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Abstract

The potential for developing more efficient offshore wind support structures becomes increasingly
critical as the offshore wind sector is faced with challenges such as rising commodity prices and
shrinking profit margins. These challenges not only impact the industry’s capacity to meet growing
global demand but also hinder efforts to address the imperative challenge of decarbonization. As the
offshore wind industry expands, the roles of cost-effectiveness and ongoing research will be pivotal in
driving the advancement of offshore wind energy on a global scale.

The support structure is responsible for supporting the turbine, transferring loads to the ground, and
allowing access for inspection and maintenance purposes. The environmental loads acting on an
offshore wind support structure (OWSS) result from a combination of waves, wind speed, turbulence
intensity acting on the shape of the turbine components. These loads can be grouped in a scatter
diagrams that depict the probability of occurrence of a given wind wave combined condition which is
also known as a "sea state". Different sea states lead to significant vibrations and stresses on the
foundation, which can cause fatigue and failure over time.

The perforated monopile consists of a monopile with holes around the splash zone to reduce frontal
area, which reduces hydrodynamic loads on the foundation. Assesing the potential of perforated
monopiles in deep waters was based on a comparative study of the loads acting on the monopile by
developing a model that considers the structural response of the system to different sea states. FEM
studies are essential in identifying potential stress concentrations and their effects on the overall
integrity and safety of the structure. Thus, analysis focused on assessing the performance of both a
reference monopile and a perforated monopile structural models under both parked and power
production conditions, including sea states with 50-year and 1-year return periods. The simulations
encompassed 35 distinct sea states and computed maximum stresses at critical locations, including the
mudline, perforations, and the splash zone.

The study found that the perforated monopile displayed an average reduction of 17% in the maximum
stresses found at the mudline compared to the reference monopile. This reduction was attributed to
improved flow dynamics facilitated by the perforations. However, the splash zone of the perforated
monopile experienced increased stresses around the splash zone of up to a factor of four, attributed to
higher overturning moments around the perforated area. Next, the analysis continued with a fatigue
life assessment, highlighting sea states that could potentially challenge the structural integrity and
longevity of the monopiles over their intended operational lifespan.

The study explored alternative solutions, such as varying thickness parameters at high-stress areas and
using different materials at the splash zone. Additionally, the possibility of different perforation
geometries was considered, although it could impact natural frequencies and cause resonance with
loading frequencies.

To conclude, the research underscores the importance of a comprehensive assessment of monopile
designs in offshore renewable energy structures with a discussion and recommendations for further
research on the subject. It emphasizes the need for careful consideration of design choices based on
specific environmental conditions at the installation site. The findings contribute valuable insights into
optimizing monopile designs for long-term performance and structural reliability in varying sea state
conditions during power production scenarios.
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Introduction

In the past decade, offshore wind has become a mainstream source of renewable energy around the
world because of how the technology can help to reduce greenhouse gas emissions and mitigate
climate change. With its energy cost being reduced owing to more mature technology, market forces,
and government incentives. These same drivers have also led to the development of bigger wind
turbines that perform exponentially better than the conventional models that have been used in the
past. However, bigger offshore wind turbines require higher wind speeds and an increased distance
between each other to make up for the increased wake effect for an efficient energy production rate.
Hence, research of the viability of alternatives for the deployment of offshore wind turbines in deeper
waters to benefit from the increased surface area and quality of the offshore wind resource is
increasingly relevant.

The perforated monopile has been introduced as a promising offshore wind support structure
alternative to reduce hydrodynamic loads on traditional monopiles for deeper waters. However, it
important to recognize the potential risks of adding perforations to a monopile and the possible
changes in stress concentrations and the cumulative damage throughout the design life of the offshore
wind turbine (OWT). This thesis study is intended to dive into the potential of perforated monopiles as
an alternative to be used in offshore wind turbines in deep waters. A common approach to do so is by
starting with a comparative study of offshore wind turbine technologies. The report describes the
process that lead to answering the research question:

Is the structural reliability of a perforated monopile improved in deep water conditions when
considering a dynamic fluid-structure interaction model?

To create an overview of the problem, the first chapter focuses over the current outlook of the offshore
wind sector, its growth over the past years, and its potential for meeting renewable energy goals for the
upcoming decades. Then, the outlook and the relevance of current research to reach the potential of
monopiles in deep water is introduced and the current research gaps are identified. The first chapter
ends with the statement of a research methodology with the objective to close the research gaps that
current research projects have left.

The next phase encompasses the gathering of information relevant for the modelling of both a
reference monopile and the perforated monopile. This includes the environmental conditions,
structural constraints and initial dimentions of the monopile. These, in combination with the research
question will give purpose to the modelling of the monopile on ANSYS, a FEM analysis software, with
the aim of understanding in more detail the response of the structure to environmental loads. For this,
a modal analysis is carried on and a set of simmulations with the aim of comparing the maximum
stresses occuring at different parts of both the reference and the perforated monopile.

Finally, the report ends with a fatigue analysis at the areas where the highest stress concentrations were
found for both monopiles. Using Miner’s rule to calculate the equivalent fatigue damage on both
monopiles, the resulting damages are found and analyzed from which conclusions and discussion
points were drawn and alternative solutions are proposed.
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1
Background

1.1. Literature study
1.1.1. Current offshore wind industry status and future outlook
With the emergence of renewable energy being recognised as a critical concern of the current times,
both national and international ambitious initiatives have been announced. These include the
Netherlands aim for a transition to a carbon neutral economy which targets to reduce green house gas
emissions by 49% by 2030 and 95% by 2050 (IEA, 2019).

Meeting the Climate Agreement emissions reduction targets will require the share of renewables in
electricity generation to reach around 70% by 2030. The emissions reduction attributed to the
electricity sector in the Climate Agreement translates to 94 TWh of renewable electricity generation by
2030. Of this, 49 TWh is expected to come from offshore wind, with the Netherlands’ offshore wind
energy road map aiming to deliver 11.5 GW of total offshore wind capacity by 2030 MEACP, 2019.

The Netherlands has since raised its target to 21 GW by 2030 (GWEC, 2022b).These goals coupled with
renewed policy urgency for achieving energy independence from Russian oil and gas, and volatility in
fossil fuel markets in general, the global offshore wind market outlook in the medium and long-term
looks extremely promising (GWEC, 2022a). Netherlands was one of four North Sea countries, alongside
Germany, Belgium and Denmark, to commit to accelerating the build-out of offshore wind to achieve
65 GW of installed capacity by 2030 and 150 GW by 2050 (European Comission, 2022). The pledge was
prompted in part by the energy security crisis arising from the military conflict in Ukraine.

With Europe as the main developer of wind turbines, the North Sea is most likely the area that will be
continued to be used for the development of the future goals on renewable energy generation.
Currently, OWT are placed in water depths of up to 30 meters. However, given the future electricity
generation requirements, and constant development of bigger wind turbines gives rise to the need to
expand the deployment of OWT into deeper waters to benefit of the increased surface area and quality
of the offshore wind resource in deep waters (Fig. 1.1).
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1. Background

Figure 1.1: North sea water depth gradient (Star, 2022)

Wind power generation more than doubled from around 5 TWh in 2012 to 10.6 TWh in 2018, when it
represented around 9% of total electricity generation (NEA, 2023). The rapid increase in wind
generation was aided by offshore wind projects coming on line in 2015 and 2016. In 2018, offshore
wind accounted for almost a third of total wind generation. Currently, in addition to the new capacity
from Asia, Europe is the only region which reported new offshore wind installations. The UK had a
record year in 2021 with more than 2.3 GW reaching grid connection; however, it lost its title as the
world’s largest offshore wind market in total installations to China. Coming in second for new
installations in Europe is Denmark with 605MW commissioned last year, followed by Netherlands 392
MW and Norway 3.6MW (GWEC, 2022a).

In total installations, Europe remains the largest offshore wind regional market as of the end of 2021.
The region was responsible for 50.4% of total cumulative global offshore wind installations, followed by
Asia with 49.5% market share. Outside Europe and Asia, North America has 42 MW offshore wind in
operation as of the end of last year, contributing only 0.1% of total offshore wind installations (GWEC,
2022b).

1.1.2. Offshore wind support structures potential in deep water regimes
Offshore wind installations are also moving further from shore and into deeper water where better
quality wind resources are available. As shown in fig. 1.4, most projects commissioned to date have
been within 50 km off shore. However, several large projects in the pipeline are 100 km or more from
shore (IEA, 2019). This is becoming more common as developers look to install turbines in deeper
water with improved construction techniques that reflect learning from earlier projects and from the
offshore oil and gas industry.

The support structure can be seen in figure 1.2 and is defined as: The structure that supports the
turbine and holds it in place and transfers the loads from the turbine to the ground (Fischer et al. 2010).
The presence of the structure itself attracts hydrodynamic and aerodynamic loads which should also
be transferred to the soil (Fischer et al. 2010). Secondary functions are to allow for means of exporting
the power produced by the turbine and to allow access to the turbine for inspection and maintenance
purposes (Fischer et al. 2010).
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Figure 1.2: Wind turbine substructure (Fischer et al. 2010)

Because of the offshore wind park site conditions, a wide range of support structures have been
developed including fixed-bottom foundations and floating foundations. Research on these OWSS
concepts continue to be studied for their use in offshore wind farms as the potential for OWTs expands
to deeper waters. Each type of structure has its unique advantages and limitations, and selecting the
appropriate type of support structure is crucial to the success of an offshore wind farm.

Figure 1.3: Support structure concepts (Fischer et al. 2010)

Monopile foundations have been the preferred choice for the majority of offshore wind projects

TU Delft report 6



1. Background

installed in water depths of less than 50 meters due to their relative low cost, ease of installation, and
proven track record in the industry. Projects located in slightly deeper depths are also seeking to find
ways to use monopile foundations rather than to have to adopt higher cost jacket and floating
foundations. Hence, a focus for monopile structures on structural optimisation and pushing the
boundaries of the range of application by integrated design is currently a very relevant research topic
for the offshore sector (Fischer et al. 2010).

Figure 1.4: Water depth vs distance to shore of Offshore wind projects (IEA, 2019).

The monopile foundation (fig. 1.3, a) can be seen as an extension of the onshore turbine tower below
the sea surface and into the seabed. The vertical loads are transferred to the soil through wall friction
and tip resistance. Lateral loads dominate over vertical loads and are carrried to the foundation
through bending. The loads are subsequently transferred laterally to the soil. To provide enough
stiffness the diameter of the monopile foundation has to be large enough. This attracts relatively high
hydrodynamic loads. On the other hand, the monopile foundation is easy to fabricate and install since
there is no need for seabed preparation. Difficulties due to limited sizes of pile driving equipment may
also be expected.

For offshore wind platforms with fixed bottoms, as can be seen in figure 1.5, the most expensive
component is the turbine itself, contributing about 34.7% to the overall expense, while the assembly
and installation is 10.4%, followed by the construction of foundation and substructure at 12.6% (GWEC,
2022a). On the other hand, for the FOWTs, the wind turbine and installation and assembly take up
about 22.1% and 11.1% of the total cost, respectively, with the foundation and substructure being the
most expensive components at 36.2% (IEA, 2019).

Figure 1.5: Bottom founded offshore wind turbine CAPEX. (GWEC, 2022a).

As the offshore wind industry continues to grow, optimizing the cost-effectiveness of support
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structures for both fixed-bottom and floating platforms remains a key area of focus. By understanding
the cost distribution among different components, developers and stakeholders can identify
opportunities to streamline processes, reduce expenses, and further advance the deployment of
offshore wind energy on a global scale (European Comission, 2022). Additionally, ongoing research and
technological advancements are expected to play a vital role in driving down costs and making offshore
wind energy even more competitive with conventional power generation sources.

Foundations account for a significant part of total project costs and even though there are many
proposals for alternative support structures, monopile structures are currently the preferred
technology, more than 60% of deployment (NEA, 2023). It is becoming possible to use this type of
foundation in increasingly deep water (up to 55-60 m in some cases) thus reducing the need for more
expensive jacket foundations, which are suited to deeper water and are the second most used
technology globally (IEA, 2019). This gives potential and relevance to further research and
development on monopile foundations as OWSS in deep waters. However, because of high stresses at
the mudline due to the stuctural characteristics of this type of foundation hybrid concepts of
monopiles (fig. 1.6a, fig. 1.6b) show promising results (Andersen et al. 2020, Van Der Ploeg, 2021) and
are being studied for their effectiveness in deep water sites.

1.2. Perforated monopiles
Since the design of monopiles in deep water regimes will be ultimately dominated by the fatigue wave
loads and constrained by manufacturability constraints (Liu, 2021). Novel concepts are being
developed that take into consideration the limitations of the traditional monopile structure in the form
of hybrid concepts (i.e. fig. 1.6b) to mitigate the loads acting on the structure for them to be feasible.

One of the promising concepts is the perforated monopile (fig. 1.6a), which consists of a monopile with
holes around the splash zone for a reduced frontal area while maintaining the simplicity of fabrication
and installation of the monopile. The holes made on the monopiles effectively reduce the frontal area
and thus, reduce the hydrodynamic loads on the foundation (Van Der Ploeg, 2021). By allowing water
to flow through the perforations, the pile experiences increased drag and better stability (Andersen et
al. 2020). Despite being bearing the closest similarity to a monopile, the perforated monopile shares
some technical similarities to a jacket substructure. These similarities lead to the potential of reducing
hydrodynamic loads, especially fatigue wave loads on the monopile, in addition to the advantages
previously mentioned.

(a) Perforated monopile (Andersen et al. 2020). (b) Hybrid monopile design (Van Der Ploeg, 2021).

Furthermore, as the perforation allows for a discharge through the monopile, it is expected that the
perforation will decrease the downflow and associated horseshoe vortices, ultimately reducing the
local scour (Andersen et al. 2020). Proper design and maintenance is required to ensure the long-term
stability and effectiveness of perforated monopiles as support structures for offshore wind turbines.
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1.2.1. Recent developments
However, the use of perforated monopiles may also present some challenges, including the potential
for seabed erosion and increased marine growth in the perforations. Perforation changes the flow
pattern completely, thus the consequences with respect to loads are difficult to assess. To gain insight
into the flow behavior through perforated monopiles, 3D CFD models of 3 different perforation
geometries (fig. 1.7) by Van Der Ploeg, 2021 were made.

Figure 1.7: The three perforation geometries used in research (Van Der Ploeg, 2021).

In the research of Van Der Ploeg, 2021, it was shown that the preferred option would be the second
geometry since it showed both increased flow (fig. 1.8) through the monopile and reduced drag and lift
forces (fig. 1.9) in comparisson with the reference MP while maintaining the structural integrity of the
monopile by staying below the maximum stress theshold for the applied load cases. The CFD model
does not account for the deflection of the monopile under loading. The deflections could influence the
flow through the pile and could change the computed drag and lift forces and the dynamic response of
the system (Van Der Ploeg, 2021).

Figure 1.8: Flow velocities of geometry 2, top view on the left and side view on the right. (Van Der Ploeg, 2021).

Figure 1.9: Geometry 2 and reference pile drag (left) and lift (right) spectra for most occurring conditions. (Van Der Ploeg, 2021).

The use of perforated monopiles is a relatively new technology and research is ongoing to determine
their effectiveness in various seabed conditions and environmental factors. Some studies have found
that perforated monopiles can improve the fatigue life of the foundation and reduce the amount of
steel required, resulting in a more cost-effective and sustainable design (Van Der Ploeg, 2021).
However, a remark was made for additional research on the development of a model that considers the
dynamics of the system.

1.2.2. Accounting for dynamics, deflection and fatigue wave loads
Since the design of these monopiles will be dominated by the fatigue wave loads. It is important to
focus on the study of design of a model that takes into account the deflection and dynamics of the
system in order to verify the structural stability of a perforated monopile.
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Here, deflection refers to the deformation or bending of a structure under a load, which can affect the
distribution of stresses within the structure. If a structure is designed to withstand a particular load but
it deflects excessively, the stresses may be redistributed and concentrated in certain areas, potentially
leading to fatigue cracking or failure. On the other hand, the dynamic response refers to the behavior of
a structure under dynamic or time-varying loads. Dynamic loads can cause the structure to vibrate or
resonate, which can result in high-frequency cyclic loading that can accelerate fatigue damage.

Previous research has focused on how different sea states reduce the peak loads on a perforated
monopile structure (Andersen et al. 2020) which lead to the relation in Fig. 1.10. These results were
fitted into a curve and thus, equation 1.1 was obtained where the coefficients a = 0.84 and b = 0.94.

Γ(KC ) = bt anh(aKC ) (1.1)

Figure 1.10: Experimental fit relation based on wave flume experiments (Andersen et al. 2020).

This relation was used for three different monopile models for a wide range of water depths for two sea
states from the inertia and drag regime, six sea states from the inertia dominated region and one from
the diffraction sector (Van Der Ploeg, 2021). Positive results were obtained and can be seen in Figure
1.11 for the 15MW turbine. However, a fully coupled fluid-structure interaction model that accounts for
the monopile deflection and dynamics was recommended for further studies to have a more realistic
idea of the response and the fatigue life of a perforated monopile.

Figure 1.11: Result overview for the 15 MW reference turbine in combination with a non perforated reference pile and a geometry
2 perforated pile (Van Der Ploeg, 2021).

1.2.3. Potential risk of perforations
Abrupt changes originated from irregularities in the distribution of stresses are known as stress
concentrators; these are presented for all types of stress, axial, bending or shear in the presence of
fillets, holes, grooves, keyways, splines, tool marks or accidental scrapes (Santos, 2013). If the bar is cut
in the cross section of the hole, the tensile stress will be as shown in Figure 1.12 (b), the stress
distribution along the cut surface is substantially uniform until reaching the vicinity of the hole, where
efforts suddenly increase (Santos, 2013).
Since the perforated monopile is composed of an array of perforations around the splash zone, an
assesment of the stress concentrations to evaluate potential failure is crucial. For this, it has been
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Figure 1.12: Stress distribution for a plate on tensile load (a) away from the hole; (b) in the section of central hole (Santos, 2013).

proven that the structural analysis software ANSYS can give accurate results that line up with the
theoretical data found in literature (Santos, 2013).

As OWT grow and expand to deeper waters, the required material for maintaining the structural
integrity increases because of the increased moments on the foundation. Thus, the need for new
alternatives to the conventional monopile arises in the transitional range of 60-120 meter water depths.
With one of the main drivers for offshore renewable energy being the need to reduce the levelized cost
of energy(LCOE) and the support structure representing over 20% of the LCOE of the OWT projects (Oh
et al. 2018), it becomes important to focus on solutions that improve the cost efficiency while
maintaining the reliability of Offshore Wind Support Structures(OWSS).

1.3. Research gaps and objectives
Previously carried out research paved the way for this report. The potential of large diameter
monopiles in deep water has been investigated extensively with the help of finite element modelling
and simmulations that continue to improve the accuracy and reliability of monopiles in deep water.
However, several research gaps still need to be addressed to fully understand the technical feasibility
and commercial potential of this concept.

The potential of perforated monopiles as an alternative for deep water projects has been glanced upon
with promising results for future development. The table below summarizes the most relevant findings
and the missing aspects of the research done on monopiles in deep water regimes so far:
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Table 1.1: Summary relevant Reports/Papers

Report/Paper Conclusion Missing
Van Der
Ploeg, 2021

Fatigue life and stresses are limiting the
use of perforated monopiles in deep
water.
Structural parameters of potential deep
water perforated monopile foundation.

Fully coupled fluid structure
interaction model.
An optimization study of the
geometry, number, and spacing
of holes is recommended
with respect to both stress
concentrations and load
reductions.

Liu, 2021 ULS and FLS analysis of a numerical
Dynamic model for conventional
monopiles in deep water regimes.
Accumulated fatigue damage showed to
be independent of the water depth as
the increase of required structural steel
neutralizes the increase of overturning
moment.
No fundamental technical limitations
for a monopile supported 15 MW wind
turbine in water depths of up to 120
meters, provided that the stiffness of the
structure is sufficiently high.

Optimized geometry for
conventional monopiles.
Assesment of the potential of
perforated monopiles as a support
structure alternative.
A full computational model
including components such as
the variability in magnitude, shear
and turbulence of wind forcing,
complete damping components
and the rotor controller.

Andersen et
al. 2020

Reduction in peak loads following
relation: Gamma(KC)=b tanh(a KC) with
a=0.84, b=0.94.
0<KC<4 showed higher wave load and
moment reduction.
For KC>2 load reduction stagnates at 6%.

Sea states with KC > 10 have not
been investigated.
Recommendation to perform
numerical experiments in
prototype scale in order to
estimate scale effects.
Contribution from KC < 1.5 wave
loads to the total fatigue lifetime
should be estimated.

Vergassola et
al. 2020

The hydrodynamic load analysis
highlighted that the monopile is subject
to the highest hydrodynamic force.

Study should be extended to
consider ULS and FLS analysis.

Arany et al.
2017

Recommended steps for MP design,
recommended site characteristics,
turbine data, load cases ground profile
for substructure analysis.

Considerations of future monopile
foundation technical feasibility
and trends.

Although the current research done on perforated monopiles has shown good results in reducing wave
loads and steel usage while increasing potential for its use in deeper waters. However, the design of a
model that takes into account the dynamic response of the structure has not been studied extensively
by means of numerical simulations.

Based on section 1.2, particular importance is given to look further into the fatigue loads caused by
regular sea states as a limiting factor by analyzing the response of a coupled fluid-structure interaction
model.

1.4. Research question
The novelty of this research lies in the comparisson in terms of stress concentrations between a
dynamic model of a conventional model in comparisson with a model with the same dimentions with
added perforations following the recommendations of Andersen et al. 2020 and Van Der Ploeg, 2021.
The stress profile resulting from a range of sea state simmulations will be evaluated and compared
between models at the points where the stress is found to be the highest.
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1. Background

The evaluation of a fully coupled fluid-structure interaction model that accounts for the monopile
deflection and dynamics and asses the perforated monopile for the required design load cases DLC’s to
ensure technical viability. Hence, focusing on FLS as the most limiting factor leads to the question:

Does the structural integrity of a perforated monopile uphold in deepwater conditions when
considering a dynamic fluid-structure interaction model?

To aid answering this question, the following research questions are made:

1. What are the limitations of conventional monopiles in deep water regimes?

2. What loads operational characteristics are to be considered when performing a dynamic analysis
on a monopile support structure?

3. What a coupled fluid structure interaction model is and the information that is obtainable through
the dynamic analysis of it.

4. What assumptions can be made to simplify the finite element modeling of a monopile support
structure?

5. What steps need to be taken in the design of a structure before the FLS analysis is made, and do
the fatigue wave loads induce structural failure at the mudline?

6. Is the dynamic response of the structure around the first natural frequency reduced compared to
the reference monopile?

7. Given the answers to questions 4 and 5, what would an alternative solution to the perforations
at the splash zone look like while maintaining the wave load reduction benefits of the perforated
monopile?

By answering the research questions, a thesis outline can be structured which consists of three parts as
follows:

Part 1: Technical Feasibility of Monopile Foundations in Deep Water
1. Introduction
Introduction to the current industry status and outlook. The motivation of pushing wind turbines to
deeper waters is discussed, and current boundaries of deep water foundation techniques are stated.
Also, an overview is provided on the current knowledge on offshore support structure engineering,
monopile design, and anticipated limitations to the perforated monopile (RQ 1).

2. The Establishment of the Design Basis
The used environmental data of the reference location is explained, the design load cases are defined
for power production and parked condition together with the corresponding sea states. Then, the basis
to transferring the environmental data to forcing components is explained. (RQ 2)

3. Analysis Model Testing for Ultimate Limit States (ULS) and Monopile Geometry
Optimization
The one-way coupled fluid-structure interaction (FSI) model is introduced and the modelling
assumptions are discussed. The details of the models and the validation and verification through Finite
Element Analysis (FEA) software are discussed, final geometries for the reference monopile and
perforated monopile are established (RQ 3, 4).

Part 2: Model comparison between reference monopile and
perforated monopile
1. Fatigue Limit States (FLS)
The results of the monopile geometry optimization process are discussed, and conclusions are drawn.
These conclusions serve as the base of the proposed alternative strategies as will be discussed in Chapter
5. (RQ 5)
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2. Assessment of Critical Parameters
The critical parameters for extending the use of monopile-based foundations are assessed, and solutions
are proposed. Previous attempts found in literature on mitigating these limitations and their results are
presented (RQ 6).

Part 3: Alternative Solutions on Increasing the Feasibility of Usage
1. Introduction of Novel Concept
Given the foreseeable limitations and considering the limiting factors, alternative solutions to reduce the
impact of fatigue loads on the monopile structure are introduced. The solutions are aimed to options
that reduce the resulting maximum stresses induced by critical sea states at the perforations (RQ 7).

2. Additional Model Runs
Based on the findings of Chapter 5 and the critical parameters, additional model runs are performed
to assess the effect of damping, increasing the thickness at the perforations and different perforation
geometries. The results are used as a basis for the discussion and to establish in what direction future
research could continue.
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Methodology

With the knowledge gaps identified and the research objectives stated, a plan of action to fill the
research gap has to be made. In the following chapter the key aspects for the design of a monopile will
be introduced and developed.

Since monopile foundations have not been deployed in deep waters so far, the calculations are based
on the evaluation of results of previous research done through scaled experiments (Andersen et al.
2020) and numerical simulations (Van Der Ploeg, 2021). The design constraints and modelling
requirements that must be addressed in the later stages of the thesis will be defined together with the
required general assumptions.

2.1. General assumptions
The design considerations for monopile foundations start with taking into account the capacity of
future offshore wind turbines which include 15+MW rated wind turbines with rotor diameters of up to
240 meters and hub heights of 150 meters above the platform (IEA, 2019). These aspects by themselves
present engineers with the challenge of a larger swept area and turbine components which are exposed
to harsh environmental loads of an open sea that will ultimately cause a significant increase of forcing.
Examining the challenges posed by deep-water applications and exploring potential solutions to
optimize their performance and robustly support the expanding offshore wind energy sector becomes
a crucial starting point from an engineering point of view.

When venturing beyond the boundaries of proven technologies and familiar offshore conditions, the
preliminary design of a monopile is often useful. It can provide insights into the sizing required to
ensure financial viability for a given foundation type at a specified location. A simplified foundation
design can be carried out based on site characteristics, turbine characteristics and ground profile
(Arany et al. 2017).

In the context of deep water OWTs, several studies have been made for the design of novel support
structure alternatives which required the selection of a representative future OWT with given site
characteristics in order to analyze the loads. In the following sections the specific aspects of the
required data for the preliminary design of an offshore wind turbine will be listed and explained,
namely site conditions, turbine characteristics and design load considerations.

By considering and analyzing these crucial aspects, together with the underlying assumptions during
the preliminary design phase, engineers can develop robust and optimized offshore wind turbine
support structures that meet the demands of deep water installations while ensuring the long-term
sustainability and success of offshore wind energy projects.
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2. Methodology

2.1.1. Manufacturability
When designing a monopile foundation, establishing a comprehensive framework outlining the
material properties and dimensional constraints of the selected support structure is essential. This
framework serves as a critical foundation for the systematic evaluation and comparative analysis of
structural integrity and load-bearing performance across various design iterations. Within this
framework, key parameters such as the outer diameter, wall thickness, D/t ratio, and cone angle play
pivotal roles and warrant thorough examination.

The outer diameter of the monopile significantly influences its load-bearing capacity and overall
stability. Selecting an appropriate diameter requires a meticulous balance between maximizing load
distribution efficiency and ensuring ease of fabrication and transportation. Following the
recommendations of Van Der Ploeg, 2021, is set at a max of 14.5m. A judicious choice of outer diameter
can lead to optimal material utilization, cost-effectiveness, and manufacturability.

Similarly, the wall thickness of the monopile contributes to both its structural resilience and
manufacturability. A robust wall thickness will not affect the response of the structure to dynamic
loading as much as the outer diameter. However it is vital to withstand the applied loads and
environmental conditions in terms of stress concentrations. Hence, it must be carefully tuned to
prevent unnecessary material excess that might hinder fabrication processes. According to
Van Der Ploeg, 2021, the maximum plate thickness is set to 150mm.

The D/t ratio, defined as the ratio of the monopile’s outer diameter to its wall thickness, serves as a
critical indicator of design efficiency. Maintaining an appropriate D/t ratio ensures structural
soundness while preventing excessive material use. High slenderness ratio’s can result in problems
with local buckling or high stresses during installation (Van Der Ploeg, 2021). Additionally, the
transportation and storage of very slender piles can become problematic (Van Der Ploeg, 2021). Hence,
the maximum D/t-ratio is set to 160.

Furthermore, the cone angle, representing the tapering angle of the monopile’s lower portion, impacts
the foundation’s penetration resistance and load distribution characteristics. A well-considered cone
angle design facilitates easier installation into the seabed and enhances overall stability. However, a
tapered section might start acting as a damper for these vertical forces if the angle is too large and must
be optimized to avoid complicating manufacturing processes and to streamline construction efforts. In
accordance to Van Der Ploeg, 2021, the maximum cone angle is set to 4.5◦.

In summary, the meticulous consideration of material properties and dimensional constraints within
the monopile foundation design framework is essential for evaluating its manufacturability. Balancing
factors such as outer diameter, wall thickness, D/t ratio, and cone angle ensures that the foundation
not only possesses the requisite structural integrity and load-bearing capabilities while optimizing the
fabrication processes, cost reduction, and enhances the understanding the overall project viability.

2.1.2. Turbine characteristics
OWT are dynamically sensitive structures as their natural frequency is close to the forcing frequencies
imposed by wind, wave, and mechanical and aerodynamic loads at the frequency of rotation (1P) and
blade passing frequency (2P/3P) (DNV-GL, 2007). The preliminary design process requires detailed
information about the wind turbine’s specifications, including its rated capacity, rotor diameter, hub
height, and power curve (Arany et al. 2017). This data is essential for assessing the turbine’s dynamic
behavior, loads, and response to various environmental conditions.

Particularly relevant for the design of the support structure is the rotational speed of the rotor. For a
variable speed turbine this is given as a rotor speed range, from a minimum rotor speed to the nominal
rotor speed. Other parameters of relevance are the rotor speed limits for turbine stops due to control of
the safety system shut-downs. Together with the number of blades, the blade passing frequency range
can be determined, by which the allowable range for the structure natural frequency is known (Fischer
et al. 2010). Based on the 15MW reference turbine from (Van Der Ploeg, 2021) the wind turbine
specifications selected for further research potential are as follows:
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Table 2.1: Wind turbine specifications. (Van Der Ploeg, 2021)

Feature Quantity unit

Cut-in windspeed 3.00 m/s
Rated windspeed 10.6 m/s
Cut-in windspeed 25.0 m/s
Minimum rotor speed 5.00 rpm
Maximum rotor speed 7.56 rpm
Hub height 150 m
Rotor diameter 240 m
Rotor nacelle assembly mass 1017 ton
Tower mass 1135 ton
Tower bottom diameter 10.0 m
Tower top diameter 6.50 m
Tower wall thickness bottom 90.0 mm
Tower wall thickness top 30.6 mm
MP diameter (Splash zone) 10 m
Cone angle 3.3 degrees
MP diameter (Mudline) 13.1 m

2.1.3. Site conditions
When designing for a structure in an offshore location, the natural phenomena that occur at the given
location is important to be accounted for because of the potential structural damage, operation
disturbances and eventual failure of the structure due to these loads.

Site characteristics such as water depth, wave climate, and seabed conditions play a significant role in
determining the appropriate design of a monopile. For this research, a deeper water depth may require
a longer pile length to ensure sufficient support, while the wave climate may require a larger diameter
to withstand the forces exerted on the structure. Furthermore, the seabed conditions, including soil
type and strength, can affect the required embedded length of the monopile.

The statistical nature of the environmental loads was based on the measurements retrieved from the
meteorological database BMT-AGROSS. These variations can be categorized and organized in a
probability scatter diagram that include both extreme conditions and long- and short-term variations
(DNV-GL, 2007). Depending on the type of analysis and the design standards that are used to carry out
the structural design, the scatter diagrams can be used to recreate a combination of meteorological
conditions, also known as a sea state (more extensively elaborated in section 2.3). Several reliable
databases exist for offshore locations and can be retrieved and then transformed into a probability
density spectrum.

Based on Van Der Ploeg, 2021, for the selected monopile, the site conditions chosen for a representative
deep water site are off the coast of Norway with coordinates; N59 E2.5, as seen in fig. (2.1)). The
BMT-AGROSS wave climate model was used as the source of meteorological data at this location. The
BMT-AGROSS model provides a time series data set for the reining wind and wave conditions over all
three hour period within the measurement period (1992-2019). The most important parameters are
summarised in table 2.2 Van Der Ploeg, 2021. The significant wave height and period can be then
extrapolated using empirical equations based on the maximum wave height (Holthuijsen, 2010). On
table the table below the most relevant parameters can be visualized.
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Figure 2.1: Chosen reference location for meteorological conditions (N59 E2.5) (Van Der Ploeg, 2021).

Table 2.2: Site condition summary. (Van Der Ploeg, 2021)

Characteristic Most occuring 50-year return unit
Significant wave height 2.25 11.9 m
Maximum wave height 4.26 22.6 m
Peak period(waves) 6.50 13.8 s
Zero crossing period(waves) 6.50 13.8 s
Current speed 1.35 2.10 m/s
Mean wind speed at 10m 8.24 29.7 m/s

2.2. Structural loads
Once the environmental conditions are known, the type of loading the OWT will experience can be
known. The total loading that has to be withstood by the monopile consists of a variety of components.
The loads can be divided in two main forcing groups: static and dynamic loads. As can be seen in fig.2.2
which depicts wind loads and hydrodynamic loads on a OWT structure. The wind and waveloads on a
wind turbine foundation are calculated using Det Norske Veritas and Germanischer Lloyd (DNV-GL)
standards. These standards provide guidelines for calculating the wind loads based on the wind speed,
turbulence intensity, and other meteorological factors (DNV-GL, 2016, DNV-GL, 2010). The following
subsections include the force determination of the two forcing groups.

Figure 2.2: Loading cases on a wind turbine and substructure (Star, 2022).

2.2.1. Wind data
With the tower mounted on top of the monopile foundation, the wind loads acting on the tower are
transferred to the foundation through the monopile. These forces can cause significant vibrations and
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stresses on the foundation, which can lead to fatigue and failure over time.

Figure 2.3: Wind speed distributions for typical sites onshore (Uave = 7 m/s) and offshore (Uave = 8.5 m/s) (solid: Rayleigh
distribution, solid with markers: Weibull distribution) (Kuehn, 2001).

Wind speed data is usually derived from a value given at 10 meters above the sea level. The wind shear
profile (fig. 2.4) is required to translate the wind speed up to the hub height (Fischer et al. 2010).
Therefore, the power law (Equation 2.1 is used for scaling as it is independent of surface roughness).

U (h) =U (hr e f )(
h

hr e f
)α (2.1)

Where h is the height to which the wind speed is scaled, in this case hub height, hr e f is the reference
height and α is 0.12 for offshore locations (DNV-GL, 2010).

Figure 2.4: Schematic depiction of the wind shear effect and influence of surface roughness Van Der Ploeg, 2021.

The total force generated by the wind consists of four main thrust or drag components, namely, rotor
thrust or drag, tower and dry monopile drag, nacelle drag, platform drag (Liu, 2021). In this study the
drag force on the platform is considered negligible with respect to the other forcing components and is
therefore not included in the design process (except for specific conditions mentioned in 2.3). Hence,
total wind forcing can be found with Equation 2.2 .

Fthr ust =
1

2
ρai r Ct Aswept u2

wi nd (2.2)

Here, Aswept is the swept rotor area during power production, uwi nd is the occurring wind speed, given
by the vertical wind profiles in fig. 2.4.

In addition to the mean wind speed, the turbulence component of the wind speed is included based on
the Kaimal spectrum. The Kaimal spectrum is a frequency domain representation of the turbulence
intensity. Using an inverse fourier transform, the turbulent wind speed component can be found and
added to the wind force calculation (Arany et al. 2017). This makes it so that eq. 2.2 becomes eq. 2.3.
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Fthr ust =
1

2
ρai r Ct Aswept (uwi nd +utur b)2 (2.3)

Where utur b , is the turbulent wind speed component at a given uwi nd . The normal turbulence model
for extreme loads was set to the characteristic ambient turbulence intensity at the site (DNV-GL, 2016).

According to DNV-GL, the characteristic values of the loads shall be determined by a statistical analysis
of the extreme loading that occurs for normal design situations and shall correspond to the value
corresponding to a 50-year return period, based on load extrapolation methods, considering the
applied wind speed distribution and the corresponding turbulence model as either normal turbulence
model (NTM) or the extreme turbulence model (ETM).

2.2.2. Wave data
In addition to wind loads, the wave loads on a wind turbine monopile foundation are primarily caused
by the water particle velocities and pressures induced by the waves (Kuehn, 2001). Based on the site
characteristics, the nature of the wave loads can be predicted using the significant wave height and
wave period.

The force acting on a body (e.g., a vertical circular cylinder), defined by depth parameter D/L, wave
steepness H/L, and the diffraction parameter D/L, may be written as F

(ρg HD2)
= f ( d

L , H
L , D

L ), which for a

given structure located at a given depth ( d
L ), subjected to infinite number of waves of relatively small

steepness ( H
L ), as in waves described by the linear wave theory Figure 2.5, the normalized force may be

approximated by F
(ρg HD2)

= f ( D
L ) (Sarpkaya, 2010).

Figure 2.5: Ranges of applicability of different wave theories (Holthuijsen, 2010)

The decomposition of this force by using this criteria to select an appropriate wave theory is done by
the use of the linearized Morison equation (2.4). Assuming the structure to remain stationary,
considering the wave propagated in space and the time-dependent hydrodynamic force on all
elements. The calculated forces are to be incorporated into the equation of motion of the structure,
together with the appropriate mass, stiffness, and damping characteristics, to predict the
time-dependent response(Sarpkaya, 2010).

F (t ) = π

4
ρwCM D2u̇(t )+ 1

2
ρwCD Du(t ) |u(t )| (2.4)
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Hydrodynamic forcing is a combination of drag and inertia forces and can be calculated using equations
2.5 and 2.6:

FD = π

4
ρwCM D2

P u̇(t ) (2.5)

FI = 1

2
ρwCD DP u(t ) |u(t )| (2.6)

Where CM is the inertia coefficient CD Hydrodynamic drag coefficient, ρw the sea water density and
DP the monopile diameter. u(t ) and u̇(t ) are the water particle velocity and acceleration respectively
which are obtained using airy wave theory (Sarpkaya, 2010),(Holthuijsen, 2010).

The drag coefficient consists of a roughness related part, CDS , factored by a Keulegan-Carpenter number
related wake amplification factor, ψ(KC ), which results in a drag coefficient given in eq. 2.7.

CD =CDS (∆)ψ(KC ) (2.7)

For high Reynolds numbers (Re ≥ 106), which are the applicable conditions here, the roughness
dependent part is given by eq. 2.8:

CDS (∆) =


0.65;∆≤ 10−4 (smooth)
29
4 ∆ log10(∆)/20;10−4 ≤∆≤ 10−2

1.05;∆≥ 10−2 (rough)

(2.8)

Since painted steel is considered to be smooth(DNV-GL, 2007), a surface roughness of CDS = 0.65 is
used. With D as the monopile diameter. The wake amplification factor can be estimated from Figure
2.6, where the Keulegan-Carpenter number is given by eq. 2.9.

KC = umax T

DP
(2.9)

umax : maximum particle velocity at the mean water level (MWL)

DP : monopile diameter

T : wave period

Figure 2.6: Wake amplification factor ψ as function of KC-number for smooth (CDS 0̄.65 - solid line) and rough (CDS -̄ dotted
line) (DNV-GL, 2010).

For KC < 3, according to potential theory, Cm = 2.0. For KC > 3, the inertia coefficient is given by eq.
2.10.

Cm = max(2.0−0.044(KC −3),1.6− (CDS −0.65)) (2.10)

To create a clear estimate of the wave induced vibrations on a structure, the time series data from the
location of interest to the frequency domain by constructing the JONSWAP spectrum according to
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DNV-GL guidelines (K. Hasselmann et al. 1975), (DNV-GL, 2016). The significant wave height and the
peak wave period are required as an input to create the JONSWAP spectrum (DNV-GL, 2010), which will
be discussed in detail in section 3.4.

The surface profile in the vicinity of the structure is composed from wave trains and the kinematics of
the water particles is determined entirely from the motion of the water surface vertically above as can
be seen in Figure 2.7. The wave velocity is depth dependent and decays as the water depth increases
according to eq. 2.11 for deep waters.

uw ave = ζωekz (2.11)

ζ: Wave crest height

ω: Wave frequency (found with eq. 2.12)

k: Wave number (found with eq. 2.13)

z: depth from free surface

ω= 2π

T
(2.12)

k = 4π2

g T 2 (2.13)

Figure 2.7: Orbital motion of water particles under a harmonic wave in deep water (Holthuijsen, 2010).

The wave crest height of a given frequency can be found performing an inverse Fourier transform of the
JONSWAP spectrum. For this research, this was done for a random surface elevation time series at all
time steps, which is then used to calculate the time dependent wave load profile(developed in detail in
section 3.4). An additional aspect to be considered in the water particle velocity is the wave current
velocity. However, because of the focus on dynamic loads for the study, the current was considered
negligible.

2.3. Load cases
Understanding how the wind turbine’s forces impact a monopile foundation is essential in its design
process. The aforementioned environmental phenomena are usually described by physical values of
variable nature (DNV-GL, 2010). Different combinations of environmental conditions will occur during
the lifetime of an OWT. Hence, a good assesment of the environmental conditions they are likely to
encounter during their operational lifetime is necessary.

The dynamics of the wind turbine differ for power production and parked conditions. Hence, both
cases should be assessed in order to find the critical load combination. The requirements of several
design load cases (DLCs) are listed in DNVGL-ST-0437DNV-GL, 2016. The following subsections will
elaborate on which DLCs are assessed for the power production and parked conditions and discusses
assumptions.

A design load case refers to a specific scenario or condition under which the turbine’s structural
components and supporting systems are analyzed to ensure that they can withstand the forces and
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environmental conditions they are likely to encounter during their operational lifetime. In order to
assess whether the stresses in the structure are within allowable limits, a series of Design Load Cases
(DLCs) is specified in DNVGLST0437 (DNV-GL, 2016). These DLCs, which are often associated with the
highest stresses in the structure, are selected. It should be noted that the load cases will only be
introduced in this Section, i.e. all forces acting on the structure will be identified, but not yet calculated.

2.3.1. Power production
Since the forces and power output of the turbine vary at different wind speeds, it’s important to
determine the point where the forces on the rotor or structure are greatest in order to guide the design
process. This operational regime can be divided into three segments based on the incoming wind
velocity (Uw ) as follows:

•
Ui n ≤Uw ≤Ur ated (2.14)

•
Ur ated ≤Uw ≤Uout (2.15)

•
Uout <Uw (2.16)

Where Ui n is the minimum wind speed required for the blades to start power production, Ur ated , the
rated power production wind speed for which the WT is designed for and Uout refers to the upper
theshold for the wind velocity where the blades will pitch and feather reducing the aerodynamic
efficiency. In figure 2.8 the relation between operational sectors, power, thrust(also referred to as lift
force) and torque can be seen.

Figure 2.8: Operational regimes of WT and their relation to thrust, torque and power curves. (Zaaijer, 2006).

The force on the blades can be divided in thrust force and drag force as seen in figure 2.9. Where the
forcing is proportional to the wind velocity squared times the rotor swept area (eq. 2.17). The
performance characteristics of the wind turbine are given by its power (CP ) and thrust (CT ) coefficients.
The power coefficient represents the power output resulting from the energy taken from the wind and
the thrust coefficient accounts for the developed thrust force on the rotor blades (DNV-GL, 2010).

Figure 2.9: Drag and lift forces on wind turbine blades.

Fthr ust =
1

2
ρai r Ct Aswept u2

wi nd (2.17)
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The aerodynamic power coefficients vary depending on the wind speed and the blade angle which tilts
during power production to stay constant. During power production load cases, the value thrust
coefficient stays constant at a value of CT = 0.804(2.10). Since the lift force is significantly higher than
the drag force during power production, drag can be neglected when considering wind loading in these
operational modes. Figure 2.11 shows how different shapes of airfoils relate in terms of drag and lift
coefficients. From this relation it’s shown that for a lift coefficient of zero, the drag coefficient
corresponds to approximately CD = 0.018 (fig. 2.11). The drag force is considered when then the wind
exceeds the cut-out wind speed, the blades pitch to feather and the only force present is the drag force.
Thus, it should be considered in the environmental load forcing.

Figure 2.10: Aerodynamic performance coefficients. (Liu, 2021).

Figure 2.11: Airfoil family drag coefficients. (Van Der Ploeg, 2021).

The loading due to the rotation of the blades is frequency based and depends on the rotor and the
blade passing frequency and are called 1P and 3P frequency respectively and are straight forward to
calculate (eq. 2.18 and eq. 2.19) once the maximum and minimum rated rpm are known.

0.90
Ωmi n

60
≤ f1P ≤ 1.10

Ωmax

60
(2.18)

0.90
3Ωmi n

60
≤ f3P ≤ 1.10

3Ωmax

60
(2.19)
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The dynamics of the wind turbine differ for power production and parked condition (Liu, 2021). The
controller of the wind turbine pitches the blades for varying wind speeds to achieve optimal efficiency.
Until the wind speed reaches its rated value. The turbine will be in ’power production mode’ between
the cut-in and cut-out wind speed and will deliver its full power potential between the rated and
cut-out wind speed shown by the light blue line in Figure 2.8.

The aerodynamic damping of a wind turbine depends on whether there is wind or not, whether the
turbine is in power production or at stand-still, and whether the wind is aligned or misaligned with
other loads such as wave loads. Unless correct assumptions can be made about the aerodynamic
damping of the wind turbine in accordance with the actual status of the wind loading regime, separate
determination of the load effect due to wave load alone to be used with the partial safety factor format
may not be feasible. In a structural time domain analysis of the turbine subjected concurrently to both
wind and wave loading, the aerodynamic damping of the turbine will come out right since the wind
loading is included, and the resulting combined load effect, usually obtained by simulations in the time
domain, form the basis for interpretation of the characteristic combined load effect.

2.3.2. Parked conditions
When wind speeds at the hub height exceed the cut-out wind speed of the wind turbine, the power
production stops and the system pitches the blades to feather to minimize their forcing. This situation
is called ’the parked condition’. When the wind speeds at the hub height surpass the wind turbine’s
cut-out speed, the power generation ceases, and the system adjusts the blades’ angle such that the
blade lift coefficient converges to 0 and the rotor stops rotating (Van Der Ploeg, 2021), a state referred to
as ’parked condition’. For this loading condition, a study DLC 6.2(DNV-GL, 2016r) is conducted. This
load case states that the parked turbine should be loaded by a 50-year return period wind and wave
conditions.

In order to asses the structural reliability of the monopile structure for this study, a focus is made on the
design loads that involve fatigue damage assesment. Hence, the load cases in table 2.3 were chosen for
an extensive analysis of the dynamics of the structure by time domain simmulations with the given site
specific wind and wave conditions.

Table 2.3: Design load cases chosen for the study.

Design situation DLC Wind condition Waves Type of analysis
Power production 1.1 NTM (Vi n <Vhub <V out ) NSS U
Power production 1.2 NTM (Vi n <Vhub <V out ) NSS F/U
Parked condition 6.4 NTM (Vhub <Vi n and V out <Vhub < 0.7Vr e f ) NSS F/U
Parked condition 7.2 NTM (Vhub <V out ) NSS F/U

2.3.3. Probability scatter diagrams
Once the DLCs of interest have been defined, a correlation with the probability scatter diagrams can be
made in order to relate the load cases with the probability of occurrance of a given load case. Joint
probabilities for extreme gust and extreme design waves can be derived assuming Gaussian wind
turbulence and Rayleigh distributed waves. On this rationale Germanischer Lloyd recommends
extreme load cases associated with either the most probable extreme wave or wind gust for a given sea
state (DNV-GL, 2016). However, according to Kuehn, 2001, it is known that only two thirds of the
maxima are higher than the most probable extreme value and only a probabilistic description is
accurate.

A good start for this is to analyze probability scatter diagrams at a given location. Using the AGROSS
data base, the probability of occurance of a combination of wind (speed) and waves (wave height and
period) can be found and expressed in a 3D scatter diagram. Each combination of these three
parameters is called a Sea State. In the present example a three-dimensional scatter diagram (fig. D.1)
is constructed for classes of ∆Hs = 1 m, ∆Tz = 1 s and ∆V = 2 m/s by evaluation of the long-term
AGROSS database (Appendix A). From the theoretically possible 260 combinations of the 7 wave height,
22 wave period and 21 wind speed classes only 67 sea states have a probability of 0.5% and higher (fig.
D.1). Because of the nature of the environmental loading, the sea states should be interpreted in both
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in the form of frequencies ranges and later as stresses and moments, which will be developed in detail
in section 3.4.

Figure 2.12: 3D scatter diagram with corresponding load cases following DNV-GL, 2016.

2.4. Soil conditions
As mentioned in section 2.2, the loads acting on the tower are transferred to the foundation through the
monopile. The design basis of the foundation takes into account the predicted environmental loads
and the geotechnical properties of the seabed. The foundation must be designed to withstand the
dynamic loads caused by the wind and the waves, as well as any static loads from the weight of the
tower and blades. The ground profile, including the soil type and strength, can also play a significant
role in the design of a monopile. The geotechnical data of the seabed can be used to determine the
appropriate type and length of pile required to withstand the forces exerted on the structure.

Depending on the purpose of the study, different ways of modelling the soil can be applied. When not
focusing on the soil pile interaction, the soil can be modelled as a set of springs (rotational and lateral)
at the seabed with the combined characteristics of the soil resistance (Zaaijer, 2006, Arany et al. 2017).
Since the study is focused on the comparison between a conventional monopile against one with
perforations, the soil modelling will be simplified to lateral springs at the seabed. The soil
characteristics of the site can be found on table 3.1 and were retrieved from Van Der Ploeg, 2021, were a
linear in-homogeneous dense sand soil is assumed.

Table 2.4: Design soil parameters. (Van Der Ploeg, 2021)

Feature Quantity unit

Internal friction angle φsoi l = 35 ◦
Soil-Pile friction angle δ= 30 ◦
Limit skin friction f = 95.7 kPa
Bearing factor Nq = 40 -
Limiting end bearing q = 9.6 MPa
Submerged unit weight γ′ = 10 kN/m3

Following Van Der Ploeg, 2021, an estimation of the soil stiffness as lateral springs of stiffness Epy can be
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made following ISO guidelines(ISO). Where an estimate of the embedded length is made at four times
the bottom diameter. The soil foundation plays an important role in determining the natural frequency
of the system and can be determined following eq. 2.20.

p = A ·pr · tanh

(
K · X

A ·pr
· y

)
(2.20)

pr = min{pus , pud } (2.21)

pus = (C 1 ·X +C 2 ·D) ·γ′ ·X (2.22)

pud =C 3 ·D ·γ′ ·X (2.23)

Epy = p

y
(2.24)

Where:
pr = respective lateral capacity
γ’= soil submerged unit weight
X = depth below the mudline
C1, C2, C3 = dimensionless coefficients as specified in the ISO and API guidelines
D = pile diameter
A = static or dynamic correction factor
k = rate of increase of the modulus of subgrade reaction
y = lateral pile displacement at depth X

2.5. Natural frequency
Natural frequencies of the support structure are very important as they determine the dynamic
behaviour of the offshore wind turbine. If the frequency of excitation is near a natural frequency,
resonance occurs and the resulting response will be larger than in the quasi-static case. This leads to
higher stresses in the support structure and, more importantly to higher stress ranges, an unfavourable
situation with respect to the fatigue life of the offshore wind turbine. Therefore it is important to ensure
that the excitation frequencies with high energy levels do not coincide with a natural frequency of the
support structure (Fischer et al. 2010).

Once they are known, a mapping of the frequencies of load excitation can be done. In Figure 2.13,
regions of structural integrity of the reference 15MW turbine used in (Van Der Ploeg, 2021) can be seen,
namely the soft-soft region below the 1P frequency block, soft-stiff region between the 1P and 3P
frequency block and stiff-stiff regions above the 3P frequency block. It is common practice to set the
target frequency between the 1P and 3P zones (soft-stiff regime) (Arany et al. 2017). Thus, by assessing
the frequency diagrams of the 15MW reference turbine and taking into account the manufacturability
constraints, a system target frequency of 0.18 Hz is selected.

Figure 2.13: 15MW reference turbine frequency diagram for rated (left) and extreme (right) conditions. (Van Der Ploeg, 2021).
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2.6. Fluid-structure interaction models
A coupled wave structure interaction model is a type of mathematical model that is used to simulate
the interaction between a wave and an offshore structure. It is a system of equations that takes into
account the hydrodynamic forces exerted by the waves on the structure, the structural response of the
structure, and the interaction between the two (Kuehn, 2001). The model is used to predict the
dynamic behavior of the structure in a given environment.

When analyzing the fatigue life of a structure, it is important to consider the deflection and dynamic
response of the structure because they can have a significant contribution to the accumulation of
fatigue damage.

Previous research on the feasibility of perforated monopiles in deep water regimes stated used a rigid
model for the ULS and FLS load assessment (Van Der Ploeg, 2021). Hence, this thesis aims to add depth
in the understanding of the response of the structure to the most occurring sea states at the chosen
offshore location by assessing and modelling a dynamic (one-way coupled) fluid structure interaction
model. Therefor, the differences between a rigid model and a one-way coupled fluid-structure
interaction (FSI) model should be understood.

In a rigid model, the solid object (structure) is treated as completely rigid and immovable. It does not
deform or interact with the fluid in any way. The fluid flow is computed independently of the solid
object, without considering any feedback from the structure. This simplifies the simulation
significantly and is often used in cases where the deformation of the structure is negligible or can be
ignored.

In a one-way coupled FSI model, there is interaction between the fluid and the structure, but it is
considered a one-way interaction. The fluid exerts forces and pressures on the structure, causing it to
deform or move. However, the deformation or motion of the structure does not significantly affect the
fluid flow (fig. 2.14).

Figure 2.14: One-way coupled FSI model work-flow.

In situations where the interaction between the fluid and structure is significant and both influence
each other, a two-way coupled FSI model would be used. In a two-way coupled FSI model, the
deformation of the structure and the fluid flow are solved simultaneously, taking into account their
mutual influence. This approach is more computationally intensive but provides a more accurate
representation of real-world FSI problems.

For the purpose of this study The submerged part of such structures is relatively stiff in comparison to
the dry section and structural velocities of the wet members are low (Kuehn, 2001). So the
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hydrodynamic lift and drag forces, which depend quadratically on the velocities (Holthuijsen, 2010),
are also low and any viscous hydrodynamic damping is negligible.

Consequently, the hydrodynamic drag forces are calculated based upon the Morison equation written
in absolute water particle velocities. It is worth noting, however, the results of Van Der Ploeg, 2021,
which indicated a phase shift from the resulting inertia forces to drag forces as can be seen in fig. ??.
This was considered out of the scope of the research and will be addressed in the discussion.

2.7. Modelling assumptions
In the context of a dynamic fluid structure interaction system, where a comparative Finite Element
Analysis of two monopile foundation structures is made, the primary objective of this study is to
understand and analyze the response of a perforated monopile foundation in comparison to a
reference monopile, with a specific emphasis on fatigue loads.

After gathering the necessary input data, the recommended sequence of calculation steps, as outlined
in Arany et al. 2017, are presented in Figure 2.15, which illustrates the procedural flow for conducting a
structural analysis. Each of these steps will be elaborated upon in detail in Chapter 3.

Figure 2.15: Standard design procedure for MP foundation design.

In the context of a dynamic fluid-structure interaction (FSI) system, several modelling assumptions have
been made to streamline the analysis and focus on specific aspects of interest. These assumptions are
necessary to simplify the problem but should be critically evaluated for their relevance and potential
impact on the study’s outcomes.

Super structure mass:
Treating the RNA as a point mass simplifies calculations but neglects the potential dynamic
interactions between the RNA, tower and the foundation caused by gust slicing, wind shear, mass
imbalance, yaw misalignment, tower shadow and blade pitch errors DNV-GL, 2010. Additionally, the
torsional moments that are applied by the blades on the top mass and aerodynamic damping as a
function of the first order static moment of inertia of the chord along the blade (Liu, 2021).

Furthermore, the wind wave misalignment leads to different results in terms of aerodynamic damping.
In reality, the aerodynamic damping is a highly variable parameter which depends on a large set of
internal and external parameters such as the wind climate, the pitch controller and rotational velocity.
Also, due to the relatively low inherent damping of cross-wind tower vibrations, the cross-wind
vibrations caused by wave loading misaligned by wind can decrease the fatigue life of the structure.

Geometry and feasibility of design:
The assumption that geometry and masses are derived from structures designed for similar conditions
is practical but may not capture unique design features or site-specific requirements.
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In practice, adding perforations to the splash zone of a monopile support stucture means that this area
is susceptible to high stresses that could be caused by impact loads. These include the support system
of the monopile on the vessel and the forces exherted on the structure while driving it into the soil.

While it’s essential to consider fabrication, transportation, and installation constraints, this assumption
may limit the exploration of innovative design solutions. Hence, for this study, it is assumed that the
necessary equipment for the fabrication, transportation and installation of the monopile is suitable and
readily available for this model.

Damping ratio:
The choice of a 3% damping ratio is a simplification and should be discussed in terms of its potential
effect on the dynamic response of the structures. For dynamic systems, several assumptions in terms
of damping should be made since including all the aspects that contribute to the total damping of the
system can become a cumbersome task Kuehn, 2001.

Uniform soil conditions:
Uniform soil conditions simplify the analysis but may not represent real-world variations in soil
properties. While for this model a uniform soil condition was assumed, soil types and the penetration
depth are both factors that affect the modelling of the soil as distributed springs along the penetration
depth of the monopile foundation (Arany et al. 2017).

The procedure explained in section 3.1 was carried out and compared to the values used by
(Van Der Ploeg, 2021) for homogeneous sand. This resulted in a constant spring stiffness below the
mudline. However, the effects of soil damping are not accounted for fully which could have an effect on
the frequencies excited by fatigue loading. (Kuehn, 2001).

Wave loading:
For this study the forces were applied as a point load on cans (cylinders) with a 5 meter interval for all
load cases. Additionaly, since the effect of braking waves above MSL is highly non-linear (Holthuijsen,
2010), the loads above mean sea level were applied assuming a submerged structure. Thus, the circular
motion of particles as stated in section 2.2 was assumed for both the submerged area and the area with
perforations above mean sea level.

The one way coupled FSI model approach is used when the structure’s impact on the fluid is minimal, or
when the computational cost of solving a fully coupled FSI model is too high. As a result, the incoming
loads are not modified by the response of the structure. However, previous research showed potential
shift in inertial loads towards the drag forces due to perforations imply that the hydrodynamic drag
component could improve the performance of the perforated monopiles Van Der Ploeg, 2021.

Negligible influence from subsystems:
Marine growth, electric cables, ladders and other piping installations that the monopile could have
below MSL are neglected for this study. The representative diameters of the subsystems are
considerably smaller than the rest of the structure, instead a 10% added mass is considered for the
submerged segment of the monopile.

Site-specific parameters:
It is important to consider site-specific parameters, met-ocean conditions, and other external factors
when applying the research findings to practical wind farm projects. The study used a representative 80
meter water depth offshore location which is not necessarily representative of all offshore deep water
locations. Hence, this study’s results may limit the transferability of to different wind farm locations.

Turbine availability:
The simulations and fatigue load analysis should consider the turbine wind resource availability. The
study considers an availability of 100% based on the probability scatter diagram (fig. D.1) which in
reality does not happen (Kuehn, 2001). Since no data is available for wind turbine parks in deep water
regimes, this parameter is left out of the consideration for the fatigue load assessment.
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In conclusion, while modelling assumptions are necessary to focus the results on the area of interest,
namely, the stress concentrations around the splash zone. It is important to recognize that these
assumptions should be addressed in further research to get a more precise idea of the viability of
monopile foundations in deep water regimes.

2.8. Tool selection
Throughout the research, several tools are used from different softwares. The reason for the selection of
these are a combination of availability of resources, applicability and the student’s previous knowledge
gained during course work. A short reasoning behind the selection of the tools is given below
accompanied by what parts of the research they will be used for.

2.8.1. Excel
Microsoft’s Excel is used throughout the project to organize data and establish the main monopile
design framework. This software was selected as the amount of input parameters is very large and one
can quickly lose overview. Excel excels as a tool for data organization and visualization; however, for
intricate data processing and complex calculations, the project leverages other specialized software.
Excel’s role primarily revolves around storing and presenting outputs, contributing to the
comprehensibility of research outcomes.

2.8.2. Python
Python is a versatile and open-source coding environment essential for executing repetitive numerical
calculations based on DNV-GL standardsDNV-GL, 2010. With the use of python scripting, the wind and
wave spectra corresponding to each sea state is calculated. This computation generates a time series of
randomized wave amplitudes, forming the bedrock for subsequent wave load calculations grounded in
airy wave theory. Additionally, the information calculated can be plotted in intermediate steps. This not
only enriches comprehension but also bolsters credibility by validating outputs against the theoretical
background and estimates gathered from manual calculations.

2.8.3. Ansys(Space Claim/Mechanical)
The Ansys suite, particularly the Space Claim and Mechanical modules, play a pivotal role in the research
by providing powerful finite element analysis capabilities. Space Claim is employed for efficient 3D
solid modeling and geometry manipulation, allowing for the creation of an accurate monopile models.
Meanwhile, the Mechanical module enables structural simulations to be conducted on said models.
This tool was chosen due to its readily available licnese and advanced simulation features, enabling the
exploration of various loading conditions, material properties, and structural responses. The interaction
between soil-pile interaction and complex wave loading can be analyzed through these simulations,
offering a comprehensive understanding of the monopile’s behavior under real-world conditions.

2.8.4. Matlab (Vibrationdata toolbox)
Matlab, coupled with the Vibrationdata toolbox, aids in addressing the post-processing of the dynamic
aspects of the monopile’s stress time history data for each sea state at the places where the stresses are
the highest. The toolbox aids in the analysis and processing of vibration data, enabling the investigation
of structural responses to dynamic loads like wind-induced vibrations and wave-induced oscillations.
By utilizing Matlab, the time-domain characteristics of the monopile’s dynamic behavior can be studied,
offering insights into potential resonance issues and structural integrity concerns. The toolbox provides
specialized functions for such as rainflow counting which alignins with the research’s need to evaluate
the monopile’s vibration response under varying conditions.

TU Delft report 31



3
FEM Modelling and Simmulation results

Comparing stresses obtained from Finite Element Analysis (FEM) between two structures involves a
systematic approach to analyze and interpret the results. This chapter contains the steps taken for the
creation of FEM models using Ansys.

Starting from the monopile dimentions stated in Chapter 2, the dimensions of the monopile above the
mudline are shown in fig. 3.1. The following analysis was based on these dimensions and were adjusted
to work for the monopile as can be seen below:

Figure 3.1: Reference MP geometry.
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Figure 3.2: Underlying methodology to assess the potential of monopiles in deep water.

3.1. Geometry definition
After gathering the dimensions for the monopile as stated in the previous chapter, a structural model
can be made. In the process of creating Finite Element Analysis (FEA) models for monopile structures
in ANSYS starts with a sketch of the dimensions of the monopile (fig. 3.3) with which a crucial decision
arises: whether to model the monopile as a shell or as a solid. This choice significantly influences the
accuracy, computational efficiency, and applicability of the analysis.

Figure 3.3: Ref. MP: Ansys Space Claim model.

For this research, the structure will be exposed to a vast amount of sea states and the objective is to
get a better idea on where the resulting stresses (resulting from each sea state) are located for both the
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reference monopile and the perforated monopile. Hence, the modelling of the monopile as a shell was
made considering:

• The monopile is characterized by large dimensions in one direction and relatively small
thickness, shell elements are particularly suitable for capturing bending behavior without
unnecessary computational burden.

• Shell elements require fewer nodes and degrees of freedom compared to solid elements, which
often results in faster computations.

Figure 3.4: Ref. MP: Ansys Mechanical set-up.

Then, the structure is divided in segments every 5 meters below MSL to consider the lump loads acting
on it. Below the mudline of the monopile a segmentation was made to take into account the boundary
conditions (fig.3.4). Additionally, the shell surface element orientations are established in order ensure
the thickness parameters of the monopile extrude correctly and the material properties are set as
structural steel (S355ML graded steel) with the following characteristics:

Table 3.1: Structural parameters. (Van Der Ploeg, 2021)

Feature Quantity unit

Density 7850 kg/m3

Young’s Modulus 210 GPa
Poisson’s ratio 0.3 -
Tensile yield strength 250 MPa
Compressive yield strength 250 MPa

3.2. Natural frequency validation
At this phase, the soil stiffness is added as an elastic support according to 2.2. The RNA is modelled as a
point mass at the top of the tower. Then, a preliminary meshing is done and a modal analysis was
carried out to verify the natural frequency matched the target natural frequency. The natural frequency
of a dynamically loaded system is important calculate accurately since it will determine the loading
frequencies that can result in significant damage to the structure.

Figure 2.13 shows the forcing components in the shape of a frequency diagram where the power
spectral densities of the wind and wave frequencies were assesed based on the Kaimal and JONSWAP
spectrums, respectively. As can be seen in fig. 2.13, the target natural frequency should be slightly
below the 3P frequency band considering a 10% margin DNV-GL, 2007. In Van Der Ploeg, 2021, the
resulting monopile model created for a 80m. water depth has a natural frequency of 0.18Hz which falls
within the tolerance considered satisfactory for the present study.
An approximation for the first natural frequency can be made following the Rayleigh stepped tower
model (Liu, 2021). The simplified methodology builds on the simple cantilever beam formula to
estimate the natural frequency of the by factoring the approximation with suitable design coefficients
given in eq. 3.1 (Arany et al. 2017):

fn =CLCRCS fF B (3.1)

where:
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CS : Substructure flexibility coefficient

CR : Rotational foundation flexibility coefficient

CL : Lateral foundation flexibility coefficient

fF B : Fixed base first natural frequency

The fixed based natural period in equation 3.1 can be approximated using the Rayleigh stepped tower
model (fig. 3.5). This model divides the monopile into segments with representative diameters and wall
thickness corresponding to the dimensions of the monopile. By calculating and summing up the mass
(eq. 3.2) and the 2nd mass moment of inertia (eq. 3.3) for each segments, an equivalent value for the
beam as a whole is obtained.

Figure 3.5: Rayleigh stepped tower model. Arany et al. 2017

Ieq =
∑n

j=1 I j l j cos2(
πx j

2L )

L
(3.2)

meq =
∑n

j=1 m j l j (1−cos2(
πx j

2L ))2

L
(3.3)

where:

I j : Moment of inertia of segment j [m4]

l j : Segment height [m]

m j : Distributed mass of segment j [
kg

m
]

x j : Distance to mudline of segment j [m]
The substructure flexibility coefficient is expressed in terms of two dimentionless parameters, the
bending stiffness ratio χ= E IT

E IP
(where E IT is the tower stiffness), and the length ratioψ= LS

L Arany et al.
2017. The substructure flexibility coefficient is calculated following eq.3.4:

CS =
√

1

1+ (1+ψ)3χ−χ (3.4)

On the other hand, the rotational and lateral coefficients coefficient were found based on the soil
properties of the site and account for the foundation stiffness. The foundation flexibility coefficients can
be calculated following eq.3.5 and 3.6 Arany et al. 2017:

CR (ηL ,ηR ,ηLR ) = 1−
√√√√√ 1

1+0.5

(
ηR − η2

LR
ηL

) (3.5)

CL(ηL ,ηR ,ηLR ) = 1−
√√√√√ 1

1+0.6

(
ηL − η2

LR
ηR

) (3.6)

Where ηR , ηLR and ηL are non-dimensional stiffnesses which can be calculated following equations
3.7, 3.8 and 3.9 respectively Poulos and Davis:
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ηR = KR L

E Ieq
(3.7)

ηLR = KLR L

E Ieq
(3.8)

ηL = KLL

E Ieq
(3.9)

To solve the equations, the soil dependent foundation stiffness KR ,KLR and KL are required, which,
for slender piles in linear in homogenous soils can be calculated following equations 3.10, 3.11 and 3.12
Poulos and Davis.

KR = 1.48n
1
5
h (EP IP )

4
5 (3.10)

KLR =−0.99n
2
5
h (EP IP )

3
5 (3.11)

KL = 1.074n
3
5
h (EP IP )

2
5 (3.12)

An additional extra step of validation was made by modelling the equivalent beam model as a solid on
Ansys Spaceclaim with the same constraints and performing a modal analysis to obtain the first natural
frequency (fig.3.6). This showed a difference of 1% from the target natural frequency which was
considered sufficient for the present study.

Figure 3.6: Ansys Mechanical, First bending mode result.

3.3. Mesh convergence
Once the natural frequency of the monopile was established, verified and close enough to the design
standards. To ensure accurate representation of real-world behavior, a mesh convergence analysis is
done with a simple load case by testing different mesh densities to ensure the results are not significantly
impacted by mesh refinement. The mesh convergency study consists increasing the resolution of the
mesh while maintaining the load constant and until finding a mesh size that converges with respect
resulting deformation and stresses. This was done by reducing the mesh size in increments of 1/10 and
carrying out the analysis of interest. For the reference monopile this resulted in the following output:
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Table 3.2: Mesh convergency study results.

Mesh element size(m) Number of elements Deformation (m)

3,04218 2744 1,613E-02
2,70416 3024 1,615E-02
2,36614 3630 1,618E-02
2,02812 4640 1,619E-02
1,6901 5712 1,619E-02
1,35208 8904 1,618E-02
1,01406 16298 1,618E-02
0,84505 26338 1,618E-02

Which showed convergence plotting the maximum deformation on a y-axis against an increasing
number of elements (3.7). As a result, a mesh size of 1.35m. was chosen since lower mesh element only
led to higher computation time.

Figure 3.7: Displacement to mesh element size convergence study.

3.4. Structural load simulations
The process of FEM stress response analysis for monopile structures involves creating probability
scatter diagrams to represent load variability, conducting preliminary lumping to simplify load
distributions, selecting relevant load cases, and simulating transient load signals to comprehensively
evaluate the structure’s stress behavior under varying conditions.

3.4.1. Load case calculation
Parallel to the set-up of the structural model, the structural loads were generated using python script.
Since the environmental loading consist of stochastic values, a code was used to obtain random
samples from a probability density function for wave elevations and for turbulence at a given mean
wind speed for each sea state during a 10 minute period. The irregular time signals were used as input
for the calculation of the wave loads following the equations in 2.3.

For load cases with turbulent wind fields, the total period of load data shall be long enough to ensure
statistical reliability of the estimate of the characteristic loads. At least six 10 min stochastic realizations
with different turbulent seeds are required for each mean hub-height wind speed used in the
simulations (DNV-GL, 2010).

For the generation of the load signals, first a preliminary lumping of load cases based on fig. D.1 in
section 2.3 was done for sea stater with a probability of occurrence above 0.05. This resulted in 35 sea
states which are shown in detail in Appendix B.
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3.4.2. Sample sea state calculation
These load cases represent the most occurring sea states throughout a year and will should be assesed
individually in order to carry out the FLS of the structure. Before this, representative sea states for
extreme conditions were used to understand the locations of the maximum stresses on the structure.
The procedure for the generation of load signals is specific for wind and wave loads because of how
their relation to the Pierson Moskovitch (PM) spectrum and the Kaimal spectrum, respectively. Hence,
the wave loads were calculated by generating a PM spectrum (fig. 3.9a) from which random frequency
samples were taken and Fourier Transformed to obtain corresponding random wave elevations
throughout a 10 minute time signal. The number of frequency samples was adjusted for each sea state
in order to assure an irregular time series of wave elevations.

Figure 3.8: Procedure for sea state time signal calculation.

The time signal minimum time step is defined based on the natural frequency of the structure by a
minimum of ∆t = 1

20· fn
. Thus, a time signal with a time step of 0.1s was chosen to ensure all the

frequencies present are present in the time signal. Which is then used to calculate the wave forcing at
different water depths by applying wheeler stretchingHolthuijsen, 2010 to account for the loads above
MSL and airy wave theory.

(a) Pierson Moskovitch Spectrum, SS30(Hs:4.5, T0:11.5). (b) SS30: 600 second random surface elevations.

Figure 3.9: Wave irregular time series modelling.
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(a) Kaimal Spectrum, SS30(Uw :16.8). (b) SS30: 600 second turbulence simulation.

Figure 3.10: Wind irregular time series modelling.

This results in a force time signal with a duration of 10 minutes. According to DNV-GL
standardsDNV-GL, 2016, for site specific stochastic simulations, a minimum of 6 time series should be
generated and the most extreme condition between these is the one chosen and verified based on
theoretical wave load calculations using deterministic values the for the model following Airy wave
theory wave load calculations from Holthuijsen, 2010 and Arany et al. 2017.

Next, the wind speed turbulence component should be modelled according to the reference wind
speed by using a kaimal spectrum (fig. 3.10a). The same procedure for validation was used by
comparing the turbulent wind speeds with theoretical approximations specified in DNV-GL, 2011.

The resulting load signals (figs. 3.11, 3.12) were found to be in the same order of magnitude as
theoretical calculations following airy wave theory. It is worth mentioning that the KC number used to
determine the drag coefficient was based on the significant wave period and wave height following
equations 2.9 and ??, in an irregular wave spectrum, many frequencies are present. Thus, the KC
number will show some variations in time which is left as a recommendation for further research.

Figure 3.11: SS30: Wind load signal.

Figure 3.12: SS30: Wave load signal.

This procedure was repeated for each sea state in order to obtain the load signals which were then
exported to an excel worksheet for bookkeeping purposes.

3.5. Ultimate Limit State Check
Von Mises stress is an equivalent value that is used to determine if a given material will begin to yield. A
material will not yield as long as the maximum von Mises stress value does not exceed the yield
strength of the material.

The comparative nature of tensile results and von Mises equivalent stress enables us to quickly
calculate functional values (such as a factor of safety) by dividing the maximum allowable stress by the
equivalent stress. When using the yield strength as the maximum allowable stress, the factor of safety
must be over one for the design to not experience permanent deformation. This factor of safety
provides the minimum performance target for the design and was set as 1.1 following industry
standards (DNV-GL, 2016). Here, the von Mises stresses are calculated along the structure and
compared to the yield strength of the material to ensure the yield limit is not exceeded. The von Mises
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stresses are calculated according to equation 3.13 (DNV-GL, 2016).

σvm =
√
σ2

x +σxσy +σ2
y +3τ2

x y (3.13)

Since the stresses in the current study are a combination of pure axial and shear stresses, eq. 3.13
can be simplified to eq. 3.14.

σvm =
√
σ2

x +3τ2
x y (3.14)

Here, σx is the normal stress component consisting of a component caused by bending due to the
overturning moment and a component from the axial force resulting from the top mass and own
weight of the tower and monopile. τx y is the shear stress component.

An additional unity check of 0.90 is implemented in the comparison of the calculated von Mises
stresses to the material yield stress. The von Mises unity check, as seen in eq. 3.15, is implemented to
account for any error margins in the determination of the von Mises stresses.

σvm
σy i el d
γm

≤ 0.90 (3.15)

In this Equation, σy is the yield strength of S355ML graded steel, which is the steel used by Sif for
monopile production. The yield strength of S355ML varies depending on the plate thickness as can be
seen in table 3.3. Additionally, a material safety factor, γm , is implemented to account for any material
imperfections.

Table 3.3: Yield stress for different wall thicknesses(S355ML).

Wall thickness(mm) Yield Stress(MPa)

3-16 355
16-40 345
40-63 335
63-100 325
100-150 295

In order to perform a global buckling check, DNV-GL standards specify that the transient analysis can
be done by 6 simulations of 10 minutes with the loading conditions of the 1yr return period and the
50-year return period. For site-specific conditions, the resulting stresses should be assessed based on
the maximum stress occurring in these simulations. In the case of this study, the parameters used to
build the irregular time signal are the ones in 2.2. By selecting the worst conditions out of 6 different
simulation seeds, the ultimate state limit check was done considering resulting equivalent Von Mises
stress.

The current structure is checked on yield stress capacity for both load cases as explained in section 2.3.
If the check is not passed over the entire structure, the wall thickness of the monopile is increased. After
every step, it is checked whether the natural frequency is still within the allowed margins. If the yield
check is passed, a global buckling check is conducted for the optimized geometry of the monopile.
When the geometry passes both ultimate limit state checks, the geometry will be tested on fatigue
resistance. The fatigue analysis is explained in Chapter 4.

3.6. The Perforated monopile
Once the structure’s dimensions were fixed, an identical structure with a set of perforations at the
splash zone was created. The perforations were made following Andersen et al. 2020 and considering
the hole geometry recommendation in Van Der Ploeg, 2021 resulting in the dimensions shown in fig.

TU Delft report 40



3. FEM Modelling and Simmulation results

3.13b. Thus, the model as can be seen in fig. 3.13a was created.

(a) Perforated MP, Ansys Mechanical model. (b) Perforation geometry, offset and dimensions.

Figure 3.13: Perforated monopile model design.

By using the same pile diameter and perforation geometries, it is assumed that the structure will
experience the same wave reduction as the relation obtained from Andersen et al. 2020 as can be seen
in fig. 1.10 which led to the relation found in eq. 1.1 at the splash zone.

Using the same dimensions and constraints as the reference monopile, a model comparison can be
made to understand the influence of the perforations on the structural response. However, given the
dimensions and amount of holes, adding perforations resulted in a mass reduction of 5% leading to a
difference in the natural frequency of the system of 6.5%. This could be adjusted by adding thickness or
increasing the diameter at the perforated area and running a sensitivity analysis. However, due to the
non-linear behaviour of these variations, this was considered out of the scope of the research and left
as a discussion point.
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FLS and model comparisson

4.1. Fatigue analysis of a structure
The FLS analysis is the study of a given structure under cyclic loading for a period of time
representative to the life time of the structure. According to Det Norske Veritas (DNV-GL, 2010), fatigue
analysis should be based on S-N data. The S-N curves are graphical presentations of the dependence of
fatigue life (N) on fatigue strength (S) which vary depending on the type of weld and can be used as an
empirical reference for fatigue life with the linear cumulative damage hypothesis (Palmgren-Miner
rule) (Kauzlarich, 1989).

The S-N curves used in this research were based on the DNV-GL standards where the curves for seawater
with cathodic protection were used (fig. 4.1). There are several labeled curves from which The assessed
curves are the B1 curve for the bulk material, the C1 curve for grinded butt welds and the D curve for
non grinded butt welds.

Figure 4.1: S-N curves in seawater with cathodic protection (DNV-GL, 2010).

These curves are described by eq.4.1

log N = log a −m log∆σ (4.1)

Where,

N : predicted number of cycles to failure for stress range

m: negative inverse slope of S-N curve

∆σ: stress range

log a: intercept of log N-axis by S-N curve
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The values for log a, slope m and thickness component k are given in table 4.1 where subscripts 1 and 2
correspond to high and low cycle amplitude loading respectively. Here, the B1 curve is used for bulk
material and the C1 curve to account for non grinded butt welds.

Table 4.1: S-N parameters for B1 and C1.

S-N curve m1 log a1 m2 log a2 k

B1 4.0 14.917 5.0 17.146 0
C1 3.0 12.049 5.0 16.081 0.15

Fatigue analysis is comprised of four steps (fig. 4.2), namely, stochastic environmental modelling,
structural response calculation, establishment of stress range distribution and damage accumulation
(Kuehn, 2001). Since the objective of this research is to see how the structure is affected by fatigue
loads, these steps will be developed in detail below:

Figure 4.2: FLS analysis procedure and failure criteria (DNV-GL, 2010).

4.1.1. Stochastic environmental modeling
When analyzing the non-linear behavior of a coupled system subjected to wind and wave loads, the
time domain approach was chosen to carry out the FLS of the structure. The time domain approach,
involves generating random time series from wind and wave spectra and using time step integration
techniques to simulate the system as shown in 3.4. Additionally, stress ranges are obtained by utilizing
Rainflow counting.

For a simplified analysis it is generally sufficient to consider collinear andomnidirectional wind and
waves. Consequently the environmental conditions can be described by a three-dimensional scatter
diagram with classes for the significant wave height Hs, zerocrossing period Tz and mean wind speed at
hub height Uw. The scatter diagram (Appendix A, D) visually presents the probabilistic distribution of
these parameters, giving insight into the range of loading conditions the monopile might experience
during its operational lifetime. By incorporating statistical data and probabilistic models, the scatter
diagram aids in developing a more comprehensive understanding of the potential stress scenarios the
monopile could be subjected to.

It’s worth mentioning that the consideration of the operational modes of the OWTs is important since
they determine whether or not aerodynamic damping has to be accounted for in the calculation of the
hydrodynamic response associated with winds between the cut-in and the cut-out wind speed. In
principle, two scatter diagrams are required for the production wind speed range: one with the load
cases probabilities during actual production and another for failure and repair stateKuehn, 2001.
Establishment of such load case probabilities is quite a cumbersome task and outside of the scope of
this research.

4.1.2. Preliminary lumping
The load case lumping is chosen to be done in a conservative way by grouping the probability of
occurance of lower sea states on to a dominating sea state so that the joind probability of occurance is
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above 1% for all sea states.

Preliminary lumping is a step in the FEM stress response analysis process where the complex and
continuous load signals are discretized into manageable segments or discrete loads. In the case of a
monopile structure, this involves breaking down the dynamic and time-varying loads, such as those
induced by waves and wind, into simplified and concentrated loads that can be applied at specific
locations on the structure. This simplification is crucial to reduce the computational complexity of the
analysis while still capturing the essential characteristics of the loads. Preliminary lumping allows
engineers to strike a balance between accuracy and computational efficiency in the stress analysis of
monopile structures subjected to various transient loads.

4.1.3. Load case selection and transient load signal simulation
Load case selection was done considering the DNV-GL(DNV-GL, 2016 DLC’s of interest stated in 2.3.
Together with the scatter diagrams the identification of the most relevant and extreme loading
scenarios that the monopile structure may encounter during its operational lifespan is carried out.
Once the load cases are defined, transient load signals are simulated following the procedure described
in section 3.4.1 to represent the time-varying nature of the loads.

A modal analysis establishes the model. In this way, geometric data, the eigenmodes and
eigenfrequencies are obtained (Kuehn, 2001). The simulation of transient load signals ensures that the
FEM analysis captures the dynamic behavior of the monopile structure, providing insights into how it
will withstand and adapt to changing environmental forces.

4.1.4. Structural Response Calculation
Once the stochastic environmental models are established, the next step is to calculate the structural
response of the system to these varying environmental conditions. Transient simulations with Ansys
Mechanical were used to simulate how the structure responds to different loading scenarios resulting
in stress-time signals for each time step within the 600s. simulations. This step helps determine the
stresses and strains experienced by the structure under various conditions. The FLS structural response
calculations were performed for 35 load cases to capture the full range of environmental variability.

Time histories of displacements, loads and member forces are computed for the whole structure and
exported as the result at the end of each simulation. Once the structural response is known, the nodes
which present the highest stress concentrations throughout the simmulation were sampled and
exported in order to perform Rainflow counting on the signal (Appendix C).

4.1.5. Establishment of Stress Range Distribution
After calculating the structural response for various environmental conditions, the next step is to
establish the stress range distribution. Stress range is a critical factor in fatigue analysis because it
represents the fluctuating stress levels that the structure experiences during its lifetime. This step
involves extracting the stress range values from the structural response data. The matlab toolbox
Vibration Data was used to analyze the stress range data by performing the rainflow counting on the
stress time history data resulting from each simulation and characterize the distribution of stress
ranges. This method involves a cyclic stress-strain curve being broken down into individual stress
cycles, with each cycle representing a complete stress reversal from maximum to minimum values
(DNV-GL, 2011). The method then counts the number of cycles in each stress range bin to obtain a
histogram, which is then used to perform fatigue analysis.

When the long-term stress range distribution is expressed by a stress histogram, consisting of a
convenient number of constant stress range blocks ∆σi each with a number of stress repetitions ni the
fatigue criterion reads:

D =
k∑

i=1

ni

Ni
= 1

ā

k∑
i=1

ni ∗ (∆σi )m ≤ η (4.2)
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D= accumulated fatigue damage
ā= intercept of the design S-N curve with the log N axis
m = negative inverse slope of the S-N curve
k = number of stress blocks
ni = number of stress cycles in stress block i
Ni = number of cycles to failure at constant stress range ∆σi

η = usage factor

All significant stress ranges, which contribute to fatigue damage should be considered (DNV-GL, 2007).
Dynamic effects should be duly accounted for when establishing the stress history.

4.1.6. Damage Accumulation
The final step in fatigue analysis is to estimate damage accumulation over time. This involves using
fatigue damage models, such as Miner’s Rule or Palmgren-Miner’s Rule, to predict how accumulated
damage affects the structure’s fatigue life. Damage accumulation takes into account the number of stress
cycles at different stress levels and their contribution to the overall fatigue life.
After the fatigue analysis with Rainflow-Counting method is used to identify and count the number of
stress cycles that a component undergoes during its service life.
The Palmgren-Miner rule 4.3 is a linear damage accumulation model that is used to predict the fatigue
life of a component based on the cumulative damage caused by cyclic loading (Kauzlarich, 1989). The
rule assumes that the damage caused by each stress cycle is proportional to its magnitude and
duration, and that the cumulative damage can be calculated as a linear sum of the damage caused by
individual cycles.

n∑
i=1

ni

Ni
= 1 (4.3)

Where:

n : Total number of different stress levels

ni : Actual number of cycles at each stress level i

Ni : Fatigue endurance limit (or cycles to failure) at each stress level i

4.2. Example case: FLS and comparison of SS10 for Reference and
perforated monopile

The fatigue limit state analysis was carried on following the steps in section 4.1 for each sea state given
that the environmental conditions were already calculated as stated in section 3.4.1. Figure 4.3 shows a
summary of the procedure followed for the set-up of the simmulations together with the tools used for
each step. Thereafter, the procedure is carried out for Sea state 10
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Figure 4.3: FLS analysis example workflow.

4.2.1. Sea state 10: Hs :2.5m, T0:7.5s, Uw :8.0m/s.

(a) Reference MP (b) Perforated MP

Figure 4.4: Ansys Mechanical transient analysis model setup.

The same load cases were applied to both structures (fig. 4.4a, 4.4b). Here, the wind loads remain the
same and the loads acting on the perforated segment were modified by a wave load reduction factor
given in 1.1. The transient analysis was run using the same mesh refinement and solution settings for
both analyses to maintain consistency for both structures to obtain stress distributions throughout the
models. The initial results were used to establish the areas with maximum stresses which resulted to
be the mudline and the end of the conical section for the reference monopile(fig. 4.5a) and the splash
zone(lower perforations) for the perforated monopile(fig. 4.5b).
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(a) Reference MP, (b) Perforated MP

Figure 4.5: Ansys Mechanical transient analysis stress concentration results.

The areas which presented the highest stress concentrations were analyzed and compared in more
detail by taking a selection of nodes at the area of interest, namely, the mudline and the splash zone
below MSL (fig. 4.7, 4.8). Which in the case of sea state 10 showed a 29% reduction at the mudline
stresses but an increase by a factor of 4 at the perforation with respect to the maximum stress at the
cone of the reference monopile. The stress history results were then obtained by exporting the nodal
results.

Figure 4.6: Reference monopile, max stress comparisson.

Figure 4.7: Reference monopile, nodal analysis.
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Figure 4.8: Reference monopile, nodal analysis.

The stress data was exported, filtered to account for ramp-up effects and then run through the
vibration for rainflow cycle counting(fig. 4.9, 4.10). Thus, separating the data in bins of stress amplitude
that were then used to calculate the equivalent fatigue damage corresponding to S-N the S-N curves in
section 4.1, and then calculating the equivalent fatigue damage using miner’s sum(fig. 4.11, 4.12).

Figure 4.9: Reference MP, SS10, Rainflow counting results.
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Figure 4.10: Perforated MP, SS10, Rainflow counting results.

Figure 4.11: Reference MP, SS10, Equivalent fatigue damage results.

Figure 4.12: Perforated MP, SS10, Equivalent fatigue damage results.
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5.1. Model comparisson
The primary objective of this study was to conduct a comparative analysis of the structural behavior of
a reference monopile and a perforated monopile under various sea states during power production
scenarios with a focus on gathering insight on how the fatigue loads could affect the design life of the
structure. Hence, passing the ULS was a basic requirement for this study.

By assesing the performance of both models under extreme conditions, specifically waves with a
50-year and 1-year return period. The study considered Ultimate Limit State (ULS) conditions
corresponding to DLC 1.1(tab.- 5.1), with maximum stresses presented after applying a material safety
factor (γm = 1.1) in accordance with industry standards (DNV-GL, 2016).

Table 5.1: ULS study results.

Design situation DLC Wind condition Waves Type of analysis Status
Power production 1.1 NTM NSS ULS Pass
Parked condition 7.2 NTM NSS ULS Pass

Simulations for both monopile designs, encompassing all sea states corresponding to each Design
Load Case (DLC) were held, as detailed in Section 4.2, for both structures. Subjecting both the reference
and perforated monopiles to a total of 35 distinct sea states, selected to represent the spectrum of
conditions encountered during both parked conditions and power production scenarios.

The analysis focused on the computation of maximum stresses at critical locations, specifically at the
mudline (fig. 5.1a, 5.1b), within the perforations, and around the splash zone section (fig. 5.2a, 5.2b) of
each monopile . To gauge the impact of the perforations, stress reduction, expressed as a percentage,
was quantified by contrasting the maximum stresses observed at the mudline between the two monopile
designs.

(a) Reference MP (b) Perforated MP

Figure 5.1: Ansys Mechanical transient analysis stress concentration results.
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(a) Reference MP, Ansys Mechanical transient analysis stress
concentration results.

(b) Perforated MP, Ansys Mechanical transient analysis stress
concentrations results.

Notably, the maximum stresses which materialized predominantly at two key locations: the cone and
mudline for the reference monopile, and at the perforations for the perforated monopile. These
outcomes align with the hypotheses stated in Chapter 1, setting the stage for a comparative evaluation
based on the maximum stresses reached at the conclusion the simulations. The subsequent sections of
the analysis summarize a series of significant findings that contribute insights into the structural
behavior of monopile foundations in deep water sites.

5.1.1. Stress comparison
As a result from the simulations, the maximum stresses at the mudline of both models were measured
and can be seen in for the reference monopile at each sea state (1-33) in fig. 5.3. An increasing trend in
stresses can be seen from sea states 1 to 33 which is to be expected due to how the load cases were
lumped based on the 3D scatter diagram (D.1) where the environmental conditions are more rough the
higher the sea state (see Appendix B).

Furthermore, a sudden decrease can be seen in the maximum stress found for sea state 8 compared to
sea state 9, as well as for sea state 17 to 18 and lastly from sea state 21 to 22. This can also be related to the
probability density functions (fig. 5.6), where the presence of certain frequencies could cause resonance
with the bending modes of the monopile structures when coupled with increasing mean wind speeds.

Figure 5.3: DLC 1.2 max. stress comparisson.

Also, a notable trend was observed in the stress distribution along the monopiles. At the mudline,
which is a critical region for structural integrity due to its proximity to the seabed, the perforated
monopile displayed a marked reduction in maximum stresses compared to the reference monopile.
The reduction in maximum stresses can be attributed to the enhanced flow dynamics facilitated by the
perforations. The openings in the perforated monopile allow for a more efficient and controlled flow of
water, which helps to alleviate some of the lateral loading pressures and subsequent stress
concentrations at the mudline.
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(a) Sea states 1-15 stress concentration results. (b) Sea states 16-33 stress concentrations results.

Figure 5.4: Max. stress(ML) comparison per sea state

The high fluctuations in resulting stresses in lower sea states (fig. 5.4a) compared to high sea states (fig.
5.4b) can be due to resonance with lower frequency components which are not present in rough sea
states. In order to verify this, a frequency analysis of the applied wave force signal was made based on
the loads at MSL. By comparing the probability density functions of said sea sea states (5.5a, 5.9b, 5.6a,
5.6b), the peak of the spectrum of lower sea states is closer to the natural frequency of the structure
which translates in to a higher probability of occurrence for said frequency within these particular sea
states.

(a) Sea state 5 wave load signal PDF (MSL). (b) Sea state 6 wave load signal PDF (MSL).

Figure 5.5: Lower sea state, PDF comparisson

(a) Sea state 21 wave load signal PDF (MSL). (b) Sea state 22 wave load signal PDF (MSL).

Figure 5.6: Rough sea state, PDF functions

With the results, a stress comparisson was done considering the stress reduction (SR) can be expressed
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as:

SR = ∆σml

σR
·100 (5.1)

Where,

∆σml : Difference between resulting maximum stresses

σR : Max. ML stress found for the reference monopile

As a result, a decrease of an average of 17% of the stresses at the mudline of the perforated monopile
compared to the reference monopile was found. However, a contrasting pattern emerged when
examining the stress distribution in the splash zone. In this upper region of the monopiles, where the
wave action forces are most pronounced, the perforated monopile exhibited an increase in stresses
compared to the reference monopile (fig. 5.7). This phenomenon can be attributed to a higher
overturning moment around the area where the perforations are located.

Figure 5.7: Sea states max stress comparisson.

This resulted in an average increase of a factor of 2.9 in the stresses at the perforations. Additionally, a
similar trend as the one found for the maximum stresses at the mudline in fluctuations in resulting
stresses in lower sea states lower compared to high sea states. This can also be attributed to resonance
with lower frequency components which were not present in higher sea states. Furthermore, it is
important to understand how the decrease in the natural frequency due to the 5% decrease in mass
compared to the reference monopile, increases the probability of resonance for the perforated
monopile structure.

(a) Sea states 1-15 max stress results. (b) Sea states 16-33 max stress results.

Figure 5.8: Sea states 1-33 max stress results.

As can be seen in fig. 5.8, a sudden increse can be seen in the maximum stress found for sea state 7
compared to sea state 6, as well as for sea state 17 to 18 and lastly from sea state 21 to 22. This can also
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be related to the probability density functions in fig. 5.6 with the difference that the perforated monopile
is susceptible to frequencies below 0.18Hz as well. An example of this difference can be seen by relating
the variation in maximum stresses, to the PDFs of the load signals corresponding to these results. Hence,
it can be seen in the frequencies relating to the bending modes of the structure could cause resonance
(fig. 5.9).

(a) Sea state 6 wave load signal PDF (MSL). (b) Sea state 7 wave load signal PDF(MSL).

Figure 5.9: Lower sea state, PDF comparisson

These findings underscore the importance of a comprehensive assessment of monopile designs in the
context of offshore renewable energy structures. The choice between a conventional monopile and a
perforated monopile should be made with careful consideration of the specific environmental
conditions at the installation site. While the perforated monopile offers advantages in stress reduction
at the mudline, it may necessitate additional design considerations to mitigate the increased stresses in
the splash zone.

In order to understand the behaviour of both structures in depth, a dynamic analysis through the
analysis of the dynamic response of the structure at the areas which are the most susceptible to fatigue
loads. Understanding the significance of the first natural frequency is crucial, especially when it comes
to resonance. If the excitation frequency, such as that from fluid forces, closely matches the first natural
frequency of the structure, it can lead to resonance, where the structural response is significantly
amplified. Thus, in the following section, a frequency analysis of the structural response is introduced
to aid answer the research questions stated in 1.

5.1.2. Dynamic analysis
The stress concentrations showed peaks in different sea states for the reference monopile and the
perforated monopile (Appendix E). This could be caused by the difference in natural frequency
resulting from the decrease in mass due to the perforations. Since the structural response showed a
non-linear trend in variations for both low and high sea states, a deeper understanding of the response
of the structure by means of a frequency domain analysis was done with the aim of finding which
frequencies were excited at critical sea states and if there was resonance occurring with any of the
natural frequencies of the monopile structures.

When analyzing the dynamic response of two different structures in a one-way coupled fluid-structure
interaction (FSI) model, the Fourier Transform (FT) can be used to understand the behaviour of the
structure to environmental loads. With the primary goal being to identify the frequencies that get
excited during critical sea states and assess whether any resonance occurs with the natural frequencies
of the monopile structures.

The sea states chosen for a comprehensive studdy of the stress response were based on their
performance and resonance features explained in previous sections. First, the performance between
the reference and the perforated monopile for the same sea state is analyzed.
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(a) Reference monopile: SS6 stress response FT. (b) Perforated monopile: SS6 stress response FT.

Figure 5.10: Sea state 6, stress response frequency analysis.

(a) Reference monopile: SS10 stress response FT. (b) Perforated monopile: SS10 stress response FT.

Figure 5.11: Sea state 10, stress response frequency analysis.

(a) Reference monopile: SS23 stress response FT. (b) Perforated monopile: SS23 stress response FT.

Figure 5.12: Sea state 23, stress response frequency analysis.

The stress response signal of the monopile to sea states 6, 10, 19 and 23 at the perforations were
selected as reference for the analysis. The result can be seen in figs. 5.10, 5.11 and 5.12, from which
several observations can be made.

First, the analysis of stress responses reveals that the highest stresses correspond to the natural
frequencies of both the reference and perforated monopile structures. This indicates the importance of
understanding and accounting for these natural frequencies when designing and assessing the
structural integrity of monopiles in offshore environments.
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Second, as sea states become more severe, the influence of wind loads, characterized by low
frequencies, becomes increasingly significant. This finding highlights the importance of considering
both wave-induced and wind-induced loads in the design and analysis of monopile foundations,
particularly in harsh offshore conditions.

Third, the phase analysis is a valuable indicator of how the structural response follows the
displacement of the structure. Notably, the variation in phase is high for the reference monopile,
especially for higher frequencies. In contrast, the phase is more stable for the perforated monopile.
This suggests that the perforated monopile may exhibit more predictable and stable behavior in
response to environmental loads, which could be advantageous in terms of structural reliability and
performance.

Next, the structural response of sea states with similar characteristics but with a significant increase in
resulting maximum stress are compared against each other (figs. 5.13, 5.14, 5.15). For this, sea states 6,
5, 19, 17, 21 and 23 were taken as reference.

(a) Perforated monopile: SS6 stress response FT. (b) Perforated monopile: SS5 stress response FT.

Figure 5.13: Sea state 5 vs 6, stress response frequency analysis.

(a) Perforated monopile: SS19 stress response FT. (b) Perforated monopile: SS17 stress response FT.

Figure 5.14: Sea state 17 vs 19, stress response frequency analysis.
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(a) Perforated monopile: SS23 stress response FT. (b) Perforated monopile: SS21 stress response FT.

Figure 5.15: Sea state 21 vs 23, stress response frequency analysis.

As a result, the dominant frequencies present in the structural response can be found to be related to
the natural frequency of the structure. A particulary high stress response was found for SS17 compared
to SS19. When analyzing the relation between the probability density function and the phase of both
sea states, high interaction with bending modes can be seen for SS17.

At this point, a viable solution would be to increase the foundations natural frequency by modifying the
parameters that are below the manufacturability limits. Namely, the pile diameter, wall thickness and
cone angle. For this, a several modifications were proposed. However, with the tower dimensions as a
constraint, obtaining a geometry where the stiffness of the foundation did not shift stress
concentrations towards the tower instead of towards the soil proved to be a cumbersome task and was
left as a discussion point.

To link these concepts to a one-way coupled FSI model, by comparing the frequency spectra, an
understanding of how the excitations affect the structural response, particularly in the vicinity of the
structure’s first natural frequency can be obtained. This analysis is essential for understanding
resonance phenomena, structural integrity, and overall system performance in FSI applications. This
comparative analysis provides valuable insights into optimizing monopile designs to ensure their
long-term performance and structural reliability in varying sea state conditions during power
production scenarios.

5.1.3. Fatigue life assesment
Following the stress analysis, the load stress time series data were exported to initiate the subsequent
steps of our investigation. The procedure outlined in Section 4.1, which is pivotal in characterizing the
fatigue behavior of structural components, was meticulously repeated. This iterative process was
undertaken to ensure a comprehensive assessment of the monopile designs’ long-term performance
under varying sea state conditions(Appendix C).

The outcome of this analysis is graphically depicted in figs. 5.16, 5.17. In this representation, sea states
are color-coded, with those appearing in red indicating a potential risk of structural failure when
considering a typical design life of 25 years. This design life duration aligns with industry standards and
practices for Offshore Wind Turbines (OWT).
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(a) Mudline. (b) Cone.

Figure 5.16: Fatigue damage results: Reference monopile.

(a) Mudline. (b) Perforations.

Figure 5.17: Fatigue damage results: Perforated monopile

The significance of sea states highlighted in red cannot be understated. They signify conditions that
could potentially challenge the structural integrity and longevity of the monopiles over their intended
operational lifespan. Thus, this visual representation serves as a crucial reference point for
decision-making, design refinement, and risk mitigation strategies in the context of offshore wind
energy projects.

However, the shortcomings of the structural modelling should also be taken into consideration when
analyzing these results since it doesn’t take into considerations aspects such as the potential additional
hydrodynamic damping due to the perforations as stated in section 2.7.

5.2. Alternative solutions
In order to asses the viability and the direction of further research on perforated monopiles, alternative
solutions for the model in order to potentially reduce the stress concentrations at the sensitive parts of
the monopile were studied. Accordingly, critical sea states (fig. 5.18) were selected based on the
performance of the structure when exposed to a 600s time domain simulation and the resulting fatigue
damage induced for a 25 year design life.

5.2.1. Different thickness parameters at the areas with the highest stress
concentrations

An intiutive approach to tackle the high stress concentrations without altering the geometry of the
monopile significantly is to increase the plate thickness at the areas which presented a high stress result
from the transient analysis simulations.
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This was applied with a 10mm increment for the perforated monopile at the splash zone since the
perforations failed for multiple sea states for DLC 1.2. The time domain simmulations were repeated
for both scenarios taking into consideration the most critical sea states, i.e. the sea states that induced
the most amount of damage for a design life of 25 years. This however, did not show a linear trend in
terms of the stress concentrations (fig. 5.18).

Figure 5.18: Stresss reduction due to 10mm increase of plate thickness at SZ of representative sea states.

As a result of the simulations, the stress reduction was minimal at the perforations for lower sea states
with an average of a decrease of 11% in the maximum stress concentrations and little to no change in
the maximum stresses found at the mudline (fig. 5.19).

Figure 5.19: Transient stress analysis of representative sea states(ML results).

At the perforations, an increase in maximum stresses was found for rough sea states, while the stresses
at the perforations stayed the same 5.20. Thus, this option was not pushed further as an alternative
since it should be done together with a sensitivity analysis, together with an thickness optimization
algorithm (Liu, 2021), to the increment in thickness throughout the monopile.
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Figure 5.20: Transient stress analysis of representative sea states(ML results).

5.2.2. Increasing the damping of the monopile
The damping of the structure plays an important role in the stress response of the monopile. Initially,
the simulations were run assuming 3% damping on all modes. However, this was considered a
conservative approach due to the aspects that contribute to the total damping of the structure. To get
insight on how these changes would affect the fatigue damage induced by the perforations.

Furthermore, with the monopile being a relatively slender structure in relation to it’s height and taking
the manufacturability limits into consideration, increasing the structural damping could benefit the
structural reliability of the monopile foundation considerably.

As shown in Chapter 4, the fatigue lifetime of the monopile is governed by a variety of external and
internal factors, one of them being the dominant wave states. Figures 5.16 and 5.17 show the high
variability of fatigue damage due to different sea states, highlighting the importance of reliable
met-ocean data.
However, adapting the environment to the monopile is not a realistic approach. Thus, although
avoiding the critical sea states by changing the site conditions is considered only alternative for a
technical feasibility study for locations for the monopile. On the other hand, the internal factors such
as the slenderness and the total damping of the monopile.

Additionally, literature implies that other sources of damping such as structural-, soil- and
hydrodynamic damping can be highly uncertain, ranging from an overall damping ratio of 1-3%, which
is also variable over time (Kuehn, 2001, Arany et al. 2017).

To asses to suceptibility of the system to a different damping ratio, the simulations were re-run
considering 5% of structural damping. The resulting stress responses were analyzed for fatigue damage
according to Chapter 4 which resulted in a significant decrease in fatigue damage for most reference
sea states (fig. 5.21).
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Figure 5.21: Equivalent damage per sea state, 5% structural damping.

When plotting these results next to each other, an decrease in fatigue damage for all sea states can be
seen at the mudline (fig. 5.22):

Figure 5.22: 3% damping vs 5% damping, fatigue damage at the mudline.

Furthermore, a drastic decrease in fatigue damage can be seen for SS6 compared to the rest of the
reference sea states. Thus, stress response signal was analyzed and compared to the stress response
signal of the structure with 3% damping by means of a fourier transform (fig. 5.23).

(a) Perforated monopile: 3% damping stress response FT. (b) Perforated monopile: 5% damping stress response FT.

Figure 5.23: SS6: 3% vs 5% structural damping, stress response frequency analysis.
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From the FT of the stress responses, two main observations can be made. Firstly, the max peak of the
simulation with 5% structural damping presents a shift in the max peak from 0.17Hz to 0.162 Hz which
indicates less interaction with the natural frequency of the system (fig. 5.23b). And secondly, the phase
of the response indicates less resonance features with higher bending modes.

The fatigue damage at the perforations also showed positive results when applying 5% structural
damping to the simmulations. Particularly SS9, which indicated failure of the structure when running
the simulation with 3% damping, showed significant improvement in terms of fatigue damage (fig.
5.24).

Figure 5.24: 3% damping vs 5% damping, fatigue damage at the perforation.

(a) Perforated monopile: 3% damping stress response FT. (b) Perforated monopile: 5% damping stress response FT.

Figure 5.25: SS9: 3% vs 5% structural damping, stress response frequency analysis.

The same procedure used for SS6 at the mudline was repeated for SS9. In contrast to the result for SS6,
the stress response did not present a significant shift in max peak and phase (fig. 5.25). However, the
maximum stress signal around the natural frequency of the monopile did show an important reduction
(5.25b).

Hence, the difference in fatigue damage was traced back to the change in stress amplitudes in the stress
response time signal (5.2). Where it was found that higher stress amplitudes were reduced and small
stress amplitudes (which induce less fatigue damage) increased significantly.
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Table 5.2: SS9, 3% vs 5% RFC stress amplitude result comparison

SS min amp max amp cycle
9 6.46×108 7.18×108 1.5

5.74×108 6.46×108 1.5
5.03×108 5.74×108 4
4.31×108 5.03×108 6.5
3.59×108 4.31×108 6.5
2.87×108 3.59×108 12.5
2.15×108 2.87×108 15
1.44×108 2.15×108 15.5
1.08×108 1.44×108 8
7.18×107 1.08×108 5.5
3.59×107 7.18×107 2.5
1.80×107 3.59×107 0

0 1.80×107 13

SS min amp max amp cycle
9 (5% damping) 2.75×107 3.06×107 2

2.45×107 2.75×107 1.5
2.14×107 2.45×107 5.5
1.84×107 2.14×107 2.5
1.53×107 1.84×107 2.5
1.22×107 1.53×107 4.5
9.18×106 1.22×107 13
6.12×106 9.18×106 14
4.59×106 6.12×106 5.5
3.06×106 4.59×106 6.5
1.53×106 3.06×106 16
7.65×105 1.53×106 94

0 7.65×105 37.5

5.2.3. Different perforation geometries at the splash zone
Alternatively, different shaped of perforations could be used as suggested by Van Der Ploeg, 2021. Since
the perforations are elliptical, the holes have two different axes (fig. 5.26). For these types of plates
under uni-axial tension, the Inglis Equation is used to describe the relation between ellipse geometry
and stress concentration factor.

Figure 5.26: Elliptical hole under uni-axial tension loading.

With the geometry presented in 5.26, the highest stress near the perforation can be found with
equation 5.2, where ρ is the radius of curvature 5.3. Which, by substitution, results in equation 5.4.

σmax =σnom

(
1+2

√
c

ρ

)
(5.2)

ρ = b2

c
(5.3)

σmax =σnom

(
1+2

√
c

b

)
(5.4)

Although this equation is meant for an infinite plate, several adaptations and correction factors have
been made to the equations presented above to account for the dimensions and shape of the plate
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itself Van Der Ploeg, 2021. The one thing to note however is that the influence of the ellipse geometry
on the eventual stress concentration factor remains unchanged after including the correction factors
for shape and dimension effects or combined loading.

From this relation it is concluded that the stress concentration factor reduces when increasing the
value of b. This is a promising realisation for the purposes of this study, as this both increases the size of
the perforation and at the same time reduces the expected stress concentration.

Theoretically, this will result in a larger force reduction since pile porosity is increased, whilst stresses
could remain within an acceptable range due to reduced stress concentration factors. However, as
could be seen throughout the simulations, that as the structure becomes lighter, the natural frequency
also lowers, causing the monopile to experience resonance and higher stress amplitude loading.

To test this hypothesis two different options to the perforations (fig. 5.27) were made by increasing the
dimensions of b by a factor 2 for option 1 (fig. 5.28); and b by a factor 5 and c by a factor 2 for option 2
(fig. 5.33).

(a) Perforated geometry: option 1. (b) Perforated geometry: option 2.

Figure 5.27: Perforated geometry alternatives.

The models were set up as shown in fig. and a time domain analysis was run for the reference sea
states. The wave load reduction factor used for the initial perforated monopile dimensions since no
experimental data was available for these perforation geometries. By doing so, the comparative nature
of the simulations is maintained and a stress analysis can be held.

Figure 5.28: Perforated geometry: option 1.
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Figure 5.29: Perforated geometry: option 2.

As a result of the simulations for SS6, the maximum stress throughout the model was still at the
perforations for both models (figs. 5.30, 5.32). The simulations were repeated for different sea states to
understand the behaviour of the structures under different environmental conditions.

Figure 5.30: Perforated geometry: option 2.

Figure 5.31: Perforated geometry: option 2.

When focusing on the maximum stress at the perforations, the perforation option 1 showed favourable
results for SS6 while perforation option 2 showed an increase in maximum stress at the perforations
compared to the original perforation geometry.

Figure 5.32: Perforated geometry: option 2.
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Figure 5.33: Perforated geometry: option 2.

As a result, the maximum stresses showed an decrease in maximum stresses for lower sea states but an
increase in them for high sea states for option 1 and a significant increase in maximum stress at the
perforations for option 2 (5.34).

Figure 5.34: Maximum stress comparison at the perforations.
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5.3. Conclusions
As the offshore wind industry continues to grow, optimizing the cost-effectiveness of support
structures for both fixed-bottom and floating platforms remains a key area of focus. Understanding the
cost distribution among different components can identify opportunities to streamline processes,
reduce expenses, and advance the deployment of offshore renewable technologies on a global scale.

Ongoing research and technological advancements are expected to play a vital role in driving down
costs and making offshore wind energy more competitive with conventional power generation sources.

The presented research focuses on a deeper understanding of one of the emerging technologies in the
offshore wind turbine development in deep waters. By choosing a representative water depth of 80
meters and subjecting a monopile structure to environmental loading representative of the conditions
of the North Sea (N59 E2.5), the study aims to assess the potential of perforated monopiles in deep
water sites and answer the main research question:

Does the structural integrity of a perforated monopile uphold in deepwater conditions when
considering a dynamic fluid-structure interaction model?

To answer this question, a comparative FEM analysis was done on both a conventional monopile and a
perforated monopile. This analysis provides insights into the limiting factors for these structures in
deep water sites.

By the means of manufacturability, ULS (Ultimate Limit State), and FLS (Fatigue Limit State) checks for
both power production and parked conditions, we evaluated whether exposure to the environmental
conditions at the chosen site induced fatigue failure in the structure. The results indicated that the
fatigue damage induced by different sea states could potentially lead to failure of the conventional
monopile foundation based on the fatigue curve for non-welded (hollow) sections.
A dynamic analysis showed that the structure experienced the highest loads due to wave loads around
the natural frequency of the structure. This observation led to the alternative of adding perforations
around the splash zone, where the wave loads are highest. The goal was to allow part of the water to
flow through the structure rather than against it.

Running the same sea state simulations on the perforated monopile, the effects and benefits of
perforated monopiles were evaluated by comparing the stress concentrations due to each
representative sea state and the resulting fatigue damage for a design life of 25 years.

This analysis had two main objectives. The first was to study the stress reduction at the mudline due to
the wave load reduction induced by perforations at the splash zone. The second was to analyze if the
dynamic response of the structure around the first natural frequency was reduced compared to the
reference monopile.

By running the same sea state simulations to the perforated monopile, the effects and benefits of
perforated monopiles were evaluated by comparing the stress concentrations due to each of the
representative sea states and the resulting fatigue damage for a design life of 25 years of the structure.

The first hypothesis was tested by comparing the maximum stresses at the perforations and at the
mudline resulting from the transient FEM simulations. This provided valuable insight into the behavior
of the perforated monopile, resulting in an average reduction of 17% in the maximum stresses at the
mudline and a significant reduction in fatigue damage at the mudline, a critical area of focus in the
design of offshore monopile structures.

However, the stresses at the perforations showed an increase up to above the yield stress of the material
and fatigue failure due to multiple single sea states at the perforations. To address this, a comparative
analysis between the stress response of the reference monopile and the perforated monopile at the
nodes with the highest stresses throughout all sea states was conducted. A Fourier transform was used
to check which frequencies were being excited during the simulations.
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As a result, it was found that most of the stress responses had their maximum stress response around
the natural frequency of the structure. Additionally, interaction with higher bending modes of the
monopile was found for lower sea states. Ideally, a model that considers potential hydrodynamic
damping due to the addition of the perforations and is fully coupled with the wave loads is needed.

The primary objective of this study was to conduct a comparative analysis of the structural behavior of
a reference monopile and a perforated monopile under various sea states during power production
scenarios, with a focus on assessing how fatigue loads could affect the design life of the structure.This
comparative analysis offers valuable insights into optimizing monopile designs to ensure long-term
performance and structural reliability in varying sea state conditions during power production
scenarios:

• Dynamic analysis of both structures revealed that the highest stresses corresponded to their
natural frequencies, emphasizing the importance of considering these frequencies in design and
assessment.

• The influence of wind loads became more significant as sea states became more severe,
highlighting the need to consider both wave and wind-induced loads in design.

• Phase analysis indicated that the perforated monopile exhibited more stable behavior in response
to environmental loads, suggesting potential advantages in terms of structural reliability.

• Suggestions were made for modifying parameters such as pile diameter, wall thickness, and cone
angle to increase the foundation’s natural frequency.

Given the answers to the research questions, alternative solutions to the perforations at the splash zone
were looked into in order to establish towards which direction further research should be made.//
Increasing the plate thickness was proposed which resulted in a non-linear increase of the stress at the
perforations with a generalized decrease in stressses for low sea states and an increase in maximum
stress for rough sea states. Thus, finding that in order to optimize the stresses by adding material at the
splash zone, an optimization algorithm that takes into account the plate thickness along the whole
structure should be made.

Structural damping plays a crucial role in the stress response of the monopile, and initially, simulations
were conducted with 3% damping on all modes. However, an increase in structural damping to 5% was
considered, and it resulted in a significant decrease in fatigue damage for most reference sea states.
This change led to a shift in the dominant peak frequencies, indicating less interaction with the natural
frequency of the system. Higher structural damping reduced resonance features with higher bending
modes, improving structural reliability.

Finally, the study explored the possibility of using different perforation geometries by altering the
dimensions of the holes. The goal was to increase the size of the perforations to enhance force
reduction while maintaining acceptable stress levels, for which two alternative perforation options
were examined.

Simulations revealed that, for SS6, maximum stress still occurred at the perforations for both models.
Further simulations for different sea states demonstrated different responses for these alternative
geometries. Perforation option 1 showed favorable results for SS6, while option 2 resulted in increased
maximum stress at the perforations compared to the original geometry.

The outcomes indicated that the choice of perforation geometry could significantly impact the
structural response, with the potential to reduce or increase maximum stresses depending on the sea
state and design conditions.

In conclusion, the report explored various strategies to improve the structural performance of the
perforated monopile. These included changes in plate thickness, modifications to the damping
characteristics, and alterations in perforation geometry. The results demonstrated the complex
interplay of these factors in influencing stress concentrations and fatigue damage for different sea
states and loading conditions. These findings contribute to a better understanding of the structural
behavior of perforated monopiles in offshore environments and provide insights into optimizing their
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design for long-term performance and reliability.
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6
Discussion

Finally, a discussion on the applicability of the concept and potential usage of perforated monopiles in
deep water. Important conclusions can be made from the results obtained from this study bringing
deeper insight to the behaviour and response to environmental loading of the structure in deep water
sites. It is crucial, however, to consider the scope of the research when determining the potential of the
perforated monopile as an OWSS. Thus, several discussion points and recommendations for future
research are presented in the following sections.

6.1. Recommendations and Further Analysis
Firstly, ensuring the structural integrity of the monopile is essential. However, focusing solely on
structural integrity can lead to over-engineering. To optimize cost-effectiveness, it’s crucial to evaluate
the structure’s potential for material reduction in non-critical areas and consider alternative materials.
When the mass of the structure cannot be reduced further without compromising structural integrity,
the design can be considered complete. High costs associated with the monopile structure can become
a limiting factor, potentially halting further development.

Furthermore, site selection plays a vital role in structural design. Choosing a representative site in the
North Sea was based on factors like water depth and readily available environmental data. Modifying
the natural frequency to avoid dominant environmental loading frequencies can be challenging,
especially for large offshore wind turbine (OWT) structures. Careful selection of offshore sites within
deep water locations is recommended to assess the potential of deploying such structures effectively.

An important limitation for this study was the turbine characteristics since they can not be modified.
Currently the design of the turbine and the foundation is done separately by different industries. This
meant that the foundation, which had to be designed for a natural frequency of 0.2 Hz was limited to
thickness adjustments because the adjusting the diameter of the monopile and increasing the
thickness to the required values to achieve this was not feasible because the stiffness of the monopile
would be such that the load concentrations would shift to the tower.

Ideally, as OWT technologies advance, the industry should move towards an integrated design
apporach where flexibility in changes of the tower parameter is possible together with adjustments to
the parameters of the foundation.

Enhancing the modeling of environmental conditions is crucial for accuracy. Using smaller water
depth intervals can lead to more precise lumping of wave loads. Additionally, employing more accurate
wave models is important, especially for deep waters. Examining how the Keulegan-Carpenter (KC)
number affects wave load signals for perforated monopiles is essential. Furthermore, considering the
variability of the wave reduction factor within each wave time signal is important. Incorporating
different load case probabilities, including those related to maintenance and fault conditions, can add
depth to the analysis.

71



6. Discussion

Additionally, in principle, two scatter diagrams are required for the production wind speed range: one
with the load cases probabilities during actual production and another for failure and repair state. This
study considered the turbine to be operational throughout it’s design life which is not the case when
considering maintenance, fault and the variation in thrust force before the turbine reaches rated wind
speed. Establishment of such load case probabilities is quite a cumbersome task and outside of the
scope of this research.

Another aspect that could lead to uncertanties is the accuracy of stress distributions. Choosing
between solid and shell elements depends on the need for stress distribution accuracy. Solid elements
are suitable for capturing complex stress gradients, but shell elements were chosen due to
computational efficiency. A comparison between both types of elements to assess stress concentration
differences is recommended.

Consideration of damping in the structure is crucial for preventing resonance and high stress
variations. Damping aspects should be thoroughly studied and compared to the results obtained in
this thesis. Additionally, potential factors like marine growth and ice formations on perforations should
be considered when accounting for the design life of an OWT.

Exploring the performance of perforated monopiles in shallow waters, considering the 5% mass
reduction due to perforations, and the associated economic benefits is a potential area of future
research. Furthermore, an integrated design process that addresses the interaction between turbine
design and foundation design should be considered for future OWT projects. Lastly, studying the
effectiveness of structural control mechanisms, such as resonant dampers, can lead to advancements
in reducing fatigue damage in offshore wind turbines.

Finally, different material at the splash zone (i.e. S40 structural steel) can be beneficial in terms of
fatigue load resistance due to its better performance in accordance to the S-N curves. Because of the
higher cost of the potentially better performing material however, this should be done carefully and in
a cost effective way. By changing the material in specific areas with high stresses, the resistance of the
material can be increased thus, the structure could possibly pass the fatigue limit check for the design
life of 25 years.

An interesting additional opportunity could be to add strengthening on the inside of the monopile to
allow for even further increase of pile porosity. Additional research is required to identify whether the
potential gains outweigh the additional manufacturing step required to weld the strengthening parts
on the inside of the pile.
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A
Appendix A: Scatter diagrams

Load case study

Figure A.1: Percentage of occurrence of wave height (m) in rows versus wind speed (m/s) in columns. Van Der Ploeg, 2021
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A. Appendix A: Scatter diagrams

Figure A.2: Percentage of occurrence of wave height (m) in rows versus peak wave period (s) in columns.Van Der Ploeg, 2021
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A. Appendix A: Scatter diagrams

Figure A.3: Percentage of occurrence of wave height (m) in rows versus zerocrossing wave period (s) in columns. Van Der Ploeg,
2021
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B. Appendix B: DLC’s

SS Hs Tp U(h) Prob
1 0 < H s < 1 5.5 5.1 6.82
2 0 < H s < 1 5.5 11.0 8.59
3 1 < H s < 2 12.8 9.5 1.48
4 1 < H s < 2 8.4 8.0 10.27
5 1 < H s < 2 8.4 13.9 10.35
6 1 < H s < 2 6.2 8.0 5.38
7 1 < H s < 2 6.2 13.9 6.34
8 1 < H s < 2 6.2 15.3 0.79
9 2 < H s < 3 7.5 6.6 2.29

10 2 < H s < 3 7.5 8.0 1.50
11 2 < H s < 3 7.5 9.5 1.77
12 2 < H s < 3 7.5 11.0 2.65
13 2 < H s < 3 7.5 12.4 1.67
14 2 < H s < 3 7.5 13.9 1.83
15 2 < H s < 3 7.5 15.3 1.62
16 2 < H s < 3 7.5 16.8 1.31
17 2 < H s < 3 7.5 19.0 1.57
18 2 < H s < 3 10 12.4 1.13
19 2 < H s < 3 10 13.9 1.23
20 2 < H s < 3 10 15.3 1.09
21 2 < H s < 3 10 16.8 1.94
22 2 < H s < 3 12.5 13.9 2.85
23 3 < H s < 4 9 11.0 2.50
24 3 < H s < 4 9 12.4 1.00
25 3 < H s < 4 9 13.9 1.40
26 3 < H s < 4 9 15.3 1.70
27 3 < H s < 4 9 16.8 2.10
28 3 < H s < 4 9 19.0 3.40
29 3 < H s < 4 9 21.9 1.70
30 4 < H s < 5 11.5 16.8 1.94
31 4 < H s < 5 11.5 19.0 1.65
32 4 < H s < 5 11.5 21.9 2.53
33 5 < H s < 7 8 21.9 1.70
34 5 < H s < 7 8 26.3 0.97
35 5 < H s < 7 11 26.3 0.93
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C. Appendix C: FLS analysis

C.1. Reference monopile, mudline fatigue damage calculations

Figure C.1: Reference monopile, Rainflow analysis result and fatigue damage calculation(ML), SS1-SS5
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Figure C.2: Reference monopile, Rainflow analysis result and fatigue damage calculation(ML), SS6-SS10
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Figure C.3: Reference monopile, Rainflow analysis result and fatigue damage calculation(ML), SS11-SS15
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Figure C.4: Reference monopile, Rainflow analysis result and fatigue damage calculation(ML), SS16-SS20
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Figure C.5: Reference monopile, Rainflow analysis result and fatigue damage calculation(ML), SS21-SS25
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Figure C.6: Reference monopile, Rainflow analysis result and fatigue damage calculation(ML), SS26-SS30
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Figure C.7: Reference monopile, Rainflow analysis result and fatigue damage calculation(ML), SS30-SS35
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C.2. Reference monopile, cone: fatigue damage calculations

Figure C.8: Reference monopile, Rainflow analysis result and fatigue damage calculation(cone), SS1-SS5
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Figure C.9: Reference monopile, Rainflow analysis result and fatigue damage calculation(cone), SS6-SS10
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Figure C.10: Reference monopile, Rainflow analysis result and fatigue damage calculation(cone), SS11-SS15
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Figure C.11: Reference monopile, Rainflow analysis result and fatigue damage calculation(cone), SS16-SS20
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Figure C.12: Reference monopile, Rainflow analysis result and fatigue damage calculation(cone), SS21-SS25

TU Delft report 92



C. Appendix C: FLS analysis

Figure C.13: Reference monopile, Rainflow analysis result and fatigue damage calculation(cone), SS26-SS30
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Figure C.14: Reference monopile, Rainflow analysis result and fatigue damage calculation(cone), SS31-SS35
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C. Appendix C: FLS analysis

C.3. Perforated monopile, perforation fatigue damage calculations

Figure C.15: Perforated monopile, Rainflow analysis result and fatigue damage calculation(SZ), SS6-SS9
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C. Appendix C: FLS analysis

Figure C.16: Perforated monopile, Rainflow analysis result and fatigue damage calculation(SZ), SS1-SS5
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C. Appendix C: FLS analysis

Figure C.17: Perforated monopile, Rainflow analysis result and fatigue damage calculation(SZ), SS9-SS12
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C. Appendix C: FLS analysis

Figure C.18: Perforated monopile, Rainflow analysis result and fatigue damage calculation(SZ), SS13-SS17
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C. Appendix C: FLS analysis

Figure C.19: Perforated monopile, Rainflow analysis result and fatigue damage calculation(SZ), SS18-SS21
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C. Appendix C: FLS analysis

Figure C.20: Perforated monopile, Rainflow analysis result and fatigue damage calculation(SZ), SS22-SS24
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C. Appendix C: FLS analysis

Figure C.21: Perforated monopile, Rainflow analysis result and fatigue damage calculation(SZ), SS25-SS28
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C. Appendix C: FLS analysis

Figure C.22: Perforated monopile, Rainflow analysis result and fatigue damage calculation(SZ), SS29-SS32
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C. Appendix C: FLS analysis

Figure C.23: Perforated monopile, Rainflow analysis result and fatigue damage calculation(SZ), SS33-SS35

TU Delft report 103



C. Appendix C: FLS analysis

Table C.1: Equivalent Fatigue Damage per sea state

SS Reference Cone Reference ML Perforated ML Perforated Perf

1 3.48E-08 4.24E-08 6.01E-12 5.11E-08
2 1.65E-02 8.10E-03 3.48E-04 5.08E-02
3 6.92E-04 2.78E-04 8.36E-05 2.78E-02
4 3.11E-06 2.35E-06 4.16E-08 2.09E-05
5 4.51E-01 2.33E-01 1.57E-01 8.48E+01
6 7.64E-07 5.15E-07 2.85E-09 1.07E-06
7 1.90E-01 1.08E-01 5.94E-02 4.92E+01
8 1.19E-01 4.32E-02 2.73E-02 1.59E+01
9 3.43E-06 1.54E-06 5.74E-07 4.63E+01

10 2.22E-06 1.66E-06 6.61E-08 3.14E-05
11 2.51E-07 1.69E-07 1.26E-04 3.09E-02
12 7.46E-03 3.93E-03 3.05E-03 3.99E-01
13 3.09E-03 3.08E-03 1.17E-03 3.94E-01
14 9.01E-02 5.07E-02 1.76E-02 8.11E+00
15 3.20E-01 1.33E-01 2.86E-02 6.67E+01
16 1.41E+00 6.56E-01 5.65E-01 7.99E+01
17 1.63E+01 6.75E+00 3.28E+00 1.09E+03
18 1.22E-03 1.48E-03 7.35E-04 2.22E-01
19 2.21E-03 1.25E-03 1.39E-02 5.80E+00
20 1.62E-01 7.40E-02 2.26E-01 2.94E+01
21 1.70E+00 9.83E-01 3.98E-01 1.37E+02
22 1.25E-02 5.74E-03 3.94E-02 2.15E+01
23 1.94E-04 1.13E-04 1.34E-03 4.89E-01
24 7.95E-04 1.04E-03 7.09E-04 2.55E-01
25 4.25E-03 1.24E-03 1.48E-02 9.57E+00
26 2.31E-01 1.24E-01 6.17E-02 3.06E+01
27 1.75E+00 1.03E+00 3.26E-01 1.40E+02
28 3.50E+01 1.50E+01 5.38E+00 2.75E+03
29 1.84E-03 1.94E-03 1.65E-02 5.00E+00
30 1.69E+00 1.07E+00 4.02E-01 1.38E+02
31 1.01E+00 4.59E-01 3.73E+00 1.32E+03
32 1.88E-03 2.55E-03 1.44E-02 6.68E+00
33 1.38E-03 1.67E-03 5.93E-04 1.83E+00
34 3.56E-05 3.46E-05 1.05E-04 4.38E-02
35 2.32E-05 3.03E-05 5.31E-05 2.67E-02
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D
Appendix D: 3D Scatter diagram

Figure D.1: 3D scatter diagram with corresponding load cases following DNV-GL, 2016.
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E
Appendix E: Analysis of stress response

signals

Th

Figure E.1: Reference MP, SS6, Stress response FT and phase(ML).
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E. Appendix E: Analysis of stress response signals

Figure E.2: Reference MP, SS10, Stress response FT and phase(ML).

Figure E.3: Reference MP, SS19, Stress response FT and phase(ML).
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E. Appendix E: Analysis of stress response signals

Figure E.4: Reference MP, SS23, Stress response FT and phase(ML).

Figure E.5: Reference MP, SS32, Stress response FT and phase(ML).
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E. Appendix E: Analysis of stress response signals

Figure E.6: Reference MP, SS6, Stress response FT and phase(SZ).

Figure E.7: Reference MP, SS10, Stress response FT and phase(SZ).
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E. Appendix E: Analysis of stress response signals

Figure E.8: Reference MP, SS19, Stress response FT and phase(SZ).

Figure E.9: Reference MP, SS23, Stress response FT and phase(SZ).
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E. Appendix E: Analysis of stress response signals

Figure E.10: Reference MP, SS32, Stress response FT and phase(SZ).

Figure E.11: Reference MP, SS5, Stress response FT and phase(SZ).
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E. Appendix E: Analysis of stress response signals

Figure E.12: Reference MP, SS8, Stress response FT and phase(SZ).

Figure E.13: Reference MP, SS17, Stress response FT and phase(SZ).
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E. Appendix E: Analysis of stress response signals

Figure E.14: Reference MP, SS21, Stress response FT and phase(SZ).

Figure E.15: Reference MP, SS28, Stress response FT and phase(SZ).

TU Delft report 113



E. Appendix E: Analysis of stress response signals

Figure E.16: Perforated MP, SS5, Stress response FT and phase(SZ).

Figure E.17: Perforated MP, SS8, Stress response FT and phase(SZ).
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E. Appendix E: Analysis of stress response signals

Figure E.18: Perforated MP, SS17, Stress response FT and phase(SZ).

Figure E.19: Perforated MP, SS21, Stress response FT and phase(SZ).
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E. Appendix E: Analysis of stress response signals

Figure E.20: Perforated MP, SS28, Stress response FT and phase(SZ).

Figure E.21: Perforated MP, SS6, 5% damping Stress response FT and phase(SZ).
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E. Appendix E: Analysis of stress response signals

Figure E.22: Perforated MP, SS9, 5% damping Stress response FT and phase(SZ).

Figure E.23: Perforated MP, SS10, 5% damping Stress response FT and phase(SZ).
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E. Appendix E: Analysis of stress response signals

Figure E.24: Perforated MP, SS19, 5% damping Stress response FT and phase(SZ).

Figure E.25: Perforated MP, SS23, 5% damping Stress response FT and phase(SZ).
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E. Appendix E: Analysis of stress response signals

Figure E.26: Perforated MP, SS32, 5% damping Stress response FT and phase(SZ).
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