there is a signifi-
cant mixture of severe sea states originating from swell, while the wind-sea
component consists of relatively small waves with short periods. As the
wind speed increases, the wave steepness and the associated wave heights
and periods gradually increase. For high wind speeds, severe sea states are
primarily wind-driven. These observations highlight the distinct character-
istics of wind-sea and swell components, indicating the challenges involved
in accurately fitting the conditional distribution of Tp given Uhub and Hs.

7.2.3.1 Assessment of Tp probabilistic models and contours com-
pared to wave steepness limit

While there is no distinct theoretical line defining a lower bound for the Tp

as a function of Hs, there is a zone below which certain sea states cannot
exist. This lower limit is typically described by empirical wave steepness lim-
its [59], as Figure 7.7 depicts. The lower limit of wave steepness is affected by
various factors such as wave breaking, the magnitude and duration of wind
speeds, effective fetch length, and the combined nature of wind-sea and swell
components. Wave breaking plays a crucial role in dissipating wave energy
and setting a limit on the steepness of waves. For larger waves, the effects
of wind and fetch length on the maximum steepness become more significant.

The physical limit of wave steepness is generally not considered during the
establishment of probability distributions and environmental contours. Con-
sequently, non-physical Hs-Tp combinations can be present in these contours,
leading to unrealistic loading conditions. This may result from multiple rea-
sons, such as that the marginal and conditional models may be misspecified,
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Figure 7.7: Wind-sea, swell, and combined sea data characteristics. Colour
in the hindcast data indicates the density of points.

i.e. they are not an accurate fit for the data or the assumed dependence
structure for conditional model parameters may not be appropriate. Fur-
thermore, one reason is the uncertainty in parameter estimates due to finite
sample size, particularly for cases with limited amount of data [228]. To
address this concern, the IEC standard [30] recommends including the in-
fluence of a possible upper limit on Hs in the joint environmental model, or
after establishing the contours to prevent excessively large values.
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The average wave steepness for irregular sea states, denoted as Sp, is defined
as the ratio of Hs to the peak wavelength (λp). The limiting values of wave
steepness can be chosen as shown in Eq. 7.16, and linear interpolation can
be used between the boundaries,

Sp =

{
1/15, for Tp ≤ 8 s

1/25, for Tp ≥ 15 s
(7.16)

Wave length can be calculated from the deep-water dispersion relation,
shown in Eq. 7.17. However, due to the shallow depth of the location
(d = 30 m), the deep-water wave length cannot be used directly, and the
intermediate depth dispersion relation should be used to estimate the wave
length λp, given in Eq. 7.18.

λp =
g

2π
· T 2

p (7.17)

(
2π

Tp

)2

=
2πg

λp
tanh

(
2πd

λp

)
(7.18)

Figure 7.8 illustrates fTp|Uhub,Hs
(t|u, h) for two wind classes, namely 10-

12 m/s and 24-26 m/s. Using a 3-parameter Weibull model for the condi-
tional distribution of the peak period introduces a lower limit (the location
parameter), generally capturing the lower limit of Tp for different Hs classes
within each wind class. The challenge of fitting due to the limited amount
of data, particularly for the case of the high wind class, can also be observed.

Additionally, Figure 7.9 displays the location parameter γt for all the 3-
parameter Weibull distributions fitted to the Tp data across the wind classes.
The steepness limit is also indicated in the plot. As shown, the lower values
of the location parameter closely follow the trend of the steepness curve,
capturing the behaviour of the hindcast data.

In Sec. 7.3.2, the resultant contours are compared to the steepness curves as
obtained using the deep-water and intermediate wavelength relationship, to
evaluate the adequacy of the Tp conditional Weibull and Log-normal models
mainly at the steep side of contours, and ensure that subsequent design sea
states remain within realistic ranges.

7.3 Environmental contours using IFORM

Having established the joint distribution of metocean parameters for each
wind class, a contour corresponding to a given return period can be estab-
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Figure 7.8: Hindcast data and 3-parameter Weibull conditional
distribution for Tp

lished. The joint probability model in the physical space (X-space) is trans-
formed to the standard Gaussian normalised U-space based on the Rosen-
blatt transformation [229]. This transformation maps the environmental
variables in the physical space (Uhub, Hs, Tp) to uncorrelated normally dis-
tributed variables (U1, U2, U3), based on Eq. 7.19:

Φ (u1) = FUhub
(u)

Φ (u2) = FHS |Uhub
(h|u)

Φ (u3) = FTp|Uhub,Hs
(t|u, h)

(7.19)

Here, Φ(·) is the standard normal CDF, and F (·) denotes the CDFs of Uhub,
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Hs, Tp, respectively. Eq. 7.19 establishes a unique connection between vari-
ables (u, h, t) and (u1, u2, u3), Consequently, the U-space variables can be
back-transformed to the physical space using Eq. 7.20,

u = F−1Uhub
[Φ (u1)]

h = F−1Hs|Uhub
[Φ (u2)]

t = F−1Tp|Uhub,Hs
[Φ (u3)] .

(7.20)

In the Gaussian space, points with constant probability density define a
sphere with a radius equal to the reliability index, β, as given in Eq. 7.21,

β =
√

u21 + u22 + u23 . (7.21)

Based on Eq. 7.21, the Hs − Tp contours for a wind class in the Gaussian
space are slices of the sphere in the U2−U3 plane. The lower and upper limits
of these contours correspond to the limits of the wind class in the physical
space. In the thesis, these slices for a wind class kwere approximated by
circles of radius rk, using the mean value of the wind speed data, denoted
as uk. Using Eq. 7.21 and the Rosenblatt transformation in Eq. 7.19, the
radius rk for a wind class is given in Eq. 7.22

rk = u22 + u23 =
√

β2 − u21,k =

√
β2 − [Φ−1 (FUhub

(u = uk))]
2 (7.22)

Considering a sea-state event duration of τ = 1 hour in the hindcast data
and a return period of TN = 50 years, the value of β is calculated as β = 4.58
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using Eq. 7.21. Figure 7.10 illustrates the contour sphere with radius β and
contour circles of radius rk representing various wind classes k. Additionally,
Figure 7.11 displays the contours for different target return periods TN in
both Gaussian and physical space, along with the class data.

Figure 7.10: 50-year contour sphere with radius β and contour circles of
radius rk for various wind classes k in Gaussian U-space.

An alternative to using the mean value u in Eq. 7.22 would be to use the
upper (Uub

k ) or the lower (U lb
k ) limit of the wind class. Figure 7.12 shows that

the choice between these options has little effect on the resultant contours,
for a 2 m/s width of the wind classes. A smaller width could be used, but
that would reduce the number of observations in the wind classes, increasing
the uncertainty in the fitting of the conditional distributions for Hs and Tp.

7.3.1 Effect of Hs conditional distributions on contours

Figures 7.13, 7.14, and 7.15 illustrate the impact of different conditional Hs

models on the 50-year contours for different wind classes, for 10 MW and
15 MW models. The Hs−Tp scatter density plots are shown, along with the
steepness limits based on the deep- and intermediate-water depth dispersion
relationships. The Weibull model is used for Tp in these plots.

The results demonstrate that the 2-parameter Weibull model results in sig-
nificant discrepancies, as described in Sec. 7.2, leading to less conservative
contours with inaccurate representation of the extreme sea states. The ef-
fect is pronounced for moderate wind classes characterized by mild sea states
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Figure 7.11: Contour circles in Gaussian and physical space for different
return periods, for two wind classes.

with only a few severe observations originating from the swell. Similarly, the
3-parameter Weibull model using Maximum Likelihood Estimation (MLE)
underestimates severe extreme sea states for these wind classes, as it es-
timates the model’s parameters based on the entire data set within the
wind class rather than specifically targeting the tail of the distribution. In
contrast, the Method of Moments (MoM) approach for estimating the dis-
tribution parameters focuses on the upper tail of the data, resulting in more
accurate contours for Hs that align well with the extreme wave heights
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Figure 7.12: Contours in Gaussian and physical space for wind class

14-16 m/s, using different values of u (Eq. 7.22).
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Figure 7.13: 50-year contours for wind class 10-12 m/s for 10 MW and
15 MW models

suggested by the hindcast data across all wind classes. The discrepancies
between the different models are most notable for wind classes with moder-
ate wind speeds due to the combined nature of sea states in these conditions.
However, as wind speeds increase, the differences between the models be-
come less significant.
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Figure 7.14: 50-year contours for wind class 20-22 m/s for 10 MW and
15 MW models
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Figure 7.15: 50-year contours for wind class 24-26 m/s for 10 MW and
15 MW models

Additionally, the behaviour of the LonoWe model is sensitive to the selection
of the transition point (η), as depicted in Figure 7.5. The accuracy of the
resulting contours, particularly concerning extreme sea states, is noticeably
affected by the choice of η. Figure 7.16 shows an example of two wind classes,
where the LonoWe model leads to notably different contours depending on
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the transition point η, with some values of η leading to under-conservative
contours that do not align well with the data within the wind classes.
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Figure 7.16: 50-year contours using LonoWe model with various values of
the transition point η, between the Log-normal and Weibull models

(15 MW OWT).

7.3.2 Effect of Tp conditional distributions on contours

Establishing the conditional distribution of peak period (Tp) is challenging
due to the presence of wind-driven and swell components, which have dis-
tinct characteristics, as shown in the scatter density plots of site-specific
hindcast data for different wind classes in Figure 7.7. For low and moderate
wind speeds, the sea states are typically a combination of small wind-driven
waves and swell, with the most severe sea states originating from swell. In
contrast, for high wind speeds, the severe sea states are purely wind-driven.
The dominance of different wave components at various wind speeds is also
evident in the shape of the contours depicted in Figure 7.17. For low wind
speeds, the contours are characterized by longer periods, primarily repre-
senting the swell and moderate wind-driven seas. As wind speeds increase,
the contours gradually transform to represent the wind-driven severe sea
states that dominate at high wind speeds.

Both the Log-normal and Weibull models provide reasonable fits to the wave
peak period data, showing similar behaviour. Figure 7.18 illustrates the 50-
year contours for three wind classes obtained using Weibull and Log-normal
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Figure 7.17: 50-year contours for different wind classes for 10 MW model

distributions for Tp, along with the steepness limits based on deep-water and
intermediate-water depth dispersion relationships. The contours established
using the Log-normal model do not align well with the data near the wave
steepness limit, particularly for wind class 10-12 m/s and Tp values between
3-8 s. This discrepancy leads to relatively high Hs values above the steepness
limit for a given peak period. Large-diameter monopile-based OWTs have a
natural period within this range, and even moderate values of Hs can result
in high dynamic excitation, potentially overestimating responses.
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Figure 7.18: 50-year contour for three wind classes using a Log-normal and
a Weibull model for the conditional Tp distribution. The wave steepness
criteria are plotted. (Left:10-12 m/s Middle:24-26 m/s Right:26-38 m/s)

The Weibull distribution provides more realistic Hs − Tp combinations,
closely following the steepness limit for all wind classes. While the dif-
ference between the steepness criteria is negligible for wave periods lower
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than 8 s and water depths of 30 m, notable differences arise for peak peri-
ods larger than 8 s. This discrepancy becomes apparent in the wind class
26-38 m/s contour. The contours derived using the Log-normal distribu-
tion exhibit Hs − Tp combinations that, although reasonable for deep-water
depths, exceed the steepness limit when accounting for water depth effects.

7.4 Extremes for different statistical and load mod-
els

After establishing the 50-year contours, the next step is to estimate the
50-year response by analyzing different sea states along the contours and
identifying the one that results in the largest maximum response. However,
estimating extreme responses involves various sources of uncertainty. These
uncertainties arise from statistical aspects, such as the choice of environmen-
tal contour used to estimate extremes, as well as the stochastic variation of
response due to seed variability. Additionally, there are uncertainties asso-
ciated with load modelling used in simulation tools.

The following sections focus on evaluating how extreme responses vary when
using environmental contours derived from different probabilistic models for
the joint distribution. The effect of seed variability on the stochastic varia-
tion of extreme responses is also investigated. Furthermore, physical models
that better represent the load and response characteristics of large-diameter
monopiles are compared to methods commonly used for smaller-diameter
piles. Specifically, the impact of soil-structure interaction is assessed by
comparing the macro-element model to p−y curves. Additionally, the effect
of diffraction on extreme loads is investigated by comparing the Morison
equation with constant and frequency-dependent inertia coefficient (Cm).

To investigate the variation in extreme responses, two wind speeds were se-
lected: the rated speed (10-12 m/s) and the cut-out speed (24-26 m/s) in
both operational and parked states. These wind classes were chosen to rep-
resent scenarios where wind turbines experience maximum wind loads with
moderately severe waves originating from swell (rated speed) and situations
with lower thrust loads and more severe sea states (cut-out speed). The
simulations consider long-crested waves, with wind and waves co-directional
in the fore-aft direction of the wind turbines.

For all the subsequent aeroelastic simulations, TurbSim was used to generate
the time series of turbulent wind. The mean wind speed was set to the
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mid-value of the rated and cut-out wind classes, i.e., 11 m/s and 25 m/s,
respectively. Furthermore, 2nd-order wave kinematics were used for all sea
states. The quantity of interest compared between different statistical and
load models is the fore-aft mudline bending moment.

7.4.1 Extremes along the contours

To analyze the variation in extreme responses along the established con-
tours, 20 1-hour time-domain simulations were conducted for each selected
sea state, with random wind and wave seeds. The number of simulations was
chosen to reduce the stochastic variation of maximum response due to seed
variability, and was considered a reasonable compromise between accuracy
and computational effort for evaluating how responses vary along the con-
tours. To ensure consistency, the same set of 20 seeds was used for each sea
state analyzed along the contours, minimizing the effect of wind and wave
seed variability between different sea states. The impact of seed variability
on extreme response is discussed in Sec. 7.4.2.

The short-term global maxima of the fore-aft bending moment at the mud-
line for each sea state were fitted using the Gumbel distribution [230].
Eq. 7.23 shows the cumulative distribution function FM (x) of the short-term
global maxima, characterized by the location, αg, and scale, βg, parameters.
These parameters were estimated using the method of moments, based on
the expected value and standard deviation of the Gumbel distributed vari-
able as in Eq. 7.24,

FM (x) = exp

[
− exp

(
− x− αg

βg

)]
(7.23)

μM = αg + γ · βg
σM =

π√
6
· βg (7.24)

where γ ≈ 0.5772 is the Euler–Mascheroni constant. The representative
extreme response for a sea state (hq, tq) along a 50-year contour for a wind
class associated with a mean wind speed uq at hub height was then found
by solving Eq. 7.25,

FM |Uhub,Hs,Tp
(Mpg |uq, hq, tq) = pg, (7.25)

Here, pg represents the percentile of the 1-hour extreme value distribution.
Typically, percentiles in the range of 85% to 95% are used for most practical
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offshore problems dominated by wave loading, considering 3-hour extreme
values [86, 95, 96] for 100-year return period. In this study, Mpg is obtained
from the extreme value distribution for pg = 90% using Eq. 7.26. It is
important to note that the selection of the specific percentile is based on
representative values from previous studies, and the exact value should be
validated through a full long-term assessment. However, for the purposes of
this study, the precise value of the percentile is not expected to significantly
affect the overall findings. The representative extreme response is denoted as
M90%. Figure 7.19 shows examples of the Gumbel fit to the global maxima
of the bending moment at the mudline obtained from 20 1-hour simulations
for three sea states at the rated speed for the 15 MW model.

Mpg = αg − βg · ln
[− ln(pg)

]
(7.26)
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Figure 7.19: Gumbel distributions for the maximum mudline bending
moment for 20 1-hr simulations for different sea states.

7.4.1.1 Rated speed

In the operational state, the extreme responses observed at the rated speed
for both 10 MW and 15 MW OWTs were primarily caused by wind loads
resulting from the maximum thrust force, combined with moderate yet steep
waves that were close to the natural period of the structure. An example is
shown in Figure 7.20, which displays two examples of time series spanning
±20 s, taken from the moment in time when the maximum mudline bending
moment is observed during a 1-hour simulation. The examples correspond
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to a sea state with Hs of 4.74 m and Tp of 8.23 s for the 15 MW model.
The plots also depict both the thrust force (including its mean value from
the 1-hour time series) and the wave elevation. It is clearly observed that
extreme responses occur under the combination of maximum thrust force
and steep waves, and occur during the steep rise of the wave when wave
particle acceleration is close to its maximum value.
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Figure 7.20: Examples of mudline bending moment, thrust, and wave
elevation time series for the 15 MW OWT (Hs=4.74 m and Tp=8.23 s).

Figure 7.21 illustrates the environmental contours at the rated speed for
different conditional Hs models, depicting the 90th percentile of the bending
moment at the mudline for various sea states. Each dot on the contour
represents a specific sea state that was analyzed along the contour using 20
simulations, and the colour scale reflects the extreme response magnitude
for each sea state.

The extreme responses at the rated speed were influenced by the combined
effect of wave height (Hs), wave steepness, and the natural period of the
structure. Along the contours, the wave height gradually increases, but the
waves become less steep, and the wave energy content around the natural
period decreases. As a result, some relatively moderate sea states led to sim-
ilar extreme responses as more severe sea states (in terms of wave height)
that were less steep and not close to the natural period of the structure. For
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Figure 7.21: Environmental contours at rated speed for different
conditional Hs models with the 90th percentile for various sea states.

instance, for the 10 MW model, a sea state with Hs =2.66 m and Tp =5.54 s
resulted in a similar extreme response (M90% ≈ 378 MNm) compared to a
sea state with notably larger Hs (e.g., Hs = 5.55 m, Tp = 12.09 s).

Figure 7.22 illustrates individual wave events from the 20 1-hour simula-
tions conducted for these two sea states. The red line indicates the natural
period of the models and the black crosses the events that resulted in the
largest mudline bending moment. The wave height (H) is defined as the
crest-to-trough height, and the period (T ) represents the time between two
consecutive zero up-crossings. The wavelength of each wave event was calcu-
lated using Eq. 7.18, where the corresponding wave period was used instead
of Tp. Subsequently, the wave steepness was calculated by the ratio of wave
height to wavelength using s = H/L. It is important to note that wave
steepness for certain events exceeds the theoretical limits defined by DNV
and may lead to wave breaking in reality. However, wave breaking was not
considered in this study. As observed, although the first sea state has much
smaller waves, they are steeper and in the vicinity of the natural period of
the structure, therefore causing similar extreme response M90%.

For the 10 MW OWT with a relatively small natural period of 3.7 s, the
sea states in this range were not large enough to excite the structure to
its highest extreme responses along the contour. Consequently, the highest
response was found at the top of the contour for a sea state with Hs =5.46 m
and Tp =10.48 s. A similar behaviour along the contours was observed for the
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Figure 7.22: Wave events from 20 1-hr analyses for two sea states that
resulted in the same M90% (10 MW). Colorbar indicates wave steepness.

15 MW wind turbine model, as shown in Figure 7.23. However, the highest
response was not found at the top, but on the left ridge of the contour for
Hs=4.74 m and Tp=8.23 s. Due to its longer natural period (5.5 s), the
15 MW model is primarily affected by moderate but sufficiently large and
steep wave events around the natural period, which induce high dynamic
response, as it is observed by black crosses in Figure 7.23, which indicate
the wave events that resulted in the highest mudline bending moment.
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Figure 7.23: Wave events from 20 1-hr analyses for the worst sea state
along the contour (15 MW). Black crosses indicate the events that resulted

in the highest mudline bending moment at mudline.



7.4. Extremes for different statistical and load models 171

As Figure 7.21 depicts, the choice of the conditional Hs model affected the
estimated extreme responses. For the 10 MW OWT, the largest M90% was
obtained from the contour generated using the 3-parameter (MoM) model,
with a value of approximately 406 MNm. Comparatively, the LonoWe model
resulted in a slightly lower (2.7%) value, while for the 2-parameter and
3-parameter maximum likelihood estimation (MLE) Weibull models, the
largest M90% was 6.9% lower, for the same sea state.

The choice of conditional Hs model also influenced the estimated extreme
responses for the 15 MW case. The largest extreme response was estimated
along the contour obtained using the 3-parameter MoM model, with M90%

reaching 616 MNm. The LonoWe model resulted in a slightly lower (3.4%)
extreme, while the 3-parameter MLE and 2-parameter Weibull models re-
sulted in 7.3% and 8.7% lower values of M90%, respectively. It should be
noted that wave steepness for some events exceeded theoretical limits and,
in reality, wave breaking may occur; however, wave breaking was not consid-
ered in this study. Table 7.1 summarizes the largest M90% response along the
contours established using different conditional Hs models at rated speed.

Table 7.1: Worst sea state along the contours for different conditional Hs

models and corresponding M90% (rated speed)

10 MW 15 MW

Conditional Hs Tp M90% Hs Tp M90%

Hs model m s MNm m s MNm

2P Weibull 2.66 5.54 378.6 3.30 6.56 562.1
3P Weibull (MLE) 2.66 5.54 378.6 3.45 6.59 571.7
3P Weibull (MoM) 5.46 10.48 406.1 4.74 8.23 616.5

LonoWe 4.78 9.01 395.3 4.36 7.83 595.1

7.4.1.2 Cut-out speed

At the cut-out speed, similar behaviour was observed for both the 10 MW
and 15 MW models, as depicted in Figure 7.26. Extreme responses gradu-
ally increase along the contours, reaching the maximum values either at the
top of the contour or for slightly smaller but steeper waves. Contrary to the
rated speed, extreme responses occur as a result of severe wave events, while
the thrust force contributes to a much lesser extent on the resultant extreme
response. This is observed in Figure 7.24, which displays two examples of
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time series spanning ±20 s, taken from the moment in time when the maxi-
mum mudline bending moment is observed during a 1-hour simulation. The
examples correspond to a sea state with Hs of 8.81 m and Tp of 14.5 s.

For the case No1 (Figure 7.24a), Figure 7.25 shows how the total, inertia,
and drag forces, calculated using Morison equation, are distributed along the
monopile for that time window. As shown, inertia forces dominate, having
the highest contribution to the total loading. The maximum mudline bend-
ing moment occurs between the wave zero up-crossing and wave crest, where
the acceleration reaches its maximum values, and close to the wave crest,
where the velocity gets larger, increasing the relative drag force contribution.
The same observations were found also for the other cases.
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Figure 7.24: Examples of mudline bending moment, thrust, and wave
elevation time series for the 15 MW OWT (Hs=8.81 m and Tp=14.5 s).

For the 10 MW model, the maximum response (M90% ≈ 457 MNm) was
obtained for a sea state with Hs = 8.55 m and Tp = 14.94 s, which was
11.1% larger than the largest M90% observed at the rated speed. Similarly,
for the 15 MW turbine, the load case with Hs = 8.81 m and Tp = 14.5 s
resulted in the largest M90% ≈ 611 MNm, which was lower than the largest
M90% at the rated speed (616 MNm). This suggests the significance of load
cases at rated speed for larger capacity turbines with higher natural periods.
The choice of conditional Hs model also influenced the estimated extreme
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Figure 7.25: Total, inertia, and drag forces along monopile for the time
window for case No1

Table 7.2: Worst sea state along the contours for different conditional Hs

models and corresponding M90% (cut-out speed)

10 MW 15 MW

Conditional Hs Tp M90% Hs Tp M90%

Hs model m s MNm m s MNm

2P Weibull 7.90 13.30 399.4 7.47 11.41 570.5
3P Weibull (MLE) 8.18 13.90 406.2 8.13 13.16 570.2
3P Weibull (MoM) 8.46 14.72 454.6 8.72 15.00 609.2

LonoWe 8.55 14.94 456.8 8.81 14.50 622.8

responses at the cut-out speed as shown in Figure 7.26 and Table 7.2. For
the 10 MW turbine, the largest M90% was obtained using the LonoWe
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Figure 7.26: Environmental contours at cut-out speed for different
conditional Hs models with the 90th percentile for various sea states.

model. The 3-parameter model (MoM) resulted in a slightly lower (0.4%) ex-
treme response, indicating negligible differences between the contours of the
two models. On the other hand, the 3-parameter (MLE) and 2-parameter
Weibull models underestimated the extreme responses by 11.1% and 12.7%
respectively due to slightly less severe sea states for the two models. Sim-
ilarly, for the 15 MW wind turbine, the LonoWe model resulted in the
largest M90% ≈ 611 MNm, with the 3-parameter model (MoM) resulting
in a slightly lower (2.2%) estimate. Meanwhile, the 3-parameter (MLE) and
2-parameter Weibull models resulted in similar M90% (8.5% lower) for two
different sea states, respectively.

7.4.2 Stochastic variation due to seed variability

The 90th percentile of the response for each sea state in Sec. 7.4.1 was based
on the global maxima from 20 simulations with random wind and wave seeds.
Although 20 simulations can provide a reasonable estimate of maximum
response, there is still some uncertainty in quantile estimates as a function
of number of samples due to seed variability. To evaluate the effect, the
most severe load cases for the two OWTs for rated and cut-out wind speed
were analyzed with 100 random seeds. Then, using the sample size of 100
global maxima, a Gumbel distribution was fitted and the scale and location
parameters were estimated. Tables 7.3 and 7.4 summarize the load cases
used for the study, the bending moment 90th percentile M90% at mudline,
and the corresponding Gumbel scale (βg) and location (αg) parameters.



7.4. Extremes for different statistical and load models 175

Table 7.3: Load cases and Gumbel parameters (10 MW)

U119 Hs Tp M90% ag bg
m/s m s MNm MNm MNm

LC1 11 5.46 10.48 404.2 366.6 16.7
LC2 25 8.55 14.94 427.4 343.4 37.3

Table 7.4: Load cases and Gumbel parameters (15 MW)

U150 Hs Tp M90% ag bg
m/s m s MNm MNm MNm

LC1 11 4.74 8.23 591.5 547.9 19.4
LC2 25 8.81 14.5 572.7 482.3 40.2

The uncertainty of quantile estimation was evaluated using Monte Carlo
simulations. Synthetic data samples of different sizes (between 3 and 100)
were generated for a random variable Z that is assumed to follow a Gumbel
distribution, with location and scale parameters μZ=0 and βZ=1, respec-
tively. Then, the 90th quantile estimate for each set of the synthetic samples
was determined. The procedure was repeated ten thousands times to create
a distribution of quantile estimates, and the 2.5.% - 97.5% confidence inter-
vals were estimated. Then the confidence intervals of the distributed variable
Mpg for each load case were simply scaled following Mpg = ag + βg ·Z. Fig-
ure 7.27 shows the results from the study. The top plots illustrate the 100
global maxima from the simulations, and the corresponding Gumbel fits. In
the plots below, the blue/green markers for N=1 show the global maxima
from each simulation, and the red cross marker shows the M90% as estimated
using all (N=100) global maxima, which is used as the reference value. The
shaded area indicates the 2.5% and 97.5% confidence intervals.

As Figure 7.27 shows, short-term maxima from 1-hr simulations have a no-
table spread. In both OWTs and for both load cases, the uncertainty grad-
ually decreased as more global maxima were used to estimate M90%, which
is expected. Higher variability was observed for the more severe sea states
(LC2), at the cut-out speed for both turbines. This is also supported by the
ratio between the scale (βg) and location (αg) parameters, which is related
to the coefficient of variation (CV). The relatively lower CV for the load
cases at rated speed, indicates that βg is relatively smaller than αg, leading
to a narrower spread relatively to the mode of the distribution. The results
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Figure 7.27: Variation of extreme response due to seed variability. The
confidence intervals are scaled from Monte Carlo simulations of a synthetic

Gumbel distribution.

here are based on estimating the short-term extreme response distribution
only using the global maximum from each simulation. Other methods can
be used such as peaks-over-threshold (POT) [85] or the Naess-Gaidai ACER
method [231], which consider a larger number of extremes from a given time
series, resulting in better definition of distribution tails, and therefore smaller
uncertainties. It is worth noting that for both OWTs, the M90% values at
the rated and the cut-out speeds were comparable, with a difference ranging
from 3.7% to 5.5%. Nevertheless, the results for the 15 MW OWT indicated
the increasing importance of evaluating load cases also at the rated speed
for larger turbines, as higher extremes can be obtained compared to cut-out.
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7.4.3 Impact of load models on extremes

7.4.3.1 Foundation modelling

As noted in Sec. 6.1, the total damping in OWT models consists of aerody-
namic, hydrodynamic, structural, and soil damping. To account for struc-
tural damping, stiffness-proportional Rayleigh damping was applied along
the support structure, with a damping ratio (ξ) of approximately 1.0-1.1% of
critical damping for the first natural frequency of each turbine. In the case of
the p− y curves, soil damping was incorporated using stiffness-proportional
Rayleigh damping at four different levels (Figure 6.9). The amount of soil
damping, expressed as a percentage of critical damping, was chosen so the
total global damping ratio of the p− y curves closely matched the damping
ratio of the macro-element model for different mean load levels.

To compare the macro-element model with the p−y curves, the most severe
sea states for each wind turbine at rated and cut-out speeds were considered.
As explained in the previous section, twenty simulations were conducted for
each sea state, and the 90th percentile of the bending moment at the mudline
was estimated. The effect of foundation modelling was investigated for both
an operational state, where aerodynamic damping dominates, and a parked
state, where soil damping is the main contributor to damping in the system.
The same 20 seeds were used to eliminate the effect of stochastic variation
in the extremes due to seed variability.

Tables 7.5 and 7.6 summarize the extreme responses obtained from both
the macro-element and the p− y curves for different load cases, operational
states, and damping levels, for 10 MW and 15 MW turbines, respectively.
Additionally, Figure 7.28 depicts the relative differences between the macro-
element model (used as reference) and p − y models and for the various
damping cases.

In operational states where aerodynamic damping dominates, the use of p−y
curves led to only slight differences in extreme responses compared to the
macro-element model. Furthermore, varying the soil damping in the p − y
curves had a minor effect on the results. For the 10 MW turbine, the p− y
curves overestimated M90% by approximately 1.6-2.6% for LC1 and 2.4-2.8%
for LC2, when comparing the highest and lowest soil damping levels. Simi-
larly, for the 15 MW wind turbine, the relative differences between the p−y
curves and the macro-element model were around 1.0% for LC1 and below
0.5% for LC2.
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Table 7.5: M90% for different foundation models and OWT states (10 MW)

M90% [MNm] (Mudline)

LC1 LC2
U119 Hs Tp U119 Hs Tp

m/s m s m/s m s
11 5.46 10.48 25 8.55 14.94

Model Operation Parked Operation Parked

Macro-element 406.1 285.4 456.8 504.5
p− y (1.2%) 416.8 315.2 469.7 536.5
p− y (1.6%) 415.3 294.1 469.0 525.8
p− y (2.0%) 414.0 283.3 468.5 518.5
p− y (2.4%) 412.7 274.9 467.9 510.2

Table 7.6: M90% for different foundation models and OWT states (15 MW)

M90% [MNm] (Mudline)

U150 Hs Tp U119 Hs Tp

m/s m s m/s m s
11 4.74 8.23 25 8.81 14.50

Model Operation Parked Operation Parked

Macro-element 616.4 400.9 611.1 523.5
p− y (1.2%) 623.0 422.3 612.2 549.7
p− y (1.4%) 621.9 404.6 611.8 542.2
p− y (1.6%) 621.2 392.6 611.6 536.9
p− y (1.8%) 620.5 381.2 611.1 528.8

In parked conditions, where the minimum values of soil damping in the p−y
curves were used (corresponding to approximately 1.2% global damping for
both turbines), the extreme responses were overestimated. The overestima-
tion ranged from 6.3% (LC2) to 10.4% (LC1) for the 10 MW turbine, and
around 5.1% for both LCs for the 15 MW wind turbine. Increasing the
amount of soil damping in the p− y curves gradually decreased the extreme
responses for both load cases. For both OWTs, a more significant effect
was observed for LC1 (rated), as these cases include wave events closer to
resonant period, with responses being sensitive to damping variations.
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Figure 7.28: Relative difference of M90% between p− y curves and
macroelement for the load cases shown in Tables 7.5 -7.6

Figure 7.29 shows the global maxima obtained from 20 simulations, along
with the corresponding Gumbel plots for the macro-element and p−y curves
for LC1 of the 15 MW OWT. For the operational state, the variation in
soil damping within the p − y curves leads to only minor differences in the
extreme responses, and as a result, the variations in the 90th percentile of
the bending moment are negligible. Contrary, for the parked state, the
individual extreme values range from -13.2% to 8.3% in comparison to the
macro-element. This relatively wider range of individual global maxima
contributes to the higher variations observed in the 90th percentile results
for the parked state. Similar observations were found for the other cases.
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Figure 7.29: Gumbel distributions for the maximum mudline bending
moment (LC1 - 15 MW OWT) for the different soil models.
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7.4.3.2 Hydrodynamic modelling

Morison’s equation (Eq. 2.1) is recommended by the design standards [30, 59]
and remains the most commonly used approach for monopile-based OWTs.
It is based on the assumption of a slender structure, i.e. the cylinder diam-
eter is small compared to the wavelength of the incident wave. To account
for the diffraction of long-crested waves incident on vertical piles, which can
be important when the dimension of the structure is large compared to the
wavelength, i.e., D > 0.2λ, design standards [30] recommend using Mac-
Camy and Fuchs [177] analytical solution.

Maximum loads relevant to ULS design are generally dominated by nonlin-
earities caused by wave steepness, particularly for intermediate and shallow
water depths, and higher-order wave kinematics and wave load models are
required. Morison’s equation can be used with wave kinematics from differ-
ent theories. On the contrary, MacCamy and Fuchs model is strictly only
applicable with linear waves, and current engineering models do not account
for diffraction effects when higher wave kinematic theories are used.

As diffraction becomes increasingly important with larger diameters, a new
load model was developed and validated against experimental results for ir-
regular severe sea states [232]. The model combines the conventional Mori-
son’s formulation for slender bodies with a frequency-dependent mass co-
efficient based on formulation from MacCamy and Fuchs. For a given sea
state, the undisturbed incoming fluid particle acceleration time-series using
2nd-order waves is transformed to frequency domain using Fourier transform.
Assuming that the inertia force per unit length can be represented as a lin-
ear composition of N Fourier components from the nonlinear acceleration
signal, it is given as,

dFinertia = πρ
D2

p

4

N∑
n=1

Cmn u̇n (7.27)

where u̇n is the nth Fourier component of the acceleration signal and Cmn is
the corresponding frequency-dependent mass coefficient. Cmn is estimated
from MacCamy-Fuchs diffraction theory from Eq. 7.28

Cmn =
4A(knα)

π(knα)2
(7.28)

where A(knα) =
[
J

′2
1 (knα)+Y

′2
1 (knα)

]−1/2 and α = tan−1
[
J

′
1(knα)/Y

′
1 (knα)

]
,

where J
′
1, Y

′
1 are the first and second kind Bessel functions of first order,
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respectively, with the prime denoting the derivative with respect to the ar-
gument, α = Dp/2 is the monopile radius, and kn is the wave number.
For a Fourier component at frequency ωn, kn is the positive real solution
calculated from the linear dispersion relation for water depth h, Eq. 7.29,

kn · g · tanh(knh) = ω2
n. (7.29)

This engineering model effectively applies a first order diffraction correc-
tion for both linear and nonlinear wave particle acceleration components.
To evaluate the effect of diffraction on the extreme response estimates, the
sea states for each OWT at rated and cut-out speed were analyzed, with
operational OWTs. For each sea state, twenty simulations were conducted,
and the 90th percentile of the mudline bending moment was compared. The
load cases were analyzed using the macro-element model and turbulent wind.

For each 1-hour time-domain simulation with 2nd order wave kinematics,
the velocity, and acceleration at each time instant were extracted from mud-
line to instantaneous surface elevation η, at nodal positions with dz=0.5 m.
Dynamic nodal forces were applied using the Morison equation with con-
stant and frequency-dependent Cm (Eq. 2.1), using the extracted kinemat-
ics. The wave kinematics were assumed to be valid ± 0.25 m for each nodal
position (half of the element below and above). The nodal positions along
the monopile were compared to the instantaneous surface elevation at each
instant, and the nodal forces were applied accordingly, considering if the
node - corresponding element - is fully or partially submerged. A simplified
illustration is shown in Figure 7.30.
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Figure 7.30: Illustration of nodal forces approach with dry, partially and
fully submerged nodes with respect to instantaneous surface elevation η.
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The nodal forces approach, as described, was tested against SIMA with con-
stant Cm. Figure 7.31 shows an example of the mudline bending moment as
obtained from SIMA, and using Morison equation with the wave kinemat-
ics from the time-domain simulation. The differences in the global maxima
were underestimated by 1.0-2.5%, mainly due to the interpolation of the
kinematics and the drag term in SIMA that includes the relative velocity,
while the nodal forces formulation includes only the wave-particle velocity.
For a consistent comparison, and to avoid differences in results due to i.e.
interpolation of wave kinematics within the software, the global maxima us-
ing the nodal forces approach with constant and frequency-dependent Cm

were compared.
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Figure 7.31: Comparison of mudline response as obtained from SIMA and
using the nodal forces approach

Tables 7.7 and 7.8 summarize the M90% at mudline, for the load cases an-
alyzed. Figures 7.32 and 7.33 show the global maxima obtained from 20
simulations, along with the corresponding Gumbel plots using constant and
frequency-dependent Cm, for 10 MW and 15 MW OWT, respectively.

For both OWTs, the load cases at the rated speed are mostly dominated by
waves with shorter periods, where frequency-dependent Cm is lower than 2,
resulting in lower extreme loads, and therefore in lower responses, as indi-
cated in Figures 7.32a and 7.33a. For the 10 MW OWT, M90% was reduced
by 1.8% while for the 15 MW OWT by 4.3%. The effect is more apparent
for the 15 MW model due to the combined effect of its larger diameter, and
the sea state with a lower peak period.

On the contrary, at the cut-out speed, longer waves dominate extreme re-
sponses, where the theoretical Cm obtained from MacCamy-Fuchs is close
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Figure 7.32: Gumbel distributions for the maximum mudline bending
moment for 10 MW OWT using constant and frequency-dependent Cm,

operational turbine

to 2. Consequently, extreme responses were similar using both methods.
Slight differences in the individual maxima, as observed from Figures 7.32b
and 7.33b, resulted in 0.5-1.6% difference in M90% between the two models,
for the two OWTs.

Table 7.7: M90% using constant and frequency-dependent Cm (10 MW)

U119 Hs Tp M90% M90%

Constant Cm Frequency-dependent Cm

- m/s m s MNm MNm

LC1 11 5.46 10.48 398.6 391.5
LC2 25 8.55 14.94 445.8 448.4

Table 7.8: M90% using constant and frequency-dependent Cm (15 MW)

U150 Hs Tp M90% M90%

Constant Cm Frequency-dependent Cm

- m/s m s MNm MNm

LC1 11 4.74 8.23 603.8 578.1
LC2 25 8.81 14.50 590.9 581.4

Figure 7.34 shows an example of mudline response spectra from one simu-
lation for each of the load cases for the 15 MW OWT, using constant and
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Figure 7.33: Gumbel distributions for the maximum mudline bending
moment for 15 MW OWT using constant and frequency-dependent Cm,

operational turbine

frequency-dependent Cm. The frequency variation of Cm is also included.
As shown, for the load case at rated speed, relatively short waves can result
in large responses, where Cm values are expected to be lower than 2. As
a result, more notable differences are observed also in the response spec-
tra between the two approaches. The same effect is also seen for the load
case at the cut-out speed, nevertheless in that case lower frequency waves
dominate, where Cm from MacCamy-Fuchs theory is similar to 2, and con-
sequently diffraction is less important.
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Figure 7.34: Mudline response spectra from one simulation representative
for LC1 (rated) and LC2 (cut-out) for 15 MW (operational).

Frequency-dependent inertia load coefficient (for Dp=11 m) is also plotted.



Chapter 8

Conclusions and
Recommendations

The motivation for this thesis originated from the challenges posed by the
growing size of monopile foundations for offshore wind turbines (OWTs). It
aimed to evaluate and improve commonly used design methods and inves-
tigate the effect of improved load models on long-term fatigue and extreme
response predictions for three OWTs. This chapter summarizes the contri-
butions of this thesis, as introduced in Sec. 1.6, to the scientific community
and engineering practitioners. Recommendations for future studies are also
made based on the author’s views, and the limitations and the challenges
encountered in the current work.

8.1 Environmental lumping for fatigue assessment

A novel lumping method was developed as an alternative to full long-term
fatigue assessment for the FLS design of monopile-based OWTs. Lumped
load cases (LCs) for scatter diagrams associated with different wind classes
were derived using the damage-equivalent lumping method (DELM). The
observed differences compared to full long-term fatigue assessment are con-
sidered acceptable, given the substantial improvement in computational ef-
ficiency (more than 95%). Moreover, the method was further developed to
incorporate wind-sea and swell components in an integrated and consistent
manner, and the sensitivity of the lumped LCs was evaluated.

� As the size of OWTs increases, wind classes near the rated speed con-
tribute more to fatigue damage, highlighting the importance of wind
loads for larger OWTs. This observation was also supported by the
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stress spectra, which showed a notable increase in slowly varying wind-
induced responses for the 15 MW OWT. The impact was pronounced
at the tower base but also observed at the mudline. It should be noted
that the controllers used in the thesis for all OWTs are open-source
controllers, and the impact of controller tuning or optimization have
not been investigated on the results.

� At the mudline, fatigue damage increases for higher wind speeds, as
those are associated with more severe sea states, which result in in-
creased hydrodynamic loads, subsequent bending moments, and stresses
on the structure. Sea states above cut-out speed (parked OWT) still
have a notable impact on long-term fatigue due to their severity and
the low or negligible aerodynamic damping, despite their low proba-
bility of occurrence.

� The relative differences between the lumped LCs and the scatter as-
sessment mostly ranged between ±10-15% for individual wind classes,
with statistical uncertainty due to seed variability accounting for most
of the discrepancies. The total damage estimates from the lumped LCs
ranged from -6% to +1% compared to the LTFA results at and below
the mudline. Slightly higher variations (±10%) were observed at the
tower base, primarily attributed to the sensitivity of damage estimates
close to SWL on the wave kinematics model for parked states.

� Lumped LCs obtained using fully coupled and simplified models strongly
agreed. Therefore, when simplified models of reasonable accuracy are
available, they can be used to extract the lumped LCs, and then com-
bined with fully coupled time-domain models to estimate the damage,
can further reduce the computational effort.

� Considering lumping of wind-sea and swell-sea components, a reduc-
tion of 97.6% of computational effort compared to the original dataset,
was achieved. Validation with fatigue assessment results using hind-
cast data for individual wind classes provided accuracy levels above
90% for long-term damage estimates. The lumped LCs followed the
trends observed in the hindcast data, with the severity of the wind-sea
component increasing with higher wind speeds, while the swell com-
ponent remained relatively constant across different speeds.

� Variations in monopile design characteristics such as embedded length,
diameter, and thickness showed that only changes that greatly impact
the OWT dynamic characteristics, can lead to notable changes in the
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derived lumped LCs. Monopile diameter was found to be the most
influential in this regard.

� The sensitivity of lumped LCs to inherent variability of metocean con-
ditions was investigated by using scatter diagrams from annual data.
Variations in the lumped LCs were primarily affected by the distri-
bution of sea states within the scatter diagrams. Moreover, positive
correlations were observed between lumped sea state parameters.

� A simulation duration of 10 minutes was sufficient to obtain transfer
functions that accurately capture the dynamic response of the sup-
port structure over the , with negligible variations of the lumped LCs.
Extending the duration did not reduce the observed variations.

8.2 Effect of foundation modelling on fatigue

The thesis evaluated the impact of foundation modelling on the dynamic
behaviour and fatigue estimates of monopiles. It focused on the aspects of
hysteretic damping and different stiffness after load reversals incorporated
into the macro-element model, which cannot be represented by the widely
used approach of p−y curves combined with stiffness proportional Rayleigh
damping.

In operational states, p − y curves require varying soil damping levels to
approximate the fatigue estimates of macro-element model, while in parked
conditions, the p− y curves produce similar fatigue estimates to the macro-
element model with a nearly constant soil damping level.

Discrepancies in fatigue estimates between the models are relatively small in
operational states, but significantly larger in parked states due to negligible
aerodynamic damping. This leads to overestimation or underestimation of
fatigue damage by p − y curves based on the level of soil damping used.
Similarly, when wind-wave misalignment is larger than 30◦, there is negligi-
ble aerodynamic damping in the wave excitation direction, and important
differences between the foundation models can be observed.

8.3 Environmental contours and extreme responses

Variations in extreme fore-aft bending moment responses at the mudline
due to statistical and physical load modelling aspects were investigated for
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10 MW and 15 MW turbines. The environmental contour method was em-
ployed to investigate the effects of different conditional probability distribu-
tions for Hs and Tp on the resulting contours for representative wind classes.
Then, variations in extreme responses were investigated using different con-
tours, and different hydrodynamic-soil models.

� Four statistical models were employed for the conditional distribution
of Hs given wind speed. Despite the challenge of capturing the tail be-
haviour when fitting global hierarchical models to all observations, the
3-parameter Weibull model using the MoM to estimate distribution
parameters provided the best fit for Hs across all wind classes, as it
focuses on the upper tail of the data. The 3-parameter Weibull model
using MLE resulted in less conservative contours compared to the MoM
model, particularly in moderate wind classes, leading to less severe sea
states. The 2-parameter Weibull model yielded significant discrepan-
cies compared to the observations, while the LonoWe model proved
challenging to fit, being sensitive to the transition point between Log-
normal and Weibull distributions. The differences between statistical
models were more apparent in intermediate wind classes, attributed to
their inadequacy to capture the combined nature of moderate wind-sea
states and a few severe sea states originating from swell.

� For the conditional distribution of Tp, the Log-normal and 3-parameter
Weibull models were adopted. The Log-normal model deviated from
the data trend near the wave steepness limit, particularly in interme-
diate wind classes, resulting in relatively high Hs values in the range
of the turbines’ natural periods. The Weibull model proved sensitive
to the Hs class size, affecting Tp distributions and the resulting con-
tours. Nonetheless, it provided a more accurate fit near the steepness
limit, and it can be considered as an alternative to the commonly used
Log-normal model. The importance of using the appropriate steepness
curve was also evident to avoid unrealistic severe sea states.

� The 3-parameter Weibull (MoM) and LonoWe models captured the
behaviour of the hindcast data in the upper tail, leading to more rea-
sonable contours and resulting in higher extreme response predictions.
Differences in the largest M90% values between these models were
found to range from approximately 0.5% to 3.5%, reflecting slight vari-
ations in the contours. Conversely, the 2-parameter and 3-parameter
Weibull (MLE) models yielded the least conservative contours, with
M90% values being approximately 7.0% to 12.7% lower, depending on
the OWT and wind class.
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� The statistical uncertainty of M90% values due to seed variability was
investigated, by analyzing the effect of seed variability and the number
of simulations. The results demonstrated a higher variability for the
sea states at cut-out speed, with variations up to 15% when using 20
1-hr simulations. For the larger turbine, it was found that evaluating
load cases at the rated speed became increasingly important, as it
resulted in larger M90% values than the ones at the cut-out speed.

� A comparison was made between a macro-element model incorporat-
ing hysteretic damping and nonlinear stiffness during load reversals,
and the conventional p − y curves. The differences in extreme re-
sponses between the models were within the range of approximately
±2% in operational states, while in parked states, variations between
-5% and 11% were observed, highlighting the importance of soil in
the absence of aerodynamic damping. Accounting for diffraction ef-
fects using frequency-dependent Cm becomes increasingly important
for larger diameter and shorter sea states. Nevertheless, variations in
estimated extremes compared to conventional Morison with constant
Cm did not exceed 4.5%.

8.4 Recommendations for further work

Based on the conclusions drawn from the study, several recommendations
for further work can be made to enhance the understanding and application
of the lumping method for long-term fatigue damage estimation in offshore
wind turbines (OWTs):

� Its applicability and performance for different sites and a broader range
of OWT support structures, such as jacket, gravity-based, and floating
foundations, should be studied. The different characteristics of those
structures compared to the monopiles, i.e., the effect of mean stresses
for gravity-based structures, the more complex geometry and local
effects for jackets, and the effect of 2nd order low-frequency motions
of floating OWTs, may require adjustments of the proposed method.
Furthermore, the method’s accuracy for sites with different metocean
characteristics should be further investigated.

� When the method is applied to different offshore structures, it is rec-
ommended to investigate the effect on the lumped LCs when using
structural locations with different response characteristics, e.g., the
mooring lines and the tower base of a floating OWT. Furthermore,
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when fully coupled models are used in the lumping process, the white
noise simulation time should be evaluated, particularly for structures
with longer natural periods than the ones studied in the thesis.

� By employing the lumping method for wind-sea and swell, represen-
tative DLCs considering the full variability of metocean parameters
used for fatigue design can be extracted with reasonable computa-
tional effort. Initial validation studies within the thesis with results
obtained from hindcast data fatigue assessment, revealed promising
results for the proposed method. Nevertheless, further validation for
different support structures and sites is recommended. Such work can
potentially result in a new procedure, replacing the standard compu-
tationally demanding load case table setup, currently recommended
by the design standards, accounting also for the effect of bimodal sea
states, which is not currently addressed.

� Conducting comparative studies between the proposed fatigue lump-
ing method with other existing methods used in practice, can help to
further benchmark its performance, advantages, and limitations, for
both OWTs and other offshore structures. Finally, potential use of the
lumping method for optimizing foundation design within a wind farm
should be investigated.

Furthermore, based on the conclusions and limitations of the current study
the following recommendations are proposed to more accurately predict long-
term extreme responses using environmental contours:

� Conclusions regarding the conditional models for wave height and pe-
riod are based on the site-dependent hindcast data. Further studies
for sites with different metocean characteristics can offer additional
insights into the accuracy of the different statistical models and their
impact on the environmental contours, and subsequent extreme re-
sponses. Preferably, data covering a larger period than 10 years (as
used in the study) should be used.

� The LonoWe model can be a reasonable choice, when the whole range
of Hs data within the wind class needs to be modelled reasonably well.
However, a clear procedure should be developed for choosing the tran-
sition point between Log-normal and Weibull models. Furthermore,
the behaviour of the Log-normal model for the wave period with re-
spect to the wave steepness limit should be further investigated by
introducing a lower limit to the model. Finally, the Weibull model
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for the peak period was strongly sensitive to the Hs class size within
a wind class, affecting the resultant contours, and therefore further
research is suggested.

� The dependence structure for the metocean parameters used in the
thesis to establish the environmental contours was based on the rec-
ommendations of the current design standards. Nevertheless, it does
not provide a physical interpretation, as it is mostly based on experi-
ence. Further work is recommended on investigating other dependence
structures/functions, which can potentially include physical relations
and limitations between the metocean parameters, e.g. steepness limit.

� The results of the current study for extreme responses were extracted
using numerical simulations, with 2nd order wave kinematics. Fur-
ther research is recommended using fully nonlinear wave kinematics,
to provide a more comprehensive understanding of highly-nonlinear
breaking waves on extreme loads and responses of OWTs, also con-
sidering load cases above cut-out speed. To capture the combined
effect of wind and wave loads, studies should also include the effect
of wind loads that becomes increasingly important for larger turbines,
through e.g., hybrid model tests or using fully nonlinear wave kine-
matics (extracted from model tests or potential flow theory codes) in
the aero-servo-hydro-elastic simulation tools.

� The environmental contour method is a probabilistic approach, and
the choice of percentile depends on the level of conservatism required
for the design. In the current study, the percentile (90%) was cho-
sen based on previous studies and established experience from other
types of offshore structures, corresponding to 100-year extreme re-
sponses. Further work including full long-term assessment is required
to verify the appropriate percentile that corresponds to 50-year ex-
treme responses of monopile-based OWTs for different wind classes
and operational conditions, when the contour method is used.

� The present work focused on the importance of foundation and hydro-
dynamic load modelling. Further research is recommended to inves-
tigate the impact of other aspects such as wave directionality, wave
spreading, and different turbulence models in the incoming wind on
extreme responses. Finally, as steep sea states induce high structural
responses for monopile-based OWTs, it is essential to also investigate
further the long-term distribution of the wave steepness and physical
parameters related to steep wave events.
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Appendix A

Structural formulation for
state-space models

In this appendix, elemental stiffness and mass matrices of a straight beam
are provided. Furthermore, the generalized mass, stiffness, and damping
matrices are given. The formulations were used for the simplified OWT
state-space models.

A.1 Elemental matrices for an Euler–Bernoulli beam
element

As in Euler–Bernoulli beam theory, the rotatory inertia matrix is neglected,
only the mass matrix associated with transnational inertia was used, given
in Eq. A.1, as follows

Mel =
melLel

420

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

156 22Lel 54 −13Lel

22Lel 4L2
el 13Lel −3L2

el

54 13Lel 156 −22Lel

−13Lel −3L2
el −22Lel 4L2

el

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦

(A.1)

where Lel is the beam element length, and mel is the elemental mass. The
elemental bending ([Kel,b]) and geometric ([Kel,g]) stiffness matrices, for an
Euler-Bernoulli straight beam are given by Eq. A.2, and Eq. A.3 respectively,
as follows,
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Kel,b =
EIel
L3
el

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

12 6Lel −12 6Lel

6Lel 4L2
el −6Lel 2L2

el

−12 −6Lel 12 −6Lel

6Lel 2L2
el −6Lel 4L2

el

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦

(A.2)

Kel,g = P

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

6Lel/5 1/10 −6Lel/5 1/10

1/10 2Lel/15 −1/10 −Lel/30

−6Lel/5 −1/10 6Lel/5 −1/10

1/10 Lel/30 −1/10 2Lel/15

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦

(A.3)

where Iel is the area moment of inertia for a hollow cylindrical cross section,
P is the axial force acting on the element.

A.2 Generalized structural matrices

The generalized mass matrix is expressed by Eq. A.4, as follows

Mχ =

∫
L

mel(z)ψ(z)ψ�(z)dz

︸ ︷︷ ︸
Integrated mass

+
∑

M(zi)ψ(zi)ψ
�(zi)︸ ︷︷ ︸

Discrete masses

+

+
∑

I(zi)ψz(zi)ψ
�
z (zi)︸ ︷︷ ︸

Discrete inertias

(A.4)

where mel(z) is elemental mass, M(zi), I(zi) represent discrete masses, and
inertias respectively located at position zi along the support structure. The
first term in Eq. A.4 is decomposed in two parts, below and above the SWL,
as shown in Eq. A.5,



A.2. Generalized structural matrices 197

∫
L

mel(z)ψ(z)ψ�(z) =

∫ 0

−L
[mel(z) + a11(z)]ψ(z)ψ�(z)dz +

∫ ztop

0
mel(z)ψ(z)ψ�(z)dz

(A.5)

where the first term includes the water mass, additionally to the structural
mass, and it is added the transverse added mass per unit length, based on
the analytical expression for a 2D circular cylinder of diameter Dp [233],
given by Eq. A.6,

a11(z) = ρπD2
p(z)/4 (A.6)

where ρw is the water density, and Dp is the monopile diameter. The gen-
eralized stiffness matrix is expressed by Eq. A.7, as follows,

Kχ =

∫
L
EIel(z)ψzz(z)ψ

�
zz(z)dz︸ ︷︷ ︸

Integrated bending stiffness

+

∫
L
P (z)ψz(z)ψ

�
z (z)dz︸ ︷︷ ︸

Integrated axial stiffness

+

+K(zs)ψz(zs)ψ
�
z (zs)︸ ︷︷ ︸

Soil stiffness

(A.7)

where EIel(z) is the elemental bending stiffness, P (z) is the elemental axial
force, and K(zi) represents the soil stiffness, at mudline (zs=-30 m). The
generalized damping matrix consists of two terms as shown in Eq. A.8,

Cχ = β

∫
L

EIel(z)ψzz(z)ψ
�
zz(z)dz

︸ ︷︷ ︸
Rayleigh damping

+B(ztop)ψ(ztop)ψ
�(ztop)︸ ︷︷ ︸

Aerodynamic damping (A.8)

where the first term describes the structural, soil, and hydrodynamic damp-
ing represented by stiffness-proportional Rayleigh damping with stiffness-
proportional coefficient β along the support structure. The second term
describes the aerodynamic damping applied to the tower top, ztop.
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IMT- 
2012-88 

Dong, Wenbin Time-domain fatigue response and reliability 
analysis of offshore wind turbines with emphasis on 

welded tubular joints and gear components, CeSOS 

IMT- 
2012-89 

Zhu, Suji Investigation of Wave-Induced Nonlinear Load 
Effects in Open Ships considering Hull Girder 

Vibrations in Bending and Torsion, CeSOS 

IMT- 

2012-90 

Zhou, Li Numerical and Experimental Investigation of 

Station-keeping in Level Ice, CeSOS 

IMT- 
2012-91 

Ushakov, Sergey Particulate matter emission characteristics from 
diesel enignes operating on conventional and 

alternative marine fuels, IMT 

IMT- 
2013-1 

Yin, Decao Experimental and Numerical Analysis of Combined 
In-line and Cross-flow Vortex Induced Vibrations, 

CeSOS 



 

IMT- 
2013-2 

Kurniawan, Adi Modelling and geometry optimisation of wave 

energy converters, CeSOS 

IMT- 

2013-3 

Al Ryati, Nabil Technical condition indexes doe auxiliary marine 

diesel engines, IMT 

IMT-
2013-4 

Firoozkoohi, Reza Experimental, numerical and analytical 
investigation of the effect of screens on sloshing, 

CeSOS 

IMT- 
2013-5 

Ommani, Babak Potential-Flow Predictions of a Semi-Displacement 
Vessel Including Applications to Calm Water 

Broaching, CeSOS 

IMT- 

2013-6 

Xing, Yihan Modelling and analysis of the gearbox in a floating 

spar-type wind turbine, CeSOS 

IMT-7-

2013 

Balland, Océane Optimization models for reducing air emissions 

from ships, IMT 

IMT-8-

2013 

Yang, Dan Transitional wake flow behind an inclined flat 

plate-----Computation and analysis,  IMT 

IMT-9-

2013 

Abdillah, Suyuthi Prediction of Extreme Loads and Fatigue Damage 

for a Ship Hull due to Ice Action, IMT 

IMT-10-

2013 

Ramìrez, Pedro Agustìn Pèrez Ageing management and life extension of technical 

systems- 

Concepts and methods applied to oil and gas 

facilities, IMT 

IMT-11-

2013 

Chuang, Zhenju Experimental and Numerical Investigation of Speed 

Loss due to Seakeeping and Maneuvering. IMT 

IMT-12-
2013 

Etemaddar, Mahmoud Load and Response Analysis of Wind Turbines 
under Atmospheric Icing and Controller System 

Faults with Emphasis on Spar Type Floating Wind 

Turbines, IMT 

IMT-13-

2013 

Lindstad, Haakon Strategies and measures for reducing maritime CO2 

emissons, IMT 

IMT-14-
2013 

Haris, Sabril Damage interaction analysis of ship collisions, IMT 

IMT-15-
2013 

Shainee, Mohamed Conceptual Design, Numerical and Experimental 
Investigation of a SPM Cage Concept for Offshore 

Mariculture, IMT 

IMT-16-
2013 

Gansel, Lars Flow past porous cylinders and effects of 
biofouling and fish behavior on the flow in and 

around Atlantic salmon net cages, IMT 

IMT-17-

2013 

Gaspar, Henrique Handling Aspects of Complexity in Conceptual 

Ship Design, IMT 

IMT-18-
2013 

Thys, Maxime Theoretical and Experimental Investigation of a 
Free Running Fishing Vessel at Small Frequency of 

Encounter, CeSOS 

IMT-19-

2013 

Aglen, Ida VIV in Free Spanning Pipelines, CeSOS 



 

IMT-1-
2014 

Song, An Theoretical and experimental studies of wave 
diffraction and radiation loads on a horizontally 

submerged perforated plate, CeSOS 

IMT-2-

2014 

Rogne, Øyvind Ygre Numerical and Experimental Investigation of a 

Hinged 5-body Wave Energy Converter, CeSOS 

IMT-3-

2014 

Dai, Lijuan  Safe and efficient operation and maintenance of 

offshore wind farms ,IMT 

IMT-4-

2014 

Bachynski, Erin Elizabeth Design and Dynamic Analysis of Tension Leg 

Platform Wind Turbines, CeSOS 

IMT-5-

2014 

Wang, Jingbo Water Entry of Freefall Wedged – Wedge motions 

and Cavity Dynamics, CeSOS 

IMT-6-
2014 

Kim, Ekaterina Experimental and numerical studies related to the 
coupled behavior of ice mass and steel structures 

during accidental collisions, IMT 

IMT-7-

2014 

Tan, Xiang Numerical investigation of ship’s continuous- mode 

icebreaking in leverl ice, CeSOS 

IMT-8-
2014 

Muliawan, Made Jaya Design and Analysis of Combined Floating Wave 
and Wind Power Facilities, with Emphasis on 

Extreme Load Effects of the Mooring System, 

CeSOS 

IMT-9-

2014 

Jiang, Zhiyu Long-term response analysis of wind turbines with 

an emphasis on fault and shutdown conditions, IMT 

IMT-10-
2014 

Dukan, Fredrik ROV Motion Control Systems, IMT 

IMT-11-

2014 

Grimsmo, Nils I. Dynamic simulations of hydraulic cylinder for 

heave compensation of deep water drilling risers, 

IMT 

IMT-12-
2014 

Kvittem, Marit I. Modelling and response analysis for fatigue design 

of a semisubmersible wind turbine, CeSOS 

IMT-13-

2014 

Akhtar, Juned The Effects of Human Fatigue on Risk at Sea, IMT 

IMT-14-

2014 

Syahroni, Nur Fatigue Assessment of Welded Joints Taking into 

Account Effects of Residual Stress, IMT 

IMT-1-

2015 

Bøckmann, Eirik Wave Propulsion of ships, IMT 

IMT-2-

2015 

Wang, Kai Modelling and dynamic analysis of a semi-

submersible floating vertical axis wind turbine, 

CeSOS 

IMT-3-

2015 

Fredriksen, Arnt Gunvald A numerical and experimental study of a two-

dimensional body with moonpool in waves and 

current, CeSOS 

IMT-4-

2015 

Jose Patricio Gallardo Canabes Numerical studies of viscous flow around bluff 

bodies, IMT 



 

IMT-5-
2015 

Vegard Longva Formulation and application of finite element 
techniques for slender marine structures subjected 

to contact interactions, IMT 

IMT-6-

2015 

Jacobus De Vaal Aerodynamic modelling of floating wind turbines, 

CeSOS 

IMT-7-

2015 

Fachri Nasution Fatigue Performance of Copper Power Conductors, 

IMT 

IMT-8-

2015 

Oleh I Karpa Development of bivariate extreme value 

distributions for applications in marine 

technology,CeSOS 

IMT-9-

2015 

Daniel de Almeida Fernandes An output feedback motion control system for 

ROVs, AMOS 

IMT-10-

2015 

Bo Zhao Particle Filter for Fault Diagnosis: Application to 

Dynamic Positioning Vessel and Underwater 

Robotics, CeSOS 

IMT-11-

2015 

Wenting Zhu Impact of emission allocation in maritime 

transportation, IMT 

IMT-12-
2015 

Amir Rasekhi Nejad Dynamic Analysis and Design of Gearboxes in 
Offshore Wind Turbines in a Structural Reliability 

Perspective, CeSOS 

IMT-13-
2015 

Arturo Jesùs Ortega Malca Dynamic Response of Flexibles Risers due to 

Unsteady Slug Flow, CeSOS 

IMT-14-

2015 

Dagfinn Husjord Guidance and decision-support system for safe 

navigation of ships operating in close proximity, 

IMT 

IMT-15-

2015 

Anirban Bhattacharyya Ducted Propellers: Behaviour in Waves and Scale 

Effects, IMT 

IMT-16-

2015 

Qin Zhang Image Processing for Ice Parameter Identification 

in Ice Management, IMT 

IMT-1-

2016 

Vincentius Rumawas Human Factors in Ship Design and Operation: An 

Experiential Learning, IMT 

IMT-2-

2016 

Martin Storheim Structural response in ship-platform and ship-ice 

collisions, IMT 

IMT-3-

2016 

Mia Abrahamsen Prsic Numerical Simulations of the Flow around single 

and Tandem Circular Cylinders Close to a Plane 

Wall, IMT 

IMT-4-

2016 

Tufan Arslan Large-eddy simulations of cross-flow around ship 

sections, IMT 



 

IMT-5-
2016 

Pierre Yves-Henry Parametrisation of aquatic vegetation in hydraulic 

and coastal research,IMT 

IMT-6-
2016 

Lin Li Dynamic Analysis of the Instalation of Monopiles 

for Offshore Wind Turbines, CeSOS 

IMT-7-
2016 

Øivind Kåre Kjerstad Dynamic Positioning of Marine Vessels in Ice, IMT 

IMT-8-
2016 

Xiaopeng Wu Numerical Analysis of Anchor Handling and Fish 
Trawling Operations in a Safety Perspective, 

CeSOS 

IMT-9-
2016 

Zhengshun Cheng Integrated Dynamic Analysis of Floating Vertical 

Axis Wind Turbines, CeSOS 

IMT-10-
2016 

Ling Wan Experimental and Numerical Study of a Combined 
Offshore Wind and Wave Energy Converter 

Concept 

IMT-11-
2016 

Wei Chai Stochastic dynamic analysis and reliability 
evaluation of the roll motion for ships in random 

seas, CeSOS 

IMT-12-
2016 

Øyvind Selnes Patricksson Decision support for conceptual ship design with 
focus on a changing life cycle and future 

uncertainty, IMT 

IMT-13-
2016 

Mats Jørgen Thorsen Time domain analysis of vortex-induced vibrations, 

IMT 

IMT-14-
2016 

Edgar McGuinness Safety in the Norwegian Fishing Fleet – Analysis 

and measures for improvement, IMT 

IMT-15-
2016 

Sepideh Jafarzadeh Energy effiency and emission abatement in the 

fishing fleet, IMT 

IMT-16-
2016 

Wilson Ivan Guachamin Acero Assessment of marine operations for offshore wind 
turbine installation with emphasis on response-

based operational limits, IMT 

IMT-17-
2016 

Mauro Candeloro Tools and Methods for Autonomous  Operations on 
Seabed and Water Coumn using Underwater 

Vehicles, IMT 

IMT-18-
2016 

Valentin Chabaud Real-Time Hybrid Model Testing of Floating Wind 

Tubines, IMT 

IMT-1-
2017 

Mohammad Saud Afzal Three-dimensional streaming in a sea bed boundary 

layer 

IMT-2-
2017 

Peng Li A Theoretical and Experimental Study of Wave-
induced Hydroelastic Response of a Circular 

Floating Collar 

IMT-3-
2017 

Martin Bergström A simulation-based design method for arctic 

maritime transport systems 



 

IMT-4-
2017 

Bhushan Taskar The effect of waves on marine propellers and 

propulsion 

IMT-5-
2017 

Mohsen Bardestani A two-dimensional numerical and experimental 
study of a floater with net and sinker tube in waves 

and current 

IMT-6-
2017 

Fatemeh Hoseini Dadmarzi Direct Numerical Simualtion of turbulent wakes 

behind different plate configurations 

IMT-7-
2017 

Michel R. Miyazaki Modeling and control of hybrid marine power 

plants 

IMT-8-
2017 

Giri Rajasekhar Gunnu Safety and effiency enhancement of anchor 
handling operations with particular emphasis on the 

stability of anchor handling vessels 

IMT-9-
2017 

Kevin Koosup Yum Transient Performance and Emissions of a 
Turbocharged Diesel Engine for Marine Power 

Plants 

IMT-10-
2017 

Zhaolong Yu Hydrodynamic and structural aspects of ship 

collisions 

IMT-11-
2017 

Martin Hassel Risk Analysis and Modelling of Allisions between 

Passing Vessels and Offshore Installations 

IMT-12-
2017 

Astrid H. Brodtkorb Hybrid Control of Marine Vessels – Dynamic 

Positioning in Varying Conditions 

IMT-13-
2017 

Kjersti Bruserud Simultaneous stochastic model of waves and 

current for prediction of structural design loads 

IMT-14-
2017 

Finn-Idar Grøtta Giske Long-Term Extreme Response Analysis of Marine 

Structures Using Inverse Reliability Methods 

IMT-15-
2017 

Stian Skjong Modeling and Simulation of Maritime Systems and 
Operations for Virtual Prototyping using co-

Simulations  

IMT-1-
2018 

Yingguang Chu Virtual Prototyping for Marine Crane Design and 

Operations 

IMT-2-
2018 

Sergey Gavrilin Validation of ship manoeuvring simulation models 

IMT-3-
2018 

Jeevith Hegde Tools and methods to manage risk in autonomous 
subsea inspection,maintenance and repair 

operations 

IMT-4-
2018 

Ida M. Strand Sea Loads on Closed Flexible Fish Cages 

IMT-5-
2018 

Erlend Kvinge Jørgensen Navigation and Control of Underwater Robotic 

Vehicles 



 

IMT-6-
2018 

Bård Stovner Aided Intertial Navigation of Underwater Vehicles 

IMT-7-
2018 

Erlend Liavåg Grotle Thermodynamic Response Enhanced by Sloshing 

in Marine LNG Fuel Tanks 

IMT-8-
2018 

Børge Rokseth Safety and Verification of Advanced Maritime 

Vessels 

IMT-9-
2018 

Jan Vidar Ulveseter Advances in Semi-Empirical Time Domain 

Modelling of Vortex-Induced Vibrations 

IMT-10-
2018 

Chenyu Luan Design and analysis for a steel braceless semi-
submersible hull for supporting a 5-MW horizontal 

axis wind turbine 

IMT-11-
2018 

Carl Fredrik Rehn Ship Design under Uncertainty 

IMT-12-
2018 

Øyvind Ødegård Towards Autonomous Operations and Systems in 
Marine Archaeology 

IMT-13- 
2018 

Stein Melvær Nornes Guidance and Control of Marine Robotics for 
Ocean Mapping and Monitoring 

IMT-14-
2018 

Petter Norgren Autonomous Underwater Vehicles in Arctic Marine 
Operations: Arctic marine research and ice 

monitoring 

IMT-15-
2018 

Minjoo Choi Modular Adaptable Ship Design for Handling 
Uncertainty in the Future Operating Context  

MT-16-
2018 

Ole Alexander Eidsvik Dynamics of Remotely Operated Underwater 
Vehicle Systems 

IMT-17-
2018 

Mahdi Ghane Fault Diagnosis of Floating Wind Turbine 
Drivetrain- Methodologies and Applications 

IMT-18-
2018 

Christoph Alexander Thieme Risk Analysis and Modelling of Autonomous 
Marine Systems 

IMT-19-
2018 

Yugao Shen Operational limits for floating-collar fish farms in 
waves and current, without and with well-boat 

presence 

IMT-20-
2018 

Tianjiao Dai Investigations of Shear Interaction and Stresses in 
Flexible Pipes and Umbilicals 

IMT-21-
2018 

Sigurd Solheim Pettersen 
 

Resilience by Latent Capabilities in Marine 
Systems 

 

IMT-22-
2018 

Thomas Sauder 
 

Fidelity of Cyber-physical Empirical Methods. 
Application to the Active Truncation of Slender 

Marine Structures 

 
IMT-23-

2018 

Jan-Tore Horn 

 

Statistical and Modelling Uncertainties in the 

Design of Offshore Wind Turbines 

 



 

IMT-24-
2018 

Anna Swider Data Mining Methods for the Analysis of Power 
Systems of Vessels 

 

IMT-1-
2019 

Zhao He Hydrodynamic study of a moored fish farming cage 
with fish influence 

 

IMT-2-
2019 

Isar Ghamari 
 

Numerical and Experimental Study on the Ship 
Parametric Roll Resonance and the Effect of Anti-

Roll Tank 

 
IMT-3-

2019 

Håkon Strandenes 

 

Turbulent Flow Simulations at Higher Reynolds 

Numbers 

 

IMT-4-

2019 

Siri Mariane Holen 

 

Safety in Norwegian Fish Farming – Concepts and 

Methods for Improvement 

 

IMT-5-

2019 

Ping Fu 

 

Reliability Analysis of Wake-Induced Riser 

Collision 

 

IMT-6-

2019 

Vladimir Krivopolianskii 

 

Experimental Investigation of Injection and 

Combustion Processes in Marine Gas Engines using 

Constant Volume Rig 
 

IMT-7-

2019 

Anna Maria Kozlowska Hydrodynamic Loads on Marine Propellers Subject 

to Ventilation and out of Water Condition. 

IMT-8-

2019 

Hans-Martin Heyn Motion Sensing on Vessels Operating in Sea Ice: A 

Local Ice Monitoring System for Transit and 
Stationkeeping Operations under the Influence of 

Sea Ice 

IMT-9-
2019| 

 

Stefan Vilsen 
 

Method for Real-Time Hybrid Model Testing of 
Ocean Structures – Case on Slender Marine 

Systems 

IMT-10-
2019 

Finn-Christian W. Hanssen Non-Linear Wave-Body Interaction in Severe 
Waves 

IMT-11-
2019 

Trygve Olav Fossum Adaptive Sampling for Marine Robotics 

IMT-12-
2019 

Jørgen Bremnes Nielsen Modeling and Simulation for Design Evaluation 

IMT-13-
2019 

Yuna Zhao Numerical modelling and dyncamic analysis of 
offshore wind turbine blade installation 

IMT-14-
2019 

Daniela Myland Experimental and Theoretical Investigations on the 
Ship Resistance in Level Ice 

IMT-15-
2019 

Zhengru Ren Advanced control algorithms to support automated 
offshore wind turbine installation 

IMT-16-
2019 

Drazen Polic Ice-propeller impact analysis using an inverse 
propulsion machinery simulation approach 

IMT-17-
2019 

Endre Sandvik Sea passage scenario simulation for ship system 
performance evaluation 



 

IMT-18-
2019 

Loup Suja-Thauvin Response of Monopile Wind Turbines to Higher 
Order Wave Loads 

IMT-19-

2019 

Emil Smilden Structural control of offshore wind turbines – 

Increasing the role of control design in offshore 
wind farm development 

IMT-20-

2019 

Aleksandar-Sasa Milakovic On equivalent ice thickness and machine learning 

in ship ice transit simulations 

IMT-1-

2020 

Amrit Shankar Verma Modelling, Analysis and Response-based 

Operability Assessment of Offshore Wind Turbine 
Blade Installation with Emphasis on Impact 

Damages 

IMT-2-

2020 

Bent Oddvar Arnesen 

Haugaløkken 

Autonomous Technology for Inspection, 

Maintenance and Repair Operations in the 

Norwegian Aquaculture 

IMT-3-

2020 

Seongpil Cho Model-based fault detection and diagnosis of a 

blade pitch system in floating wind turbines 

IMT-4-

2020 

Jose Jorge Garcia Agis Effectiveness in Decision-Making in Ship Design 

under Uncertainty 

IMT-5-

2020 

Thomas H. Viuff Uncertainty Assessment of Wave-and Current-

induced Global Response of Floating Bridges 

IMT-6-

2020 

Fredrik Mentzoni Hydrodynamic Loads on Complex Structures in the 

Wave Zone 

IMT-7- 

2020 

Senthuran Ravinthrakumar Numerical and Experimental Studies of Resonant 

Flow in Moonpools in Operational Conditions 

IMT-8-

2020 

Stian Skaalvik Sandøy 

 

Acoustic-based Probabilistic Localization and 

Mapping using Unmanned Underwater Vehicles for 
Aquaculture Operations 

 

IMT-9-
2020 

Kun Xu Design and Analysis of Mooring System for Semi-
submersible Floating Wind Turbine in Shallow 

Water 

IMT-10-

2020 

Jianxun Zhu Cavity Flows and Wake Behind an Elliptic 

Cylinder Translating Above the Wall 

IMT-11-

2020 

Sandra Hogenboom Decision-making within Dynamic Positioning 

Operations in the Offshore Industry – A Human 
Factors based Approach 

IMT-12-

2020 

Woongshik Nam Structural Resistance of Ship and Offshore 

Structures Exposed to the Risk of Brittle Failure 

IMT-13-

2020 

Svenn Are Tutturen Værnø Transient Performance in Dynamic Positioning of 

Ships: Investigation of Residual Load Models and 

Control Methods for Effective Compensation 

IMT-14-

2020 

Mohd Atif Siddiqui 

 

Experimental and Numerical Hydrodynamic 

Analysis of a Damaged Ship in Waves 

IMT-15-

2020 

John Marius Hegseth Efficient Modelling and Design Optimization of 

Large Floating Wind Turbines 



 

IMT-16-
2020 

Asle Natskår Reliability-based Assessment of Marine Operations 
with Emphasis on Sea Transport on Barges 

IMT-17-
2020 

Shi Deng Experimental and Numerical Study of 
Hydrodynamic Responses of a Twin-Tube 

Submerged Floating Tunnel Considering Vortex-

Induced Vibration 
IMT-18-

2020 

Jone Torsvik Dynamic Analysis in Design and Operation of 

Large Floating Offshore Wind Turbine Drivetrains 

 

IMT-1-

2021 

Ali Ebrahimi Handling Complexity to Improve Ship Design 

Competitiveness 

IMT-2-

2021 

Davide Proserpio Isogeometric Phase-Field Methods for Modeling 

Fracture in Shell Structures 

IMT-3-

2021 

Cai Tian Numerical Studies of Viscous Flow Around Step 

Cylinders 

 

IMT-4-

2021 

Farid Khazaeli Moghadam Vibration-based Condition Monitoring of Large 

Offshore Wind Turbines in a Digital Twin 

Perspective 

IMT-5-

2021 

Shuaishuai Wang Design and Dynamic Analysis of a 10-MW 

Medium-Speed Drivetrain in Offshore Wind 

Turbines 

IMT-6-

2021 

Sadi Tavakoli Ship Propulsion Dynamics and Emissions 

IMT-7-

2021 

Haoran Li Nonlinear wave loads, and resulting global 

response statistics of a semi-submersible wind 

turbine platform with heave plates 

IMT-8-

2021 

Einar Skiftestad Ueland Load Control for Real-Time Hybrid Model Testing 

using Cable-Driven Parallel Robots 

IMT-9-

2021 

Mengning Wu Uncertainty of machine learning-based methods for 

wave forecast and its effect on installation of 

offshore wind turbines 

IMT-10-

2021 

Xu Han Onboard Tuning and Uncertainty Estimation of 

Vessel Seakeeping Model Parameters 

IMT-01-

2022 

Ingunn Marie Holmen Safety in Exposed Aquacultrue Operations 

IMT-02-

2022 

Prateek Gupta Ship Performance Monitoring using In-service 

Measurements and Big Data Analysis Methods 

IMT-03-

2022 

Sangwoo Kim Non-linear time domain analysis of deepwater riser 

vortex-induced vibrations 

IMT-04-

2022 

Jarle Vinje Kramer Hydrodynamic Aspects of Sail-Assisted Merchant 

Vessels 

IMT-05-

2022 

Øyvind Rabliås Numerical and Expermental Studies of 

Maneuvering in Regular and Irregular Waves 



 

IMT-06-
2022 

Pramod Ghimire Simulation-Based Ship Hybrid Power System 
Conspet Studies and Performance Analyses 

IMT-07-
2022 

Carlos Eduardo Silva de Souza Structural modelling, coupled dynamics, and design 
of large floating wind turbines 

IMT-08-
2022 

Lorenzo Balestra Design of hybrid fuel cell & battery systems for 
maritime vessels 

IMT-09-
2022 

Sharmin Sultana Process safety and risk management using system 
perspectives – A contribution to the chemical 

process and petroleum industry 

IMT-10-
2022 

Øystein Sture Autonomous Exploration for Marine Minerals 

IMT-11-
2022 

Tiantian Zhu Information and Decision-making for Major 
Accident Prevention – A concept of information-

based strategies for accident prevention 

IMT-12-
2022 

Siamak Karimi Shore-to-Ship Charging Systems for Battery-
Electric Ships 

IMT-01-
2023 

Huili Xu Fish-inspired Propulsion Study: Numerical 
Hydrodynamics of Rigid/Flexible/Morphing Foils 

and Observations on Real Fish 

IMT-02-
2023 

Chana Sinsabvarodom Probabilistic Modelling of Ice-drift and Ice Loading 
on Fixed and Floating Offshore Structures 

IMT-03-
2023 

Martin Skaldebø Intelligent low-cost solutions for underwater 
intervention using computer vision and machine 

learning 

IMT-04-
2023 

Hans Tobias Slette Vessel  
operations in exposed aquaculture – Achieving safe 

and efficient operation of vessel fleets in fish farm  

systems experiencing challenging metocean 
conditions 

IMT-05-

2023 

Ruochen Yang Methods and models for analyzing and controlling 

the safety in operations of autonomous marine 
systems 

IMT-06-

2023 

Tobias Rye Torben Formal Approaches to Design and Verification of 

Safe Control Systems for Autonomous Vessels 

IMT-07-

2023 

YoungRong Kim Modeling Operational Performance for the Global 

Fleet & Application of an Energy Saving Measure 

IMT-08-

2023 

Henrik Schmidt-Didlaukies Modeling and Hybrid Feedback Control of 

Underwater Vehicles 

IMT-09-

2023 

Ehsan Esmailian Optimal Ship Design for Operating in Real Sea 

States 

IMT-10-

2023 

Astrid Vamråk Solheim Exploring the performance of conceptual offshore 

production systems for deep-sea mining 

IMT-11-

2023 

Benjamin Lagemann Conceptual design of low-emission ships 



 

IMT-12-
2023 

Erling Neerland Lone  Fatigue reliability of offshore Mooring chains under 
influence of mean load and corrosion 

IMT-13-
2023 

Kamyar Malekibagherabadi  Simulator Approach to Concept Analysis and 
Optimization of Marine Power Plants  

IMT-14-
2023 

Håvard Snefjellås Løvås Optical Techniques for Hyperspectral Imaging of 
the Seafloor 

IMT-15-
2023 

Stian Høegh Sørum Uncertainties in the Design of Monopile Offshore 
Wind Turbines 

IMT-16-
2023 

Nathalie Ramos Mechanical and thermal simulations of 3D printed 
structures and the 3D printing process 

IMT-17-
2023 

Daeseong Park Model-Based Design of 
Marine Hybrid Power Systems  

 

IMT-18-
2023 

Chuanqi Guo Analysis and modeling of risk of an autonomous 
ferry for safer design and operation 

IMT-01-
2024 

Dennis David Langer Hyperspectral Push-broom Systems: Operations, 
Software Development, and Spatial Resolution 

IMT-02-
2024 

Jens Einar Bremnes Safe Autonomy in Marine Robotics 

IMT-03-
2024 

George Katsikogiannis Estimation of Long-Term Fatigue and Extreme 
Responses of Large-Diameter Monopiles for 

Offshore Wind Turbines 
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