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Abstract

This thesis tests a lumping block method on accuracy in broad and narrow wave spectra. The method

aims to construct a robust and efficient alternative for the computationally expensive time domain

fatigue calculations of mooring lines in the early design stage of a floating offshore wind turbine

(FOWT). A robust way of modelling must be applicable and reliable in all possible sea states, in-

cluding extreme wavelengths, nonlinear waves, and dynamic amplification caused by the resonance

frequencies. The method’s reliability for different wave spectra is validated by comparing the pro-

posed numerical lumped time-domain simulations with the original numerical time-domain simulations.

The lumping block method gives accurate damage results for narrow wave spectra. However, the

model’s reliability decreases when the broadening of a wave spectrum causes damage-increasing

conditions, like outliers in wave periods and nonlinear waves. The lumped broad wave spectrum

simulations underestimate a mooring line’s structural damage, especially for wave periods above

resonance. Moreover, the non-Gaussian wave-induced surge responses are the most critical parameter

for reliable mooring line fatigue calculations. They must be considered for simplifying fatigue mooring

line calculations in general. Furthermore, the non-Gaussian responses cause the underestimation of the

proposed lumping block method for the broad wave spectra.

Nevertheless, the proposed method yields accurate but slightly conservative damage results and

is robust and efficient in fatigue calculations for sea states corresponding to a narrow spectrum. Hence

the lumping block method is safe and usable for significant parts of the North Sea since only middle or

narrow spectra occur.
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1
Introduction

Since the beginning of the industrial revolution, humanity has caused an increase of 𝐶𝑂2 in the

atmosphere. From 1750 the total amount of 𝐶𝑂2 increased from 280 ppm to 410 ppm in the 20
𝑡ℎ

century

[56]. This increase of 𝐶𝑂2 causes an increase in the global temperature. To control the increase of

𝐶𝑂2, 20 countries signed in 2015 a global agreement at the United Nations Climate Change Conference,

known as the Paris Agreement. This agreement sets a target for a maximum global temperature rise of

1,5°C. Moreover, these countries agreed to be carbon neutral in 2050, meaning a stable amount of 𝐶𝑂2

gasses in the atmosphere to achieve the maximum temperature rise [52].

An essential step to becoming carbon neutral is finding a solution for energy supply without a

net release of 𝐶𝑂2. While early wind energy solutions depend on onshore wind turbines, offshore

wind practices have increased in the previous decade. Offshore wind is promising because of the

excellent wind conditions and the free space offshore. On the other hand, offshore structures’ installation

and maintenance costs are high. The global offshore wind power industry expects to double or even

quadruple the total energy production in the coming decade. Figure 1.1a shows the expected growth

in power production. The number of turbines is growing, and the capacity per turbine is increasing,

resulting in a higher installed capacity [47].

(a) Global trend growth offshore wind turbines due to increasing turbines

and power production of the single turbines

(b) Trend in cost reduction and power supply offshore wind

turbines. The production and installation costs will decrease by

2-3 in the coming decade. LCOE: Levelized cost of energy

Figure 1.1: Trends in offshore wind [47]

Figure 1.2a shows two general concepts of offshore wind turbines, bottom-founded offshore wind

turbines (BOWT) and floating offshore wind turbines (FOWT). Especially the North Sea is a very

suitable place to install BOWT. The relatively small water depth and high wind speeds make the

North Sea an economically feasible place to install BOWT. The need for offshore wind installation in

deeper water increases because the total demand for green energy is still rising. From about 80 meters

to several hundred meters of water depth, FOWT is the primary solution for renewable energy production.

1



2

Figure 1.1b shows the economic trend for a FOWT, the Levelized Cost of Energy (LCOE) more

than halves in 2030 in comparison with 2020 [47]. The increasing power of a single turbine, in combi-

nation with technological development, causes this decreasing trend in the total cost for FOWT. The

installed power of a single (offshore) wind turbine has increased to 15 𝑀𝑊 and could grow to 20 𝑀𝑊
in 2030. Gaining more knowledge about the technical part of offshore wind is critical for the economic

feasibility of FOWT and its role as a key player in the energy transition.

Offshore wind structures
The industry developed various offshore wind turbines over the last decades. Figure 1.2a shows the

most universal bottom-founded and floating models. Each model has specific properties and is suitable

for different environmental circumstances. Essentially, the oil and gas industry developed most of these

floating substructures. However, comparing the structural characteristics of FOWT constructions with

oil and gas installations is irrelevant because of the contrasting properties of the top sides in terms of

strength and material effects. In addition, the additional floaters provide static stability.

(a) Different types of offshore wind structures. Left to right: BOWT (4x)

Monopile, gravity based, jacket, tripod, FOWT (3x) spar,

semi-submersible, tension leg platform

(b) Different configurations mooring line systems. Left to right:

Catenary, semi-taut, taut, tension leg platform

Figure 1.2: Overview of offshore wind structures and mooring systems [14]

Figure 1.2a shows a wide variety of offshore wind energy constructions. The industry proposed a large

set of technological solutions for every field of floaters. All have a bunch of components suitable for

different environments. The case study of this thesis focuses on the Scotwind licensing round, which

aims to install 25 𝐺𝑊 offshore wind energy around Scotland. Intecsea’s project for Scotwind consists of

three different wind farms. Intecsea’s client has applied for licenses for two of these wind farms, and

both applications were granted. A wind farm is a set of wind turbines at the exact location with the

primary goal of producing wind energy. Scotwind develops bottom-founded wind farms and floating

wind farms using semi-submersibles as floaters [10].

Semi-submersible construction
This thesis focuses on semi-submersible floaters with a catenary mooring system. A triangle-shaped

floater is the most frequently used semi-submersible foundation. Some concepts have three columns.

Others have an additional column in the midpoint of the triangle. This case study uses a design which

is numerically validated by the University of Maine [2]. Figure 1.3 shows this floater, specifically the

"UMaine VolturnUS-S Semi-submersible Platform" concept. This configuration is remarkable since the

wind turbine stands at a column at the midpoint of the triangle.

The active water ballast system improves the performance of the energy output. When the wind

speed or direction changes, the active dynamic system adjusts the distribution of water among

three active water ballasts to keep the axis of the wind turbine vertical, which is necessary to en-

sure the wind turbine’s performance. This floating system has three catenary lines in combination

with drag-embedment anchors, fairleads, and chains. The anchors moor the foundation to the seabed [2].

The following sections summarise the theoretical background and aim to justify the knowledge

gap and the research question on a high level. The details can be found in chapter 2.
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Fatigue limit states
The general design cycle of a FOWT is a limit state design-cycle approach with four different checks:

ultimate -, fatigue -, accidental -, and serviceability limit states (ULS, FLS, ALS, and SLS). All four

need to be satisfied before construction takes place. The ULS is the most critical limit state, while FLS

accounts for more than 15% of the main events caused by breaching the fatigue limit state [21].

This thesis focuses on understanding the specifics of the FLS in mooring lines. In particular, the

focus is on the fatigue limit state in mooring lines. FOWT will be exposed to multiple sea states during

service life, causing fatigue damage. Because of the increasing size of turbines and the associated

motions, fatigue damage, and therefore FLS, has become a guiding design criterion for FOWT. A

sufficient and accurate fatigue assessment is essential.

For a fatigue load assessment in mooring lines, it is not sufficient to calculate the environmental

loads and the resulting tensions during extreme events only, as the nature of fatigue is the accumulation

of damage over time. A proper fatigue assessment requires the consideration of all relevant load

scenarios over the expected lifetime of the system. Typically, this means a thorough investigation of the

environmental conditions of the considered site. Furthermore, the total damage depends mainly on the

environmental loads with a high probability of occurrence [35] [55].

An energy density spectrum describes the environmental conditions of waves by describing the

energy level at specific wave frequencies. Roughly three spectrum states exist. Purely harmonic waves

correspond to a Dirac delta energy function. The second spectrum is a modulated harmonic wave which

matches a narrow wave spectrum, and the third spectrum has irregular waves described by a wide or

broad spectrum. The broader the energy spectrum, the more frequencies have appreciable energy in

the spectrum, resulting in a chaotic wave field. Subsequently, the components get out of phase, which

results in more non-linear wave components and single outliers in wave period and - height [19].

Figure 1.3: UMaine VolturnUS-S platform is designed to support the IEA-15-240 RWT system. This type of structure is used for

the case study [2]
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A fatigue assessment for offshore structures can be done based on significant wave height 𝐻𝑠 in

combination with peak period 𝑇𝑝 , the mode of the frequency spectrum. Both are presented in a wave

scatter diagram. Each existing combination represents a different and unique load case. The three

types of sea states (Dirac delta, narrow spectrum and broad spectrum) could have the same peak

period. Although the sea states are incomparable, the input for the time simulations using in the fatigue

assessment is the same. Moreover, greater fatigue damage occurs when the number of frequencies in

the wave spectrum increases, concluding that a broad wave spectrum results in more total damage [5].

In addition, the fatigue damage of the mooring lines strongly depends on the dynamics of the floater,

especially around the resonance peaks [55]. Environmental conditions like waves, wind and current

influence the movements of the floater. Fundamental knowledge about waves is critical for predicting

fatigue in mooring lines.

The offshore wind industry published only a limited number of articles on the effects of wave period or

wave height on fatigue damage. Especially the impact of misinterpretations within these parameters

is unknown. By comparison, the maritime industry studied these effects with great interest. An

underestimation of the 𝑇𝑝 of 10% leads to an uncertainty range of 50% to 30% underestimation of the

fatigue in the mooring lines of a FPSO (Floating Production, Storage and Offloading platform) [45].

Although a FPSO and a FOWT are technically incomparable, this article shows the potential relevance

of new research on interpreting wave period parameters for FOWT.

Simulations
Fatigue damage has been chiefly calculated using time - or frequency domain simulations. Mooring

line damage typically uses time domain simulations due to the non-linear behaviour [13] [55]. Such

a simulation is highly complicated and computationally expensive, considering all the different

environmental load cases. When using a reasonably powerful computer, a complete dynamic coupled

time domain simulation takes several days for a single turbine. Therefore, the industry is trying to

reduce computing time. A solution is the lumping block method, which is a mathematical method that

combines the original load cases into a smaller number of load cases which need to be considered in the

assessment. The combined load cases have the same wave characteristics for structural fatigue damage

as the original ones, resulting in fewer load cases to be simulated and decreased computational time.

Lumping block method
The methods of Jia [22], and Song [48] are very promising lumping block studies and reach an accuracy

of ± 5% fatigue damage compared with the ’original’ time domain simulation. With varying levels of

certainty, these approaches make it possible to reduce the number of load cases by 25 to 200. Furthermore,

the computational time reduces with the same factor.

However, these methods are simulated and tested in dominantly narrow-banded wave spectra, leaving

the impact of the width of the wave spectrum unclear. The methods aim to construct a robust and

efficient alternative for the computationally expensive time domain fatigue calculations. A robust way

of modelling must be applicable and reliable in all possible sea states, including extreme wavelengths,

non-linear waves, and dynamic amplification caused by the resonance frequencies.

In addition, the conclusions about the bounds of the lumping blocks are contradictory. Some studies

state the bounds of peak periods when lumping have little or no influence on assessment accuracy [9].

In contrast, more recent studies indicate the choice of lumping block borders has a significant impact on

the reliability of the lumping block methods [48] [20]. The explanation for the different conclusions

probably lies in the stress spectrum and resonance peaks of the mooring lines.

The accuracy of a lumping block method depends significantly on the mooring line’s stress spec-

trum. The stress or tension in a mooring line is a time-dependent variable. Moreover, it may have high

amplification factors around the system’s natural frequencies. The reliance on the wave period bounds

probably depends on the natural frequencies of the floater. Since dynamic amplification influences

fatigue damage, the relevance of accuracy caused by the impact of the boundary of the lumping period

block should be correlated to the shape of the stress spectrum.
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1.1. Knowledge gap
This research aims to investigate fundamental knowledge of fatigue in the mooring lines of a floating

offshore wind turbine. Mooring line fatigue analysis is dominated by frequently occurring wave

frequencies. Although floating wind turbines are a popular topic, it is unclear if the impact of single

outliers in wave period or wave height on the damage should be considered. The effect of uncertainty

in wave period with the corresponding wave load in modelling fatigue is unclear too. To understand

fatigue in the mooring lines of floating offshore wind turbines, gaining fundamental knowledge

is essential to learn about sea wave behaviour and the resulting forces and motions. Moreover, it

should clarify their impact on modelling to discover the effect of these extreme environmental parameters.

For practical applications, the design heavily relies on simulations. The most basic, time or frequency

domain simulations give good results but are respectively computationally expensive or unreliable for

mooring lines. Lumping block methods are promising in saving computational time with reliable results

to develop fatigue models. The challenge is finding a general way applicable to all broad wave spectra and

scatter diagrams. It is important to note that a broad wave spectrum results in greater fatigue damage in

a mooring line than a narrow wave spectrum, while the peak period𝑇𝑝 in these spectra could be the same.

Moreover, the lumping block method should be robust, efficient and accurate to reduce the com-

putational time in fatigue damage calculations. The approach aims to slightly overestimate the fatigue

damage, which means a maximum of 5% overestimation compared to the original time domain simu-

lations, so the technique is conservative for engineering practices. Within this maximum range, the

objective is an efficient technique, and the method focuses on an early design stage approach. The

method of Song is the examined lumping block method.

Therefore, this thesis has two main objectives. The first goal is to test an existing reliable lump-

ing block method in extreme sea conditions, focusing on outliers in wave periods and the irregularity

of waves. A changing wave spectrum models this from a narrow spectrum to a broad spectrum.

Besides testing a lumping block method, this thesis will indicate the multiplication factor appropriate

to transform a wide range of frequencies into a regular wave with the same fatigue characteristics for

fatigue life. This factor points out the relationship between different sea states and fatigue damage.

For the second goal, this thesis will explore the impact of the number of lumping blocks and the

boundaries of these blocks. This method should discover fundamental knowledge about the effects

of variations in the wave period, like extreme wave periods and the non-Gaussian behaviour of the

response. Since dynamic amplification influences fatigue damage, the relevance of accuracy caused by

the impact of the boundary of the lumping period block should be correlated to the shape of the stress

spectrum.



2
Theoretical background

This chapter gives a technological background for the subjects of this thesis and a description of the

knowledge gap. Section 1 discusses the waves and how they are described. Section 2.1 to 2.1.1 describes

the linear theory necessary to describe the motions and forces on the floating platform. With the

long-term wave statistics in 2.1.2 and wave spectra in section 2.1.4, the theory describes the input for the

fatigue calculation.

Section 2 starts with a general description of fatigue in mooring lines, and section 2.2.1 to 2.2.5

explains how to fulfil a comprehensive fatigue assessment. Section 3 explains the relevance of lumping

methods. Section 2.3.1 to 2.3.3 shows the possibilities of the developed methods and how to use them.

Section 4 explains the dynamics of the floating platform. The environmental conditions are the most

relevant input for this section.

Section 5 shows the relevant scenarios for fatigue damage in mooring lines. The main goal is to

investigate the strengthening effects of fatigue in a FOWT and, specifically, the mooring lines. The last

section 2.5.4 is about the technological background of the lumping block methods and the reliability in

describing the dynamic response of the floater.

2.1. Wave theory
A typical sea surface elevation looks like figure 2.1. The total height consists of a summation of harmonic

waves. Equation 2.1 shows this summation over different wave components 𝑖 for wave elevation 𝜂.

With 𝑁 a large number of frequencies, 𝑎 is the amplitude, and 𝛼 is the phase of a single wave. The line

underneath both indicates them as a random variable. These parameters form the basis of the energy

density spectrum [19]. Such a spectrum defines a random wave field consisting of several random

frequencies with different probabilities. The contribution of a single frequency to the total variance is

infinitely small because the spectral bandwidth of a single frequency is zero, which describes a single

harmonic wave as a delta function at that frequency.

𝜂(𝑡) =
𝑁∑
𝑖=1

𝑎 𝑖 cos(2𝜋 𝑓𝑖𝑡 + 𝛼𝑖) (2.1)

Moreover, the wave components are assumed not to affect one another, which is a realistic assumption

for wind-generated waves [19]. Besides, this assumption guarantees linear wave theory.

The variance density spectrum
Equation 2.1 defines the amplitude model [19]. With this model, it is possible to derive the continuous

variance density model, which is more relevant for practical use than the discrete amplitude model.

To modify equation 2.1 into equation 2.3, the variance, 𝐸{ 1

2
𝑎2

𝑖
}, is distributed over frequency, 𝑓 , with

interval Δ 𝑓𝑖 . This is shown in equation 2.2.

6
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Figure 2.1: A random wave which defines a random wave height 𝐻 and the zero crossing wave period 𝑇𝑧 . The wave elevation 𝜂 is

the distance from the centre line to a crest or trough of a wave [19]

𝐸∗( 𝑓𝑖) =
1

Δ 𝑓𝑖
𝐸{1

2

𝑎2

𝑖 } (2.2)

Equation 2.2 is still discrete. To compose the continuous equation 2.3, the limit of the width of Δ 𝑓𝑖 is

taken to zero. A spectrum analysis uses this transformation; sections 2.1.3 and 2.1.4 explain how. The

Jonswap is the best-known practical example of variance density spectrum and is typically used in

characterizing the North Sea [19].

𝐸( 𝑓 ) = lim

Δ 𝑓→0

1

Δ 𝑓
𝐸{1

2

𝑎2

𝑖 } (2.3)

2.1.1. Linear wave theory
Three parameters characterize a wave: height (𝐻), period (𝑇) and direction (𝜃). These parameters are

visible in figure 2.2a. Equation 2.4 shows the dependency of location and time for a random wave.

Where 𝜂 is the elevation around the water line, 𝑘𝑖 is the wave number of the 𝑖𝑡ℎ wave: 𝑘𝑖 =
2𝜋
𝐿𝑖

. 𝐿𝑖 is the

wavelength of the 𝑖𝑡ℎ single harmonic wave component and 𝜔𝑖 is the wave frequency. 𝑥 and 𝑦 are the

coordinates for the considered location. This equation defines the elevation at any moment in time and

place. It is the origin of the derivation of wave speed and acceleration.

𝜂(𝑥, 𝑦, 𝑡) =
𝑁∑
𝑖=1

𝑀∑
𝑗=1

𝑎 𝑖 , 𝑗 cos(𝜔𝑖𝑡 − 𝑘𝑖𝑥 cos(𝜃𝑗) − 𝑘𝑖𝑦 sin(𝜃𝑗) + 𝛼𝑖 , 𝑗) (2.4)

(a) A summation of a large set of harmonic waves summed to a

realistic sea [42]

(b) Orbital movements from deep too shallow water, the orbital

motion starts in circles and flattens when water becomes more

shallow [19]

Figure 2.2: Motion of wave and wave particles

Equation 2.5 shows the potential theory (𝜙).
𝑑𝜙
𝑑𝑥

results in the particle velocity 𝑢𝑥 and the second

derivative results in the acceleration 𝑎𝑥 . 𝑑 is the water depth, 𝑧 is the vertical coordinate with 0 at mean

sea level (MSL), and negative in the direction of the sea bed. These equations show different orbital
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velocities, visible in figure 2.2b. In deep water, the wave particles move in circles. When water depth

changes to intermediate water depth, first, the path will move to an oval shape path. When the water

depth is shallow, the path flattens more and could become horizontal.

𝜙 =
𝜔𝑎
𝑘

cosh[𝑘(𝑑 + 𝑧)]
sinh(𝑘𝑑) sin(𝜔𝑡 − 𝑘𝑥)

𝑢𝑥 = 𝜔𝑎
cosh[𝑘(𝑑 + 𝑧)]

sinh(𝑘𝑑) cos(𝜔𝑡 − 𝑘𝑥) 𝑎𝑥 = −𝜔2𝑎
cosh[𝑘(𝑑 + 𝑧)]

sinh(𝑘𝑑) sin(𝜔𝑡 − 𝑘𝑥)
(2.5)

These kinematics apply to every harmonic free and forced wave. The dispersion relationship in equation

2.6 relates the radian frequency 𝜔 and the wave number 𝑘. This relationship holds for every depth.

𝜔2 = 𝑔𝑘 tanh(𝑘𝑑) 𝐿 =
𝑔𝑇2

2𝜋
tanh

(
2𝜋𝑑
𝐿

)
(2.6)

Waves travel as a single wave or in groups. The phase speed is: 𝑐𝑝 = 𝑑𝑥/𝑑𝑡 = 𝜔/𝑘 = 𝐿/𝑇. Equation 2.7

derives the group speed from the dispersion relationship for an arbitrary water depth. The equation

shows that long waves propagate faster than short waves.

𝑐 =
𝑔

𝜔
tanh(𝑘𝑑) =

√
𝑔

𝑘
tanh(𝑘𝑑) (2.7)

If, for example, two harmonic waves with different frequencies travel in the same direction, these waves

will be in phase in some sections of the wave train and out of phase between those sections. This

process consistently repeats itself, with travelling wave groups as a result. Figure 2.3 illustrates this

phenomenon.

Figure 2.3: Single waves travelling in and out phase, resulting in damped or boosted waves, such a set of waves is a wave group.

Moreover, the wave height and period change [11].

Wave pressure
Besides the hydrostatic Bernoulli pressure 𝑝 = 𝜌𝑔𝑧, in which 𝜌 is the density and 𝑔 the gravitational

acceleration, the waves create wave-induced pressure as expressed in equation 2.8. This pressure is in

phase with the surface elevations and holds for linear wave theory, which explains the similarity with

the orbital velocity in equation 2.5. The total pressure is essential for the environmental force calculation

in section 2.4.

𝑝𝑤𝑎𝑣𝑒 = 𝑝̂𝑤𝑎𝑣𝑒 sin(𝜔𝑡 − 𝑘𝑥) 𝑤𝑖𝑡ℎ 𝑝̂𝑤𝑎𝑣𝑒 = 𝜌𝑔𝑎
cosh[𝑘(𝑑 + 𝑧)]

cosh(𝑘𝑑) (2.8)

Wave characteristics
The characteristic wave parameters are an average set of single waves for characterising sea states in a

wave record. A wave record measures the elevations of a sea state during a duration. The duration time

for this record has two requirements: short enough to be stationary and long enough to obtain reliable av-

erages. In a stationary process, the unconditional joint probability does not change as time changes, so the
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mean and variance are constant with change in time. A period of 15 to 30 minutes is universally used [19].

For wave statistics, the significant wave height 𝐻𝑠 is often used. Equation 2.9 defines 𝐻𝑠 as the

mean of the one-third largest wave heights in the wave record. Where 𝑗 is the rank number of the wave,

𝑗 = 1 indicates the rank of the lowest wave height of the highest one-third, and 𝐻𝑗=1 is the corresponding

wave height of this wave.

𝐻
1/3

= 𝐻𝑠 =
1

𝑁/3

𝑁/3∑
𝑗=1

𝐻𝑗

𝑇
1/3

= 𝑇𝑠 =
1

𝑁/3

𝑁/3∑
𝑗=1

𝑇𝑗

(2.9)

The wave period uses the same characteristic value. The significant wave period 𝑇𝑠 is defined in equation

2.9 as the mean of the highest one-third wave periods in the wave record. Where 𝑗 is the rank number

of the wave. The time interval between two zero crossings is the zero crossing wave period, 𝑇𝑧 [19].

For long-term wave statistics (section 2.1.2), a widely used parameter is the peak period: 𝑇𝑝 . The peak

period defines the frequency mode in the variance density spectrum.

When a sea surface elevation is a stationary Gaussian process, statistical characteristics are deter-

mined by the variance density spectrum 𝐸( 𝑓 ). Equation 2.10 expresses the spectral moments of that

specific spectrum.

𝑚𝑛 =

∫ ∞

0

𝑓 𝑛𝐸( 𝑓 ) 𝑑𝑓 𝑓 𝑜𝑟 𝑛 = ...,−3,−2,−1, 0, 1, 2, 3, ... (2.10)

It is possible to express 𝑇𝑧 and 𝐻𝑠 in terms of these spectral moments. This is done in equation 2.11 [19].

𝑇𝑧 = 2𝜋

√
𝑚0

𝑚2

𝐻𝑠 = 4

√
𝑚0

(2.11)

2.1.2. Long-term wave statistics
Wave statistics separate short-term statistics and long-term statistics. Short-term statistics express all the

different wave profiles possible from a single wave spectrum. In contrast, long-term statistics predict all

the different sea states the FOWT might experience over its lifetime. Long-term statistics are the leading

parameter for a fatigue assessment. Section 2.2 explains fatigue damage as a time-varying parameter,

where the more frequent sea states are more important than the extreme ones.

For long-term statistics, the conditions are not stationary. The basis for a long-term analysis is

the characteristic values: 𝐻𝑠 , 𝑇𝑝 and the 𝜃𝑚𝑒𝑎𝑛 . Typically, based on a 3-hour time interval, these values

are derived. These parameters are presented in a wave scatter diagram in combination with the return

period of each, like in figure 2.12.

A proper long-term wave analysis must fulfil two requirements. The time series must be statisti-

cally independent and distributed identically. In reality, this does not apply to a wave data set. For

example, wave height is generally not independent. After all, a large wave height usually follows

another large wave height.

To achieve statistical independence, consider only values with a sufficient separation in time. Practically,

choose a single value per storm (3-hour time interval). A wave spectrum must be split into different

spectra to satisfy the second condition. For example, another swell and wind wave spectrum solves this

problem. This thesis uses a scatter diagram based on time series to evaluate fatigue damage.
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2.1.3. Jonswap spectrum
The JONSWAP (JOint North Sea Wave Project) energy density spectrum is widely used to describe North

Sea offshore waves. The Jonswap spectrum is an empirical relationship that defines the distribution

of energy. Hasselmann et al. 1973 [18] concluded that a spectrum always develops with a longer

fetch. It produces a sharper and higher peak for 𝑓𝑝𝑒𝑎𝑘 . The spectrum is a Pierson-Moskowitz spectrum

multiplied by a peak enhancement factor. The shape is a summation of three energy sources: wind

generation, non-linear wave-wave interactions (quadruplet) and dissipation (white-capping). Equation

2.12 describes the Jonswap energy spectrum, and figure 2.4 shows the developing spectrum. The energy

peak and the high-frequency tail characterize this spectrum.

𝐸𝐽𝑂𝑁𝑆𝑊𝐴𝑃( 𝑓 ) = 𝛼𝑔2(2𝜋)−4 𝑓 −5

exp

[
−5

4

(
𝑓

𝑓
peak

)−4

]
𝛾

exp

[
− 1

2

(
𝑓 / 𝑓

peak
−1

𝜎

)
2

]
𝑝𝑒𝑎𝑘

(2.12)

In which 𝛼 and 𝑓𝑝𝑒𝑎𝑘 are the energy scale and the peak frequency. 𝛾𝑝𝑒𝑎𝑘 is a peak-enhancement factor,

and 𝜎 is a peak-width parameter, 𝜎 = 𝜎𝑎 for 𝑓 ≤ 𝑓𝑝𝑒𝑎𝑘 and 𝜎 = 𝜎𝑏 for f > 𝑓𝑝𝑒𝑎𝑘 to account for the slightly

different widths on the two sides of the spectral peak [18]. Figure 2.4 visualizes these parameters in the

upper right corner. The numbers 5-11 correspond to different measurement stations, where a higher

number is further offshore and, therefore, a longer fetch.

Figure 2.4: Jonswap spectrum defines different parameters 𝑓𝑚 = peak period, 𝜎, 𝛾𝑝𝑒𝑎𝑘 and the Pierson-Moskowitz shaped tail for

the higher frequencies. The numbers 5-11 correspond to a longer fetch resulting in a more developed spectrum [18].

Formula 2.12 has three varying shape parameters: Philips constant 𝛼, Peak-Enhancement factor 𝛾𝑝𝑒𝑎𝑘
and width parameter 𝜎, depending on different environmental conditions. The Philips constant varies

for convenient values of environmental conditions in the range of 0.1 - 0.2. The peak-enhancement factor

varies between 1 and 7. The width parameters are more or less the same. In conclusion, the Philips

constant and peak-enhancement factor depend on the sea state, while the width parameter is more or

less constant.
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Peak-enhancement factor
The peak-enhancement factor determines the magnitude of the peak wave energy. Figure 2.5 shows

the change in the spectrum for an increasing 𝛾𝑝𝑒𝑎𝑘 , for a constant ℎ𝑠 and 𝑇𝑝 [38]. When 𝛾𝑝𝑒𝑎𝑘 increases,

the spectral peak narrows. Therefore, the number of frequencies with appreciable energy negatively

correlates to 𝛾𝑝𝑒𝑎𝑘 .

Figure 2.5: 𝛾𝑝𝑒𝑎𝑘 in the Jonswap equation with constant 𝐻𝑠 and 𝑇𝑝 , 1 < 𝛾𝑝𝑒𝑎𝑘 < 7. The higher the gamma, the higher the energy

at 𝑓𝑝𝑒𝑎𝑘 . 𝛾𝑝𝑒𝑎𝑘 = 1, also known as the Pierson-Moskowitz spectrum, and describes an ocean wave spectrum, 𝛾𝑝𝑒𝑎𝑘 = 3.3 expresses

a typical Jonswap spectrum and 𝛾𝑝𝑒𝑎𝑘 = 6 defines a narrow wave spectrum [38].

2.1.4. Impact wave spectrum on fatigue damage
Figure 2.6 shows three different energy density spectra where the degree of irregular waves increases

from top to bottom. An energy density spectrum prescribes the environmental conditions of waves by

relating the wave frequencies to the energy level of a single frequency. Roughly three spectrum states

exist, purely harmonic waves corresponding to a Dirac delta energy function. A modulated harmonic

wave matches a narrow spectrum, and the last spectrum consists of irregular waves coinciding with a

broad spectrum. An irregular wave consists of many (harmonic) waves.

Figure 2.6: From top to bottom, starting with harmonic, more and more frequencies are present in the sea state. Resulting in an

increasing broadness of the energy spectra. However, the peak period 𝑇𝑝 remains the same [19].
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The broader the energy spectrum, the more frequencies exist in the spectrum. Subsequently, the wave

field becomes quite chaotic because the components in the time record get out of phase rather quickly.

Resulting in more non-linear wave components and single outliers in wave period and - height. The

’broad’ spectrum is the most developed and has the roughest circumstances. This thesis defines a broad

spectrum as a spectrum with many frequencies resulting in non-linear wave components and more

outliers in wave height or period.

When comparing sea situations, the spectrum differs, and the actual seas will be incomparable.

Still, the peak period 𝑇𝑝 remains the same since the peak period defines the frequency mode in the

variance density spectrum. In addition, a fatigue assessment for offshore constructions is based on 𝐻𝑠

in combination with 𝑇𝑝 load cases for every wave train (3-hour wave state). Fatigue depends mainly

on environmental conditions with a high probability of occurrence [50]. Besides wave height and -

length, the irregularity of a wave also contributes to total fatigue. Irregular waves substantially affect

the dynamic component of mooring tension despite the maximum tensile forces remaining the same

regardless of wave irregularity [12]. However, a fatigue assessment uses the same parameter 𝑇𝑝 , the

frequency spreading within a wave train results in more significant total fatigue damage.

Figure 2.7: A higher damage is positively correlated to the factor 𝛼, 𝛼 defines the total frequencies in an energy spectrum. 𝑏 is the

damage normalized by the expected damage caused by a changing wave spectrum. Showing that wave spectrum consisting of

frequencies with appreciable energy results in a higher total damage [5].

Besides the input for a wave train, greater damage occurs when the number of frequencies in the total

sea spectrum increases [5]. Figure 2.7 shows this increase in damage, where 𝛼 defines the shape and the

geometrical frequency distribution of a given spectrum, and the bandwidth parameters are defined

as functions of the spectral moments in equation 2.10. 𝑏𝑎𝑝𝑝 and 𝑏𝑠𝑖𝑚 relate 𝛼1 and 𝛼2 to the damage.

Figure 2.7 clearly shows a strong dependence of damage on the 𝛼 indices, showing that a broader wave

spectrum results in a higher total damage [5].
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2.2. Fatigue
Fatigue is the mechanism whereby cracks grow in a structure, which only occurs under fluctuating

stress. Construction failure occurs in tensile stress areas when the reduced cross-section becomes

insufficient to support the peak load without fracture [25].

Figure 2.8: Fatigue crack profile, with the crack direction and internal angles [36]

Mooring lines in a FOWT construction will be exposed to multiple sea states during service life, causing

fatigue damage. Because of the increasing turbine size and the associated motions, fatigue damage has

become a guiding design criterion for FOWT. A sufficient and accurate fatigue assessment is essential.

2.2.1. Modeling of fatigue
A fatigue assessment is possible within the frequency - and time domain. A frequency domain

simulation is faster and costs less computation time, making it a cheaper alternative. On the other hand,

the frequency domain is less accurate than the time domain method, especially when coupled dynamic

behaviour is highly non-linear. In particular, this is the case in severe sea states with non-linear waves,

non-Gaussian excitation and for the mooring systems according to strongly non-linear motions [55]. With

time domain simulations, it is possible to fulfil fully coupled dynamic analyses and to obtain the structural

stress response. Because of the non-linear character of the mooring line, a time domain simulation is es-

sential and indispensable for accurately calculating the fatigue damage in the long-term wave conditions.

A reliable damage calculation for long-term wave conditions must cover stochastic uncertainties.

To reach such a fatigue assessment, every short-term sea state from a wave scatter diagram needs to

be simulated several hundred times [55]. The following sections explain the procedure of a fatigue

assessment.

2.2.2. Palmgren-Miner rule
A sea state causes random stresses at any time in a(n) (floating) offshore construction. Each stress cycle

causes another degree of fatigue. Palmgren and Miner (P-M) developed a rule to couple the stress with

the corresponding fatigue damage, known as the cumulative rule or P-M rule [32]. According to this

rule: "the cumulative or total fatigue caused by different stress ranges is a linear summation of the

individual fatigue damage from all of the considered stress ranges."

Equation 2.13 shows the dependency of the damage, 𝑑𝑖 , in terms of the stress range 𝑆𝑖 , with 𝑖 a

single cycle. Where 𝑛𝑖(𝑆𝑖) is the cycle number of the stress cycles, 𝑁𝑖(𝑆𝑖) is the cycle number that causes

the fatigue failure. 𝑘𝑠𝑟 is the number of stress range intervals. In other words, the individual fatigue

damage is equal to the ratio of the cycle number to the cycle number that causes a failure. 𝐷𝑎 is the total

damage. The total damage is cumulative of the single damage. Equation 2.13 shows this summation.

𝑑𝑖 =
𝑛𝑖(𝑆𝑖)
𝑁𝑖(𝑆𝑖)

𝐷𝑎 =

𝑘𝑠𝑟∑
𝑖=1

𝑑𝑖 =

𝑘𝑠𝑟∑
𝑖=1

𝑛𝑖(𝑆𝑖)
𝑁𝑖(𝑆𝑖)

(2.13)

𝑛𝑖(𝑆𝑖) is determined with the rain-flow counting method in section 2.2.3. A S-N curve extrapolates the

number of cycles to failure: 𝑁𝑖(𝑆𝑖), section 2.2.4 explains this procedure.
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2.2.3. Rain flow count method

Figure 2.9: Counting algorithm: the rain flow method first indicates the maxima, secondly indicates the deformations and finally

orders the critical stress cycles [48].

The environmental stresses cause a movement in the floating structure, resulting in the dynamic stress

response in the mooring lines. The rain flow counting method converts these dynamic responses into

stress ranges and the corresponding cycle number [43]. Figure 2.9 illustrates this algorithm. The stress

range is the delta between two extremes (valley or peak). For a fatigue assessment, the largest cycles

are the most critical. The algorithm identifies the essential cycles. The rain flow count method takes

possible non-linear effects into account. The method is adequate and, for engineering practises, the

most accurate [49].

2.2.4. S-N Curve
Figure 2.10 shows a two-segment S-N curve. The stress (𝜎 or S) is plotted against the number of cycles,

𝑁 , on a logarithmic scale. The high-stress ranges do not occur often and correspond to fewer cycles.

Figure 2.10: Two segment S-N curve with different directional coefficient after the critical fatigue point [29].

Equation 2.14 represents this line, where 𝐶 and 𝑚 are material-dependent values. 𝐶 is the fatigue

strength coefficient, and 𝑚 is the fatigue strength exponent. A fatigue failure test determines these

values, so this relation is empirical. Common values for mooring line fatigue are 𝑚 = 3 or 5. Point 𝑛𝑅 is

the critical fatigue point, with another characteristic line [29].

𝑁𝑖 = 𝐶 ∗ 𝜎−𝑚
𝑖

𝑛 ≤ 𝑛𝑅 : 𝑚 = 𝑘1 , 𝐶 = 𝐴 ∧ 𝑛 > 𝑛𝑅 : 𝑚 = 𝑘2 , 𝐶 = 𝐴
(2.14)

2.2.5. T-N curve
T-N curves are used instead of S-N for a fatigue calculation in mooring lines. These curves have the same

function unless the tension parameter is used instead of the stress parameter. Equation 2.15 shows the

relation of the one-segment T-N line. The second addition to the S-N formula is the reference breaking

strength (RBS). This parameter is also an empirical number.
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𝑁 = 𝐶

(
𝑇

RBS

)−𝑚
log

10
𝑁 = log

10
(𝐶) − 𝑚 log

10

(
𝑇

𝑅𝐵𝑆

) (2.15)

To express the effective tension in a mooring line for engineering practices, consider the tension at the

mid-segment points and line ends. Effective tension (𝑇𝑒 ) and wall tension (𝑇𝑤) exist in a chain mooring

line. No pressure terms apply in a chain. Therefore the resulting force in the chain is equal to the

effective tension. Figure 2.11 shows this force balance for a mooring chain line.

Figure 2.11: Force equilibrium: 𝑇𝑒 = 𝑇𝑤 for chain mooring line in each node and no pressure [41].

2.3. Lumping load method
A sea state is translated into a wave scatter diagram for a fatigue assessment, as shown in figure 2.12.

This North Sea scatter diagram has many combinations for 𝐻𝑠 and 𝑇𝑝 . This thesis defines this as a broad

wave scatter diagram. Every combination represents another load case, and each 𝐻𝑠 - 𝑇𝑝 combination

has a wave spectrum. From that spectrum, we could generate an infinite number of time series. A time

domain simulation simulates a set of waves from a wave spectrum of every single combination of 𝐻𝑠

and 𝑇𝑝 . Section 2.1 describes the positive dependency between the number of frequencies of the sea

state and the fatigue damage in the mooring lines.

Figure 2.12: A random scatter diagram in the North Sea every cell defines a load case of a 𝐻𝑠 and 𝑇𝑝 .

The fully coupled dynamics in the time domain is a rather complicated and time-consuming execution.

One option to reduce the computational time is simulating only the (highly) non-linear motion scenarios.

However, considering mooring motions as non-linear, most load cases are significant and must be

calculated. Consequently, no time reduction for the mooring line simulations can be obtained.

Another solution is using a lumping block method, an efficient method that combines the origi-

nal sea scatter diagram load cases into a smaller number of load cases to consider. Each combined load

case has many individual 𝐻𝑠 - 𝑇𝑝 combinations of the original scatter diagram. Compared to the original

simulation, the lumping methods calculate an equivalent 𝐻𝑠 and 𝑇𝑝 for structural fatigue damage. This

mathematical translation saves significant computation time by reducing the load cases of the original

scatter diagram. Subsequently, the number of load cases in the time domain simulations reduces, hence

the simulation time.
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The challenge is to find a general method applicable to all broad scatter diagrams and possibly

broad wave spectra. Moreover, it should be a robust, efficient and accurate method to improve the

computational time in fatigue damage calculations. The approach aims to overestimate the fatigue

damage slightly, so the technique is conservative for engineering practices. The method develops an

early design stage approach.

Figure 2.13: Six different lumping blocks from which an equivalent 𝐻 and 𝑇 must be calculated.

In general, the lumping block method (LBM) works as follows. The LBM uses equivalent 𝐻𝑠 and 𝑇𝑝
with similar fatigue damage to the original sea load cases. Figure 2.12 shows a random North Sea scatter

diagram, with around 16 different 𝑇𝑝 columns and 15 different 𝐻𝑠 rows, so resulting in 240 load cases.

Figure 2.13 shows six possible blocks. An equivalent 𝐻𝑠 and 𝑇𝑝 are calculated in each lumping block.

The time domain simulations run only on these six combinations. The fact that these values should

represent all other load cases within the corresponding block makes the values a parameterisation of

reality. So this parameterisation reduces computational time by a factor of 40. But even a decrease from

240 original scatter diagram load cases to one equivalent combination of 𝐻𝑠 and 𝑇𝑝 is possible with

reliable results [48] [53].

2.3.1. Early adopters
DNV, Det Norske Veritas [53], is a Norwegian classification engineering agency for the maritime and

offshore industry. The organisation provides guidelines and requirements in risk management, quality

and safety requirements and, among other things, fatigue calculations for various offshore structures.

DNV judges calculation methods and decides if they are allowable. The organisation already sets the

first requirement for the LBM in engineering practice, according to the DNV code:

"Fatigue damage resulting from a representative sea state should not be smaller than that contributed from the
original sea states in the lumping block. The allowed DNV method sets the representative wave height into a wave
height interval larger than the largest wave height in the lumping block. In addition, the representative wave period is
set to a half wave period interval larger than the averaging of the wave period encompassed by the lumping block" [53].

Because this method does not consider the probability of occurrence and only works with max-

ima, the method extremely overestimates the damage. Equation 2.16 shows the approach for the

DNV model. 𝐻𝑠𝑟 𝑗 is the equivalent wave height, and 𝑇𝑧𝑟 𝑗 is the equivalent wave period. 𝐻𝑠𝑘 𝑗 and 𝑇𝑧𝑘 𝑗
are the significant wave height and period of the 𝑘𝑡ℎ original sea state. The 𝑚𝑎𝑥[] function indicates

the maximum wave height in the corresponding original block. Δ𝐻𝑠 and Δ𝑇𝑧 are the interval of the

significant wave height and period [53].

𝐻𝑠𝑟 𝑗 = max

1≤𝑘≤𝑛 𝑗
[𝐻𝑠𝑘 𝑗] + Δ𝐻𝑠

𝑇𝑧𝑟 𝑗 =

∑𝑛𝑚
𝑘=1

𝑇𝑧𝑘 𝑗

𝑛𝑚
+ Δ𝑇𝑧

2

(2.16)
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In cooperation with DNV, Sheehan [46] proposed an improved method by combining the largest wave

height with the representative wave period as the probabilistic average of the wave periods. But this

research also disregards the probability of the occurrence of sea states. Mittendorf [33] developed

a lumping method by lumping all the sea states with the same wave height with an average wave

period. Burton [7] lumped all the same wave periods and determined the equivalent wave height

based on a relation between the probability of wave height and the fatigue slope. These methods are

over-conservative, unreliable for a variation in 𝐻𝑠 and 𝑇𝑝 or only applicable for a single situation.

2.3.2. Jia
Jia [22] set up a new method based on Burton and Mittendorf and is the first method not dependent on

the block range of 𝐻𝑠 and 𝑇𝑝 . The method slightly underestimates the fatigue damage. Moreover, the

technique is not sensitive to the number of blocks and predicts fatigue with a 95% certainty [22]. Still,

Jia’s method underestimates the mooring line damage of a FOWT by 5% compared to the original time

domain simulations.

Jia’s model adopts the linear wave theory. Therefore, it does not include non-linear wave motions,

though the model has a reliable accuracy for OFWT [48]. The model has been made for OWT, like

jackets or jack-ups [22].

Equation 2.17 shows the equivalent wave height, period and probability. Jia expresses the fatigue

proportional to the𝑚𝑡ℎ
power of the original wave significant wave height,𝐻𝑠𝑘 𝑗 . 𝑚 is the slope parameter

of the S-N curve. Along with the probability of the original sea state, 𝑝𝑘 and the likelihood for the

representative blocked sea state, 𝑝𝑟 𝑗 .

𝐻𝑠𝑟 𝑗 =

(∑𝑛 𝑗

𝑘=1
𝐻𝑚
𝑠𝑘 𝑗

𝑝𝑘

𝑝𝑟 𝑗

)
1/𝑚

𝑇𝑧𝑟 𝑗 =

∑𝑛 𝑗

𝑘=1
𝑇𝑧𝑘 𝑗 𝑝𝑘

𝑝𝑟 𝑗

𝑝𝑟 𝑗 =

𝑛 𝑗∑
𝑘=1

𝑝𝑘

(2.17)

2.3.3. Song
Song based his theory on the work of Jia. The study proposed a first method [49] whereby the spectral

moments of the original sea states are weighted. The theory is, in essence, robust and accurate. However,

the method’s accuracy decreases significantly when the number of original sea states in the blocks

increases.

The second method of Song [48] is based on the assumption that the fatigue is proportional to

the 𝑖𝑡ℎ power of the spectral wave energy, which is called the ’spectral moments equivalence’ (SME).

The accuracy is even better than the first method, slightly conservative and not sensitive to the number

of blocks. However, the study only validates the method for a narrow wave spectrum [48].

𝐷𝑎𝑘 = 𝑚𝜁𝑚
0𝑘

𝐷𝑎 𝑗 =

𝑛 𝑗∑
𝑘=1

𝐷𝑎𝑘 𝑝𝑘 =

𝑛 𝑗∑
𝑘=1

𝑚𝜁𝑚
0𝑘

𝑝𝑘
(2.18)

This method is based on the cumulative fatigue damage, 𝐷𝑎𝑘 , of the cumulative sea state in equation

2.18. This damage function depends on the spectral wave energy, 𝑚0𝑘 , to the power of 𝜁𝑚. 𝑚 is the

slope parameter from the 𝑆 − 𝑁 or 𝑇 − 𝑁 curve, and 𝜁 is an exponent linking spectral wave energy to

the cumulative damage. Song uses 𝛾 in the paper [48]. Since 𝛾𝑝𝑒𝑎𝑘 is a leading variable in this thesis, 𝜁
will be used instead of 𝛾 to prevent confusion. For a square FOWT: 𝜁 = 0.67 [48]. Multiplying the

damage by the probability 𝑝𝑘 calculates the cumulative fatigue damage resulting from the original sea

states in the 𝑗𝑡ℎ lumping block. 𝑛 𝑗 stands for all the sea states in the 𝑗𝑡ℎ lumping block in this equation.

𝐷𝑎𝑟 𝑗 = 𝑚𝜁𝑚
0𝑟 𝑗

𝑝𝑟 𝑗 (2.19)
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According to equation 2.17 and 2.18, the fatigue damage contributed from the equivalent spectral wave

energy of a representative sea state can be given in equation 2.19. Where 𝑚0𝑟 𝑗 represents the equivalent

spectral wave energy of the 𝑗𝑡ℎ representative sea state [48]. Rewriting equation 2.19 and combining

with equation 2.18, results in the expressions for 𝑚0𝑟 𝑗 and 𝑚2𝑟 𝑗 .

𝑚0𝑟 𝑗 =

(∑𝑛 𝑗

𝑘=1
𝑚𝜁𝑚

0𝑘
𝑝𝑘

𝑝𝑟 𝑗

) 1

𝜁𝑚

𝑚2𝑟 𝑗 =

(∑𝑛 𝑗

𝑘=1
𝑚𝜁𝑚

2𝑘
𝑝𝑘

𝑝𝑟 𝑗

) 1

𝜁𝑚 (2.20)

In equation 2.21, the spectral moments are combined with the statistical correlation from section 2.1.1.

The equivalent significant wave height and wave period formula can be determined [48].

𝐻𝑠𝑟 𝑗 = 4.00𝛽 𝑗
√
𝑚0𝑟 𝑗

𝑇𝑧𝑟 𝑗 = 2𝜋

√
𝑚0𝑟 𝑗

𝑚2𝑟 𝑗

(2.21)

Where 𝛽 𝑗 is a correction factor related to the significant wave height and fatigue. The correction factor

𝛽 𝑗 should be considered as the influence of the s-n curve slope to keep the dimensional consistency. The

factor 𝛽 𝑗 and 𝜁 are the main points of improvement between the first [49] and the second method [48] of

Song. Section 2.5.4 explains these variables theoretically.

𝛽 𝑗 = (𝑛 𝑗)
1

4𝑚𝑛𝑗
(2.22)
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2.4. Dynamic response of a FOWT
Section 2.2 introduces the fatigue dependency of different stress cycles. The mooring systems’ stress

cycles arise from the floating platform’s motions. This section explains the wave loads. After discussing

the wave stresses, section 2.4.2 explains the restoring forces. The concluding remark is the sum of all the

different forces in the equation of motion.

Figure 2.14: Environmental forces on a FOWT, waves, wind and current. The waves are the leading forces, followed by the wind.

The current has the lowest impact on the dynamic response [31].

2.4.1. Environmental loads
Three main forces expose to a FOWT are the waves, wind and current. Figure 2.14 shows these different

forces. These forces are time-dependent and oscillate due to natural and site-specific circumstances.

The time dependency makes the fatigue damage dependent on these forces. Since the FOWT is only

exposed to wave loads in the case study, these loads are explained. The impact of the assumptions in

the case study is discussed in section 5.5

Wave loads
The acceleration and velocity of a wave depend on the time and place, as shown in section 2.1.1.

The corresponding forces for a slender construction can be calculated with the Morison equation [34].

Equation 2.23 shows the calculation for the total force, 𝑓 (𝑧). The total force depends on a drag component

( 𝑓𝑑(𝑧)) and an inertia component ( 𝑓𝑖(𝑧)). 𝜌 is the water density, 𝐶𝑑 the drag coefficient, 𝐶𝑚 the inertia

coefficient and 𝐷 the diameter. 𝑢(𝑧) and ¤𝑢(𝑧) are the water particle velocity and acceleration. Because

of the shape of a wave, the maximum wave-particle acceleration is always 90
◦

ahead of the velocity. The

maximum force is, therefore, the vector addition of the two load components.

𝑓 (𝑧) = 𝑓𝑑(𝑧) + 𝑓𝑖(𝑧) =
1

2

∗ 𝜌 ∗ 𝐶𝑑 ∗ 𝐷 ∗ 𝑢(𝑧) ∗ |𝑢(𝑧)| + 𝜋
4

∗ 𝜌 ∗ 𝐶𝑚 ∗ 𝐷2 ∗ ¤𝑢(𝑧) (2.23)

Since the maximum force consists of vector addition, the force could be drag or inertia-dominated.

This domination is the case when one of the components is significantly larger than the other. The

Keulegan-Carpenter number provides a set of rules to indicate if a component dominates one. Equation

2.24 shows these rules. A structure is inertia dominated when 𝐾𝐶 < 3 and drag-dominated when

𝐾𝐶 > 45 [24].

𝐾𝐶 =
𝑢𝑚𝑎𝑥𝑇

𝐷
=

𝜋𝐻𝑚𝑎𝑥

𝐷
(2.24)
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The use of the Morison equation is only possible when the construction is slender. A structure is slender

when the slenderness ratio is higher than 12, as shown in equation 2.25. This relation divides the

effective length (𝐿𝑒 𝑓 𝑓 ) by the least radius of gyration, 𝑟. In addition, 𝐼 is the moment of inertia, and 𝐴 is

the area.

𝜆 =
𝐿𝑒 𝑓 𝑓

𝑟
=
𝐿𝑒 𝑓 𝑓√

𝐼
𝐴

> 12 (2.25)

A semi-submersible is a typical non-slender structure, whereas transfer functions must be used to

calculate the motions according to the wave force. These transfer functions are called RAOs: response

amplitude operators. Different RAOs exist, for example, a force or response RAO. A force RAO consists

of a pair of numbers. These numbers define the force and moments of the floater. A response RAO

relates the amplitude of the floater response to the amplitude of the wave and phase, which defines the

timing of the floater response relative to the wave.

A RAO for linear forces can be assembled into an equation of motion. See equation 2.26. 𝑥 is

the motion of the rigid body, and 𝜔 is the frequency. 𝑀 is the mass and inertia matrix, 𝐴(𝜔) is the added

mass matrix, 𝐵(𝜔) is the linear damping matrix, 𝐶 is a stiffness matrix, and 𝐹(𝜔) is the wave force.

[𝑀 + 𝐴(𝜔)] ¥𝑥 + 𝐵(𝜔) ¤𝑥 + 𝐶𝑥 = 𝐹(𝜔) (2.26)

The force is proportional to the incoming wave: 𝜁 = 𝜁𝑎𝑒 𝑖𝜔𝑡 , with 𝜁𝑎 the wave amplitude. To calculate

the RAO, assume 𝑥 = 𝑎𝑒 𝑖𝜔𝑡 . As a result, equation 2.27 gives the RAO. In this equation, 𝐹0 is the force

per wave height. Figure 4.5 displays the RAO for this thesis.

𝑅𝐴𝑂(𝜔) = 𝑎

𝜁𝑎
=

𝐹0

𝐶 − (𝑀 + 𝐴(𝜔))𝜔2 + 𝑖𝐵(𝜔)𝜔 (2.27)

2.4.2. Mooring loads
Floaters use different mooring systems to ensure the desired place of the floater. Several mooring

systems are possible to withstand all environmental forces. Figure 1.2b gives an overview of four

mooring types. Generally, two configurations are possible: catenary, used in this thesis, and taut

mooring systems.

Catenary mooring lines
A catenary system is a flexible line suitable for deeper water depths. Usually, the line’s material is chain

or steel. The net-own weight, in combination with the buoyancy of the line, creates the restoring force.

Equation 2.28 describes the shape of the line by parameter 𝑧. The maximum horizontal displacement,

𝑥𝑚𝑎𝑥 , is reached at 𝑧 = ℎ, where ℎ is the water depth.

𝑧 =
𝐹𝑥

𝑤

[
cosh

(
𝑤

𝐹𝑥
𝑥

)
−1

]
𝑥𝑚𝑎𝑥 =

𝐹𝑥

𝑤
cosh

−1

(
ℎ𝑤

𝐹𝑥
+ 1

) (2.28)

The variable 𝑆 gives the total suspended cable length. Equation 2.29 describes 𝑆, 𝑤 defines the line

weight in water, and 𝐹𝑥 is the governing horizontal force. The corresponding force in the mooring line

is the 𝐹𝑧,𝑚𝑎𝑥 [30].

𝑆 =
𝐹𝑥

𝑤
sinh

(
𝑤

𝐹𝑥
𝑥

)
𝐹𝑧,𝑚𝑎𝑥 = 𝑤 ∗ 𝑆 = 𝐹𝑥 sinh

(
𝑤

𝐹𝑥
𝑥𝑚𝑎𝑥

) (2.29)
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2.4.3. Hydromechanics
In figure 2.15a, the vertical force equilibrium of a floater is visible. The Archimedes principle describes

this equilibrium: The upward buoyant force for a (floating) object equals the displaced fluid (or gas)

weight. Figure 2.15b shows the rotational equilibrium. When the wind turbine is in stable equilibrium

and the wind turbine is subjected to a force, the floater heels by this created moment. This heeling leads

to some heel angle 𝜙. Because of the heel 𝜙, the centre of buoyancy shifts to 𝐵𝜙 and the buoyancy force

acts from the new point. This new point of engagement creates a moment which opposes the angle 𝜙,

and the floating systems shifts to the original state [23].

(a) Definition of centres and forces in a floating structure. The vertical

equilibrium buoyant force equals the gravity force causing the floating

mechanism.

(b) Heeling moment in a floating structure, the increasing couple when

the heeling angle increases

Figure 2.15: Forces and moment in a random floating structure [23]

2.4.4. Equation of motion
A floating wind turbine has six different degrees of freedom. Figure 2.16 gives the names and directions.

Three motions are translation motions, and the three others are rotation motions. The equations of

motion describe the motions of a floating wind turbine. Equation 2.30 represents the general form of

the EOM for any floating object. This 6-DOF equation expresses every direction independently [23].

Figure 2.16: Reference frame FOWT that defines the direction of movement of sway, pitch, heave, yaw, surge and roll [2]
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[𝑀 + 𝐴(𝜔)] ¥𝑥 + 𝐵(𝜔) ¤𝑥 + 𝐶𝑥 = 𝐹𝑡𝑜𝑡𝑎𝑙(𝜔)
𝐹𝑡𝑜𝑡𝑎𝑙 = 𝐹𝑤𝑎𝑣𝑒 + 𝐹𝑤𝑖𝑛𝑑 + 𝐹𝑐𝑢𝑟𝑟𝑒𝑛𝑡 + 𝐹𝑚𝑜𝑜𝑟𝑖𝑛𝑔 + 𝐹ℎ𝑦𝑑𝑟𝑜𝑚𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑠

(2.30)

In this equation, 𝑀, 𝐴, 𝐵, and 𝐶 are all [6x6] matrices which denote the: mass + inertia, added mass,

linear damping and stiffness, respectively. 𝑥 is a [6x1] motion vector containing the motion for each

degree of freedom. ¥𝑥 and ¤𝑥 are the first and second-time derivatives of the displacement and, therefore,

form the acceleration and velocity. 𝐹𝑡𝑜𝑡𝑎𝑙 is the [6x1] force vector, which contains all the external forces

and moments described in section 2.4.1 to 2.4.3. This formula expresses the displacements at any

moment in time.

2.4.5. Stress spectrum mooring chain
Floating systems are subjected to dynamics by waves caused by wave frequency (WF) motions. Moreover,

the system is also subjected to low-frequency (LF) motions. Newman [39] derived an approach to

calculate the second-order wave force caused by LF. Equation 2.31 expresses the diagonal components

of the quadratic transfer function (QTF), also known as the mean wave drift force. The LF force is

calculated with equation 2.32.

𝐻(−2)(𝜔𝑖 , 𝜔 𝑗) �
1

2

[
𝐻(−2)(𝜔𝑖 , 𝜔𝑖) + 𝐻(−2)(𝜔𝑖 , 𝜔 𝑗)

]
(2.31)

𝐹(−2)(𝜔𝑑) =
∑

|𝜔𝑖−𝜔𝑗 |=𝜔𝑑

𝑎𝑖𝑎 𝑗𝐻
(−2)(𝜔𝑖 , 𝜔 𝑗) (2.32)

Equation 2.33 gives the motions for the LF, and equation 2.34 shows the WF motions originated by the

wave spectrum. The total platform motion, 𝑀(𝜔𝐹) is the sum of 𝑀(−2)(𝑤𝐿) and 𝑀(1)(𝜔).

𝑀(−2)(𝑤𝐿) =
𝐹(−2)(𝜔𝐿)
𝑇1

𝐹
(𝜔𝐿)

· 𝑇(1)(𝜔𝐿) (2.33)

𝑀(1)(𝜔) = 𝑇(1) ·
√

2𝑆(𝜔) 𝑑𝜔 (2.34)

To calculate to total force, 𝐹(𝜔 𝑓 ), 𝑀(𝜔𝐹) is calculated with the stiffness 𝐾 in equation 2.35.

𝐹(𝜔 𝑓 ) = 𝐾 ·𝑀(𝜔𝐹) (2.35)

The mooring line stress 𝑅𝑆(𝜔𝐹) is proportional to the dynamic amplification factor and the total force.

This is shown in equation 2.36.

𝛼𝑑(𝜔𝐹) =
1√√√

1 −
(
𝜔 𝑓

𝜔0

)
2

+
(
2𝜁

𝜔 𝑓

𝜔0

)
2

𝑅𝑆 ∼ 𝐹(𝜔 𝑓 )𝛼𝑑(𝜔𝐹)

(2.36)

In conclusion, the stress spectrum is proportional to the power of the mooring line stress, as shown in

equation 2.37.

𝑆𝑆(𝜔𝐹) =
1

2

𝑅2

𝑠 (𝜔𝐹)
𝑑𝜔

(2.37)
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2.5. Fatigue in a floating wind turbine
2.5.1. fatigue in tower, floater and blades
Floating wind turbines are a relatively new concept for energy production, and technical development is

essential for the feasibility of floating offshore wind turbines. Different studies have already contributed

to describing the fatigue behaviour of a floating wind turbine. Kvittem et al. [26] did a long-term

fatigue assessment with time domain simulations for a semi-submersible. The study showed that blade

passing frequency resonance in the tower and the pitch motion of the platform are the most significant

contributors to fatigue damage in the tower and pontoon. Also, the misalignment of wind and waves

contribute to a high level of fatigue on the platform. Other contributing scenarios for fatigue are:

• Wave length corresponds to wave forces with 180
◦

phase difference on the columns of the floater.

• Resonance peaks for heave for the floater.

• Tower 3P wake loads, 3P defines the number of times the blades pass the tower in a single cycle.

• Harmonics of drag forces close to flexible structural modes, most relevant is the 3𝜔 for the tower.

• Turbulence at lower wind speeds for blades and tower.

• Rated wind speed for the maximum thrust force on the rotor.

The dynamics of the mooring lines impact the fatigue in different parts of the wind turbine, like the

shaft, blades and tower. The mooring lines are attached at a large radius from the platform centre in the

semi-submersible. This provides a restoring arm for the pitch and roll rotations. Consequently, the

additional damping of the dynamic model decreases the platform rotations, with high fatigue in the

rotor and lower fatigue damage in the tower [3].

2.5.2. Kurtosis and skewness of the stress spectrum of a mooring line
Kurtosis expresses the ’peakedness’ of the probability distribution, and the skewness characterizes the

asymmetry of the distribution according to the normal distribution. Figure 2.17 shows positive and

negative values of both parameters. For simplicity of fatigue calculations, a Gaussian distribution of the

mooring line tension is assumed in many lumping method studies. It is essential to understand the

shortcomings of that assumption.

Figure 2.17: Definition of kurtosis and skewness. The distribution is Gaussian if the kurtosis value is 3 and the skewness is 0. A

longer tail at the right occurs for positive values. For negative values, the tail at the left is longer. Negative kurtosis gives a

broader distribution with more outliers. Positive values give a sharper distribution with fewer outliers [55].

The kurtosis and skewness coefficients of the mooring line tension are closely related to the sea states.

Figure 2.18 shows the impact of the Gaussianity for varying 𝐻𝑠 and 𝑇𝑧 . It turns out that the parameters

significantly affect the Gaussian nature of the mooring line tension [28].
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(a) (b)

Figure 2.18: Kurtosis and skewness coefficients of mooring line tension for 73 sea states. Figure (a) is the kurtosis, and (b) is the

skewness. Plot against the significant wave height 𝐻𝑠 and zero crossing period 𝑇𝑧 [28].

Figure 2.18a illustrates that for an increasing 𝐻𝑠 and 𝑇𝑧 , the kurtosis coefficient grows, and therefore, the

peak of the mooring line tension distribution gets sharper. Furthermore, the kurtosis is more sensitive

for the 𝑇𝑧 than the 𝐻𝑠 . Figure 2.18b indicates a positive skewness for every combination, resulting

in a line tension with a longer tail to the right compared to the normal distribution. Moreover, for

a constant 𝑇𝑧 , the skewness increases with an increasing 𝐻𝑠 . For an unvarying 𝐻𝑠 , the skewness is

inversely proportional to a varying 𝑇𝑧 .

Moreover, based on the kurtosis and skewness, mooring lines follow different long-term distribu-

tions for fatigue damage. Compared to time domain simulation, a modified gamma distribution best

fits a Catenary mooring system in deep waters.

2.5.3. Mooring line fatigue
The line dynamics and tensions are the main contributors to fatigue damage. In particular, the floater

surge resonance motions and considerable contribution comes from the wave frequency range when

a wave height is large. This results in maximum tensions around rated wind speed [3] [55]. Below

rated wind speed, the fatigue level is primarily governed by wind forces. Above rated wind speed,

the contribution of waves increases. The large wave heights and periods appear to impact the fatigue

most. But when there are small waves, the wind gives the most impact [55]. This is independent of the

platform type and mooring system configuration. Mooring systems can have different configurations.

The fatigue life of different types of mooring systems is almost the same as long as their static stiffness is

similar. The reason arises because of the same dynamic response [17].

Section 2.5.2 expresses the kurtosis and skewness compared with a normal distribution. The kurtosis

becomes sharper for higher 𝐻𝑠 and 𝑇𝑝 values and could lead to more significant damage because of the

higher probability of higher tensions. The skewness right tail could result in more line damage but

counts only for the increasing 𝐻𝑠 values and not for outliers in 𝑇𝑧 because the skewness becomes lower

for a longer period. Note: these conclusions are compared to a fatigue assessment based on line tension

with a normal distribution but not absolute values.

For the catenary mooring system in deep water, the mooring line tension responses are typically

non-Gaussian and wide-banded random processes due to the drag force exerted on the mooring lines

and the geometrical non-linearity of the lines. Moreover, the second-order wave drift force causes

non-linear motions of the floater [39], resulting in correlated tensions. Besides, the deeper the depth,

the more non-Gaussian nature of the tension [28]. Therefore, the Rayleigh distribution based on the

narrow-banded assumption and the Weibull distribution does not apply to fatigue damage assessment

of the mooring lines. Besides, the line tension of the taut mooring system has better Gaussianity due to

the weaker geometric non-linearity of the taut mooring system. [28].
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When wave heights increase, the waves will become steeper and more non-linear. The linear wave

theory underestimates the tension response for large waves. For large waves, the non-linear wave effects

become significant for mooring line tension and must be considered. For mooring line tension, the

surge is governing, while floater heave, pitch motion, tower base bending moment and pontoon axial

force are less sensitive to the non-linear wave effect [55].

Fatigue is directly proportional to an increase in wave height [50]. This could indicate that ex-

treme values significantly contribute to total fatigue damage. Figure 2.19 shows the significant impact of

fatigue damage from environmental conditions with a high probability of occurrence. For a fatigue load

assessment, it is not sufficient to calculate the loads during extreme events only, as the nature of fatigue

is the accumulation of the damage over time. A proper fatigue assessment requires the consideration of

all relevant load scenarios over the expected lifetime of the system, and typically this means a thorough

investigation of the environmental conditions of the considered site [35] [55] [26].

Besides wave height and - length, the irregularity of waves also contributes to total fatigue. Ir-

regular waves substantially affect the dynamic component of mooring tension despite the maximum

tensile forces remaining the same regardless of wave irregularity [12].

(a) Fatigue caused by wind speed and wave height (b) Fatigue caused by wave height and wave period

Figure 2.19: Fatigue plotted against different load cases for three different variables in the mooring lines of a FOWT, 𝐻𝑠 :
significant wave height, 𝑇𝑝 : significant wave period, 𝑉𝑤 : mean wind speed. The right bar indicates the intensity of the fatigue

damage. The greatest fatigue impact arises from the most frequent combinations of environmental forces [50].

For a comprehensive fatigue assessment, wind and waves should be considered. Equations of motion

include many non-linear forces. For the tower, non-linear forces are vicious- and aerodynamic damping.

Moreover, the catenary mooring line movements are excited by non-linear forces. Due to these non-

linearities, one cannot treat the wind and wave loads on the structure separately. All combinations of

wind and wave loads must be analysed individually [26].

2.5.4. Dynamic response and lumping methods
With section 2.5.3, an explanation for the mooring line fatigue damage is given. However, finding a

theoretical-based lumping block method is not the goal of most reviewed studies. Due to the different

non-linear dynamic coupling fatigue loads, a purely theoretical-based lumping method is complicated

[48]. This section indicates the governing variables of the lumping block methods to create an accurate

lumping block method.

Low amplitude cycles and high amplitude cycles have a significant influence on fatigue damage

[44] [16]. Small significant wave heights produce low amplitude cycles of fatigue damage, while sea

states with high significant wave heights lead to high amplitude cycles of fatigue damage. Without

the low and high amplitude of the cycles, the representative sea state will underestimate the total

damage. In a robust lumping method, the created underestimation must compensate. A correction

factor which correlates the fatigue damage to the spectral wave energy should correct it. In section 2.3.3,

this correction factor is given as 𝜁. The factor 𝜁 couples the spectral wave energy to the corresponding

damage [48].
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Another important correction factor is the probability, 𝑝𝑘 , in equation 2.38. As described in sec-

tion 2.5.3 and figure 2.19, the main contribution to fatigue comes from waves that occur most frequently:

The spectral moments of representative sea states are the weighted average spectral moments of original

sea states.

𝑚0𝑟 𝑗 =

(∑𝑛 𝑗

𝑘=1
𝑚𝜁𝑚

0𝑘
𝑝𝑘
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(∑𝑛 𝑗

𝑘=1
𝑚𝜁𝑚

2𝑘
𝑝𝑘

𝑝𝑟 𝑗

) 1

𝜁𝑚 (2.38)

The proposed lumping block methods are simulated and tested in dominantly narrow-banded wave

spectra, leaving the impact of the width of the wave spectrum unclear. The methods aim to construct

a robust and efficient alternative for the computationally expensive time domain fatigue calcula-

tions. A robust way of modelling must be applicable and reliable in all possible sea states, including

extreme wavelengths, non-linear waves, and dynamic amplification caused by the resonance frequencies.

In addition, the conclusions about the bounds of the lumping blocks are contradictory. Some studies

state the bounds of peak periods when lumping have little or no influence on assessment accuracy

[9]. In contrast, more recent studies indicate the choice of lumping block borders significantly impacts

the reliability of the lumping block methods [48] [20]. The explanation for the different conclusions

probably lies in the mooring lines’ stress spectrum and resonance peaks.

A lumping block method depends significantly on the mooring line’s stress spectrum. The stress or

tension in a mooring line is a time-dependent variable. Moreover, it has a high amplification factor

around the natural frequencies. The dependence of the wave period bounds likely depends on the

natural frequencies of the floater. Since the dynamic amplification influences the fatigue damage, the

relevance of accuracy caused by the impact of the boundary of the lumping period block should be

correlated to the shape stress spectrum.
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2.6. Research gap and questions
This thesis aims to investigate fundamental knowledge about fatigue in the mooring lines of a floating

offshore wind turbine. Mooring line fatigue analysis is dominated by frequently occurring wave

frequencies. Although floating wind turbines are a popular topic, it is unclear if the impact of single

outliers in wave period or wave height on the damage should be considered. The effect of uncertainty

in wave period with the corresponding wave load in modelling fatigue is unclear too. To understand

fatigue in the mooring lines of floating offshore wind turbines, gaining fundamental knowledge

is essential to learn about sea wave behaviour and the resulting forces and motions. Moreover, it

should clarify their impact on modelling to discover the effect of these extreme environmental parameters.

For practical applications, the design heavily relies on simulations. The most basic, time or fre-

quency domain simulations give good results but are respectively computationally expensive or

unreliable for mooring lines. Lumping block methods are promising in saving computational time with

reliable results to develop fatigue models. The challenge is finding a general way applicable to broad

wave spectra and scatter diagrams. Or to determine the bounds when these methods are not applicable.

It is important to note that a broad wave spectrum results in greater fatigue damage in a mooring line

than a narrow wave spectrum, while the 𝑇𝑝 in these spectra could be the same. This leads to the main

research question of this thesis:

What are the accuracy bounds of a lumping block method when considering resonance periods, probability of
sea state occurrence, large wave height and periods, and narrow and broad wave spectra?

The lumping block method should be robust, efficient and accurate enough to reduce the computational

time in fatigue damage calculations. The approach aims to slightly overestimate the fatigue damage,

which means a maximum of 5% overestimation compared to the original comprehensive time domain

simulations. Hence, the technique should be safe for engineering practices. The objective is an efficient

method appropriate for the early design stage approach within this maximum range. The method of

Song is the examined lumping block method.

In addition to the main question, we focus on three sub-questions. For the first one, we want to

know which main 𝐻𝑠 and 𝑇𝑝 components contribute in a narrow-banded wave scatter diagram to the

fatigue in a mooring line. Besides testing a lumping block method, we will indicate the multiplication

factor appropriate to transform an irregular sea into a regular wave with the same fatigue characteristics

for fatigue life.

1 Does the proposed simulation method of Song aim to transfer a narrow banded wave spectrum into a single
harmonic wave with equivalent properties for fatigue in a mooring line?

This question answers topics about time reduction, the possibilities to decrease the number of time

simulations, the total simulation time reduction and the reliability of the proposed methods. In addition,

it indicates what the practical application is.

The second sub-question is about broad wave spectra. The first goal is to test an existing reliable lumping

block method in extreme sea conditions.

2 What is the impact of a more broad wave spectrum with non-linear waves on the reliability of the chosen
concept for different boundaries of the lumping period?

In answering the second sub-question, the method’s reliability in extreme sea conditions is tested,

focusing on outliers in wave period, non-linearities and irregularity of waves. The wave input must be a

changing wave spectrum from a narrow spectrum to a broad spectrum. The effect of spreading in wave

periods is analyzed by changing the input data for the mooring line design. This way, more knowledge

about the effects of variations in the wave period, like extreme wave periods and the non-Gaussian

behaviour of the response, should be discovered. In addition, the representative sea states should

indicate the fatigue damage represented per wave sea state. Since dynamic amplification influences

fatigue damage, the relevance of accuracy caused by the impact of the boundary of the lumping period

block should be correlated to the shape of the stress spectrum.
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The third sub-question should include a reliability check around the resonance peak of the floater:

3 Is the lumping block method reliable for wave periods around the resonance peak?

The answer clarifies how strongly the choice of wave parameters influences the estimated dynamic

performance of the FOWT. Besides, it answers if the wave frequencies act in the range of the natural

surge frequency and show the effect of misrepresenting these parameters.

Research questions
To summarize the previous section, the central question of this thesis is: What are the accuracy bounds

of a lumping block method when considering resonance periods, probability of sea state occurrence,

large wave height and periods, and narrow and broad wave spectra?

To answer the main question, three sub-questions need to be answered. Sub-question 2 is the leading

sub-question for the answer to the main question and receives the focus.

1. Does the proposed simulation method of Song aim to transfer a narrow banded wave spectrum

into a single harmonic wave with equivalent properties for fatigue in a mooring line?

• This question answers topics about time reduction, the possibilities to decrease the number

of time simulations, the total simulation time reduction and the reliability of the proposed

methods. In addition, it indicates what the practical application is.

2. What is the impact of a more broad wave spectrum with non-linear waves on the reliability of the

chosen concept for different boundaries of the lumping period?

• By differentiating the boundaries in the period range, the effect of spreading in 𝑇𝑝 is analyzed

for the mooring line design. In addition, the fatigue damage can be accurately represented

per wave sea state.

3. Is the lumping block method reliable wave periods around the resonance peak?

• This clarifies how strongly the choice of wave parameters influences the estimated dynamic

performance of the FOWT. Besides, it answers if the wave frequencies act in the range of the

natural surge frequency and show the effect of misrepresenting these parameters.
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Methodology

To answer the research questions, several general steps must be taken. Section 3.1 explains the time

domain fatigue calculation procedure. After that, the system parameters are determined, such as

damping, simulation nodes and the resonance peaks of the mooring lines. These data put the results of

the research questions into perspective. Finally, the details are explained per sub-question.

3.1. Time fatigue domain assessment
For the fatigue calculation of mooring lines, it is essential to use time domain simulations. This

section explains the procedure. First, make a numerical model of the wind turbine and its mooring

lines. After that, simulate the time domain line movements based on generated wave data. The wave

data corresponds to a Jonswap spectrum and uses all the load cases from the scatter diagram in figure 3.4.

With this information, the dynamic analysis is made of the FOWT to obtain the tension response. The

stress ranges and the corresponding cycle numbers are obtained with the rain flow count algorithm.

Then the correct T-N curve is used for the maximum number of possible cycles. Figure 3.1 visualizes

the whole procedure. Simulating for the complete scatter diagram and the lumped simulations are

comparable since the lumped method gives representative values for 𝐻𝑠 and 𝑇𝑧 .

𝐷𝑎 =

𝑘𝑠𝑟∑
𝑖=1

365 × 24 × 3600 × 𝑝𝑘
𝑇𝑘
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𝑁 (𝑆𝑖)

𝐷 =
∑
𝑘

𝐷𝑎 =
∑
𝑘

∑
𝑖

365 × 24 × 3600 × 𝑝𝑘
𝑇𝑘

𝑛 (𝑆𝑖)
𝑁 (𝑆𝑖)

(3.1)

Equation 3.1 shows the annual calculation of the total damage on behalf of the individual fatigue

damage from all of the considered stress ranges. 𝑝𝑘 is the occurrence probability of 𝑘𝑡ℎ sea state. This

equation divides the annual damage by the duration time of the 𝑘𝑡ℎ sea state: 𝑇𝐾 . Finally, the total

damage for long-term conditions is obtained by summing 𝐷𝑎 overall sea states in the scatter diagram.

Ultimately, the damage is summed up until the total lifespan of 25 years is reached.

3.1.1. Numerical model
This thesis uses OrcaFlex to model the fatigue, corresponding dynamic forces, and damping in the

mooring lines [13]. The University of Maine created and validated a numerical model, the "UMaine

VolturnUS-S Semisubmersible Platform", which will be used in the case study [2]. Chapter 4 explains

the details of the case study, including the numerical model.
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Figure 3.1: Procedure of the time domain simulations for the original and lumped cases. The main goal of this study is to

compare both.
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3.1.2. Wave data
The simulation uses wave trains as wave data input. Each wave train defines the direction and has its

spatial and time origins. The spatial start is specified relative to the global frame, and the time origin is

specified relative to the global time origin. A Jonswap spectrum defines the wave trains.

Figure 3.2: Location of the passive Jotun oil field. An oil well on the southwest coast of Norwegian. The water depth is 125 𝑚.

Deep water and intermediate conditions apply at this place [40].

Jotun field
Figure 3.2 shows the location of the data input, the Jotun field. Although the Scotwind projects are

not located near this site, and since the goal is verifying the proposed model, only relevant wave

conditions matter. The water depth near the Jotun field is 125 𝑚. The diagram contains measurement

data extrapolated to 100-year wave data, and the data set does not account for swell. The input data is

shown in figure 3.4 and contains wave height, period and the probability of each combination/load

case. The wave height is indicated by the significant height 𝐻𝑠 . The wave period is described by the

mean zero crossing period 𝑇𝑧 .

Each wave train uses 𝐻𝑠 and 𝑇𝑧 as input from the scatter diagram, specified in figure 3.4, lead-

ing to 196 unique load cases. For the time domain simulations, 𝑇𝑝 must be used to set up the Jonswap

spectrum. Myrhaug and Kjeldsen link 𝑇𝑝 and 𝑇𝑧 via de spectral moments and shape parameters [37],

such that 𝐻𝑠 and 𝑇𝑧 are the input parameters. In addition, other shape parameters are kept constant,

𝜎1 = 0.07 and 𝜎2 = 0.09. Figure 3.3 shows the impact of a varying peak enhancement factor for a

constant 𝑇𝑝 and 𝑇𝑧 . This thesis let the peak enhancement factor differ between 𝛾𝑝𝑒𝑎𝑘 = 1, 3.3 and 6 while

keeping the same total energy.

(a) Shape of the Jonswap spectrum for 𝐻𝑠 = 7 𝑚 and the 𝑇𝑧 is held

constant.

(b) Shape of the Jonswap spectrum for 𝐻𝑠 = 7 𝑚 and the 𝑇𝑝 is held

constant.

Figure 3.3: Jonswap spectrum constant for 𝑇𝑧 and 𝑇𝑝 [8].
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3.1.3. Simulation time
For a proper dynamic simulation, the simulation time of each series must have sufficient run time. The

simulation period defines two consecutive stages. The main simulation stage(s) usually start with a

build-up stage, during which wave and turbine motions are smoothly ramped up from zero to full size.

The case study uses a build-up time of 10 𝑠 or the time of one wavelength if this is more pro-

longed. The simulation time of a single load case is 3600 𝑠 with a time step of 0.1 𝑠, which is at least

1/10th of the shortest natural period of motion for any degree of freedom in the model. The simulations

cover the frequency range between 0.02 𝐻𝑧 and 1.0 𝐻𝑧, which experts indicate as sufficient.

Figure 3.4: All sea states in the scatter diagram and the corresponding probabilities. 𝑇𝑧 is the mean wave period on the horizontal

axis, and 𝐻𝑠 is the significant wave height on the vertical axis. The white cells are zero cells. The coloured ones have a nonzero

value. Yellow indicates a low value; green indicates a higher value. The frame highlights 𝑇𝑧 and 𝐻𝑠 combinations, which

highlight the most frequent load cases, with a combined probability of 91% concerning the total scatter diagram.

3.2. The system
Before simulations can start, understanding the system’s behaviour is critical for interpreting the results.

First, the difference in the system’s damping with and without rotating blades. After that, the number

of nodes in the mooring lines is determined based on a trade-off between simulation time and sufficient

representation of the forces. Finally, mapping the resonance frequencies for the mooring lines is essential

for the total damage. The results and the figures are in section 5 and appendix A.

3.2.1. Damping coefficients
The rotation of the blades provides a damping component for the total movement of the system with an

order of magnitude of 10%. A free decay test is performed to determine the difference in damping for

rotating blades with a rotational speed of 5 rpm and a parked wind turbine. This is a test in which an

initial displacement is given to the floater, and then the time series of the movements are measured for

both situations. With equation 3.2, the damping coefficient, 𝜉, is calculated. 𝑥0 and 𝑥1 are the successive

positive or negative peaks in the time series.

𝜉 =
𝛿√

𝛿2 + (2𝜋)2
with: 𝛿 = ln

𝑥0

𝑥1

(3.2)

In this test, the turbine is excited 30 𝑚 in the sway and surge direction, 10 𝑚 in the heave direction and

10
◦

in the roll and pitch direction. The damping coefficient is expressed in percentages. A higher rate

means faster damping. With a damping of 100%, the movement is completely damped out within a

single cycle.

3.2.2. The number of nodes
The number of nodes strongly depends on the non-linear motions of the systems. If the non-linearities

in the system are not substantial, fewer simulation points result in accurate results, reducing the overall

simulation time required. The number of nodes depends on the sea climate and the type of floater, but

no rule of thumb exists. Therefore, a sensitivity study must clarify the number of nodes needed to

minimize the number. A general overview of nodes in a mooring line is given in figure 3.5.
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Figure 3.5: Nodes in a mooring line of a floating wind turbine depending on the wave climate and the type of floater. A

sensitivity study must define the number of nodes in the lines [41].

To model the mooring lines properly, nodes are applied in the mooring lines, and section 4.2 shows the

details of the nodes. The nodes model the movements of the line, subsequently, the forces of the line.

When increasing the number of nodes, more calculation points exist. Consequently, the reliability of the

simulation increases. The downside is a comprehensive calculation resulting in longer simulation time.

The goal of the sensitivity study is to find an optimum between the calculation time and the reliability

of the calculation.

To find an optimum number of nodes, the time series of the floater is simulated for the same wave

spectrum. A Jonswap spectrum with a simulation time of 3600 𝑠 and parameters 𝐻𝑠 = 2 𝑚, 𝑇𝑝 = 9 𝑠
is used due to the resonance of this period and the corresponding maximum forces (see section 5.1).

Figure 3.6 shows a time series of one of the simulations. These plots are made for a different number of

nodes, looking at the differences in the average tension and the maximum tension.

Figure 3.6: Time series of the tensions in the mooring over the time 𝑠. The y-axis displays the effective tension in 𝑘𝑁 . This is the

time series of the upper part of the mooring line, which expires the highest forces.

3.2.3. Response spectrum of the mooring lines
The tension spectra of the mooring lines are of great relevance for the reliability of the lumping methods.

At a constant wave height (𝐻𝑠 = 2 𝑚), regular waves with different periods are subjected to the floater.

Starting with a wave period of 1 𝑠, and increasing with 1 𝑠 to 20 𝑠 is reached. This way, the impact of a

single frequency is simulated. The peaks in the different spectra indicate the mooring line resonance

frequencies.
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3.3. Number of lumping blocks
The distribution of the lumping blocks in a wave scatter diagram could be divided randomly. For this

thesis, a lumping block is discretized, starting in the top left corner and moving to the bottom right

corner with the same amount of rows and columns, making each block a square. The next block starts

after the boundaries of the previous block, so no overlap exists, and each sea state is transferred into a

lumping block. This way of lumping is chosen since a set of rules is needed for comparing the reliability

of different amounts of lumping blocks. Furthermore, this way of lumping is always the same, making it

easy to use for engineering practices. In addition, with this method, the sub-questions about resonance

and extremes can be answered. All the different lumping blocks used in this study are summarized in

table 3.1.

Table 3.1: Different lumping blocks with corresponding original sea states

Number of blocks Original sea states

57 2 x 2

29 3 x 3

14 5 x 5

8 7 x 7

4 10 x 10

1 18 x 18

Figure 3.7 shows an example of naming the blocks, specifically 4 lumping blocks with 10 x 10 original

cells as the input for the lumping block. Block11 is the block on the first row and first column, block12 is

the first row and second column etc. Each block is made up of an equal division of original sea states.

Block11 and block12 cover different cells. Block11 ecloses 100 (10 x 10) cells and block12 90. If the number

of cells from the scatter diagram doesn’t line up in the grid of the blocks, in this case, a 10 x 10 grid, the

blocks at the edges of the scatter diagram consist of fewer original cells.

Figure 3.7: Example of 4 lumping blocks which show the naming of the lumping blocks, block11 is the block on the first row and

first column, block12 first row and second column etc.

3.4. Subquestions
Sections 3.1 to 3.3 set the conditions for the research questions, this section focuses on the steps to

answer the questions and outline the differences.

Sub-question 1: Does the proposed simulation method of Song aim to transfer a narrow banded
wave spectrum into a single harmonic wave with equivalent properties for fatigue in a mooring line?
A Jonswap spectrum defines the narrow-banded spectrum with a peak enhancement factor of 6. Figure

3.3 shows 𝛾𝑝𝑒𝑎𝑘 = 6 as a concentrated and narrow spectrum. Resulting in less spreading in wave

frequencies and predominantly linear waves.

Initially, the base case is run according to the current way of simulating, in which the fatigue damage

of the complete scatter diagram is calculated with time domain simulations. Based on this, the total

damage is calculated, as described in section 3.1. The proposed method determines each block’s 𝐻𝑠𝑟 𝑗

and 𝑇𝑠𝑟 𝑗 . This is done for 57, 29, 14, 8, 4 and 1 lumping block(s). The lumped fatigue damage is calculated

based on time-domain simulations for these values. The damage from the lumping block method is

compared to the initial time domain calculations to assess reliability.
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Sub-question 2: What is the impact of a more broad wave spectrum with non-linear waves on the
reliability of the chosen concept for different boundaries of the lumping period?
A varying Jonswap spectrum defines the wave input for the scatter diagram for the second sub-question.

The broad spectra cause more outliers for the wave period. At the same time, a narrow band spectrum

could trigger the resonance more. The shape parameters 𝛾𝑝𝑒𝑎𝑘 and 𝛼 modify the number of frequencies in

the spectrum. 𝛾𝑝𝑒𝑎𝑘 is the best parameter to vary because it directly impacts the low and high-frequency

tail. The low frequencies are most relevant for this thesis. To see the impact of 𝛾𝑝𝑒𝑎𝑘 , 𝛼 must change to

keep 𝐻𝑠 constant. Barltrop and Adams developed an equation for 𝛼, equation 3.3 shows how this is

done [38].

𝛼 = 603.9

(
𝐻𝑠 ∗ 𝑓 2

𝑝

𝑔

)
2.036

(1.0 − 0.298 𝑙𝑛(𝛾𝑝𝑒𝑎𝑘)) (3.3)

The factor 𝛾𝑝𝑒𝑎𝑘 varies between 1, 3.3 and 6. To cover a broad, regular, and narrow sea spectrum. Then

the procedure is repeated, as in question 1, to test the reliability of each.

Sub-question 3: Is the lumping block method reliable for wave periods around the resonance peak?
Checking the reliability of the resonance blocks, the scatter diagram is divided into 57 blocks. The 5

𝑡ℎ

block in the row encloses the resonance frequencies. The reliability of the resonance is estimated at the

lumping block level.
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Case study

This case study verifies the proposed method. This section defines the spatial arrangement of the tower,

floater and mooring lines to specify the frame of this study. The wind turbine is an ’IEA Wind 15-

Megawatt Offshore Reference Wind Turbine’ designed by Gaertner et al. 2020 [15]. The tower supports

the nacelle mounted upon the University of Maine (UMaine) Volturn US-S reference semi-submersible

platform [2]. The Scotwind floating wind farm elaborates on this type of structure.

4.1. Wind turbine configuration
Tower and floater
The technical report of ’UMaine VolturnUS-S Reference Platform’ defines the floater in detail [2].

Figure 4.1 shows the general arrangement of the turbine and platform. The foundation is the most

frequently used semi-submersible recognizable by a triangle outer-shaped, four-columned structure.

This configuration is remarkable since the wind turbine stands at a column at the midpoint of the

triangle. After installation, the platform has a draft of 20 meters with a 15-meter freeboard.

Figure 4.1: This is the arrangement for the UMaine VolturnUS-S Reference Platform, the floater used for the case study [2].
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Mooring system
A total of 3 mooring lines moor the floating system. Each line is connected at the fairlead to one of the

platform’s three outer columns 14 m below the SWL. The lines use a ’R3’ chain with a nominal diameter

of 185 𝑚𝑚. The anchors are spaced equally by 120
◦

in the surge-sway plane. The maximal offset in this

reference plane is 25 𝑚. Figure 4.2 shows the mooring configuration.

Table 4.1 summarizes parameters for the floating system or the corresponding fatigue calculation. [2]

gives a total overview of the floating design and the parameters for the fatigue calculation.

(a) Mooring line arrangement. Spacing between the three mooring

lines and their allocation of place concerning the reference frame

of the FOWT.

(b) View perpendicular to the SWL of the FOWT and shows the

maximum - horizontal displacement 𝑥 and vertical displacement 𝑧.

Figure 4.2: The floater has three catenary mooring lines that keep the wind turbine in place, with a maximum offset of 25 𝑚
caused by LF cycles [2]

4.2. Numerical model
Tower and floater
The turbine is modelled with a finite element method (FEM). The prescribed dimensions of the turbine

are captured in the numerical model to simulate the motions of the floater. Orcina published the model

of this specific wind turbine [2]. The model can move in six degrees of freedom. The mooring lines are

attached to the pontoons with a 45
◦

corner, and the mooring lines are modelled as an external stiffness

matrix in the floater dynamics. Figure 4.3 shows the model.

Figure 4.3: The numerical model of the 15 𝑀𝑊 wind turbine developed by the university of Maine and the corresponding floater.

Every stripe shows a different node in the tower, blades, and floater of mooring lines. For this thesis, only the nodes of the lines

will be used [2].
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Table 4.1: Most important parameters for the floating system and the fatigue calculation [2].

Parameter Mooring system type Line Type Line Breaking strenth Chain diameter Slope tn curve (t)

Unit - - 𝐾𝑛 𝑚𝑚 -

Value Chain catenary R3 studlees mooring chian 22.286 185 3

Mooring lines
Figure 4.4 shows how the mooring lines are modelled into a finite element model as a set of nodes

attached to springs. The model segments only model the axial and torsional properties of the line. The

other properties (mass, weight, buoyancy etc.) are all lumped into the nodes, as indicated by the arrows

in the figure above.

A node is a short straight nod representing two half segments. Figure 4.4 shows each line seg-

ment is divided into two halves. The related properties like mass, weight and buoyancy are divided this

way. Forces and moments are applied at the node. The bending properties of the line are represented

by rotational spring dampers at each end of the segment, between the segment and the node. Since

different stiffness values can be specified, the line does not have axial symmetry [13].

Figure 4.4: With this model, the mooring lines are modelled in OrcaFlex. A line is modelled as rods attached with springs [13].

4.3. Dynamics of the floater
The floating dynamics impact the mooring damage to a great extent. The technical report of the

University of Maine did calculations for the dynamics of the floater [2].

First order transfer functions
Figure 4.5 shows the first-order wave excitation coefficients concerning wave frequency for a wave

heading of 0
◦
. The left picture shows the frequencies with a high excitation for surge and heave. The

right image illustrates the corresponding phase. The maxima and minima arise at the same frequencies

for the low frequencies.

(a) Magnitude of first-order wave translational excitations

of the floater for a wave heading of 0
◦
. With a maximum

for the surge: 6 𝑀𝑛/𝑚 around 0.18 𝐻𝑧

(b) Phase of first-order wave translational excitations of the

floater for a wave heading of 0
◦
.

Figure 4.5: RAO for surge and heave of the floating platform [2]
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Results

This thesis tests a lumping block method on accuracy in broad and narrow wave spectra as described

in section 2.2. The method aims to construct a robust and efficient way for the time domain fatigue

calculations of mooring lines in the early design stage of a FOWT. A robust way of modelling must be

applicable and reliable in all possible sea states, including extreme wavelengths, non-linear waves, and

resonance frequencies. Recent studies show the method’s good accuracy, and applicability for a North

Sea Jonswap spectrum [48].

This thesis varies the broadness of the wave spectrum driven by peak enhancement factor 𝛾𝑝𝑒𝑎𝑘 = 1,

3.3 and 6, resulting in broad, middle and narrow spectra, as shown in section 2.1.3 and section 3.1.2.

Moreover, the different wave spectra result in different extreme wavelengths, non-linear waves and

dynamic amplification caused by the resonance frequencies. To investigate the effect on the method’s

reliability and applicability in all sea states. The method’s reliability for different wave spectra is

validated by comparing the proposed numerical lumped time-domain simulations with the original

numerical time-domain simulations.

Figure 5.1: Side view for the mooring line arrangement. The figure defines the names/numbers of the mooring lines. The waves

travel purely in the x-direction. Mooring line 1 stands right against the waves, mooring lines 2 and 3 at an angle of 60
◦

compared

to the x-axis. Lines 2 and 3 are loaded symmetrically and thus have exactly the same damage.

Characteristics like aerodynamic damping, the number of mooring line nodes and the resonance

frequencies are simulated to understand the systems’ behaviour in section 5.1. Secondly, the fatigue

damage for different time domain simulations with varying peak enhancement factors is presented

39
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in section 5.2. Section 5.3 shows the calculation of 𝜁. The reliability of the lumping block method

for different peak enhancement factors is presented in section 5.4, besides showing the reliability of

resonance lumping blocks and concluding with the lumping methods’ pitfalls.

This thesis assumes the turbine is not exposed to windspeed or current, so only the accuracy of

damage calculations caused by wave impact is investigated. Furthermore, the waves travel only in the

x-direction. Moreover, the turbine is parked during the simulations. These assumptions are discussed

in section 5.5. Figure 5.1 shows in the top right the system’s reference. In addition, the figure defines

the numbering of the mooring lines. Mooring line 1 stands right against the waves, mooring lines 2 and

3 at an angle of 60
◦

compared to the x-axis.

5.1. The system
It is essential to understand the system to put the results in perspective. To this end, the differences

between the aerodynamic damping of a wind turbine with and without a rotating rotor are first

examined. The line dynamics and tensions are the main contributors to fatigue, see section 2.5.3. Hence

the damping impacts the damage significantly. In the second section, a sensitivity study tests the

number of nodes needed in the mooring lines for reliable results. The last section indicates the resonance

periods at which the mooring lines expire the most damage. Appendix A shows the detailed graphs of

the damping and resonance periods.

5.1.1. Damping coefficients
This section shows the difference in damping for a rotating wind turbine with a rotational speed of 5

rpm and a parked wind turbine with a free decay test for both situations. In this test, the turbine is

excited 30 𝑚 in the sway and surge direction, 10 𝑚 in the heave direction and 10
◦

in the roll and pitch

direction. Appendix A.1 shows all the figures. Each direction of movement shows two figures, first

the time series of movement and second the damping ratio at an amplitude, both for a rotating and

nonrotating rotor. The results show less damping for nonrotating blades. Since the case study uses a

parked turbine, the wave-induced damage found will, in reality, be lower than in this case study.

The two most noticeable differences are the surge and pitch movements. Figure 5.2 defines the

pitch damping coefficient as 2.5% higher for surge motions with rotating blades compared to the case

without rotation and almost no difference for sway motions. Figure 5.3 shows that the damping ratio is

10% higher for the pitch rotation, such that the pitch rotation after 100 seconds is almost damped, which

is visible in appendix A. There is practically no difference in damping for roll. The last two figures in

appendix A show the heave movement. Nearly no difference between the situations is measured.

Figure 5.2: Damping coefficients of sway and surge after a 30 𝑚 excitation. The damping coefficient for surge motion is 2.5%

higher for a rotating rotor than nonrotating blades.
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Figure 5.3: Damping coefficients of roll and pitch after a 10
◦

rotation. The damping coefficient for pitch motion is 2.5% higher for

a rotating rotor than nonrotating blades.

5.1.2. Number of nodes
The nodes model the movements of the line and, subsequently, the forces of the line. Section 4.2 shows

the details of the nodes. With this sensitivity study, this section aims to find an optimum between the

calculation time and the reliability of the calculation. For 10 different cases, the time simulations are

made. Figure 5.4 shows the normalized values for the simulated cases for mooring line 1, as the values

for mooring line 2 are similar. The case with 1700 nodes is the reference case because it accounts for the

maximum number of nodes possible in OrcaFlex.

Figure 5.4 shows the maximum, mean and minimum normalized forces for different nodes in the

mooring line. This figure visualizes force results around 1 for 49 and 57 nodes. Looking in detail at

the difference between 49 and 57 nodes, 49 nodes slightly underestimate the tensions, especially the

maximum values. Therefore the case study simulations are done with a node every 15 meters (57 nodes)

to ensure tensions are not over conservative and ensure the minimum simulation time.

Figure 5.4: The normalized values for the maximum, mean and minimum values according to a 1-hour time series at the midpoint.

The case with 1700 nodes is the reference case because it accounts for the maximum number of nodes possible in OrcaFlex.

5.1.3. Response spectrum of the mooring lines
The resonance peaks are of great relevance for the reliability of the lumping methods. Figure 5.5 shows

the maximum tensions for each wave period in the mooring lines. The highest peaks in the tension

spectrum occur for 9 and 10 𝑠, which are the resonance periods in the x-direction! In the case study, the

waves with these periods will contribute most to the total damage. Figure 5.5 shows the maximum

tensions for each wave period. The corresponding tension spectra are given in appendix A.2.
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Figure 5.5: For the different periods, the corresponding maximum tension from the tension spectrum. The maximum peaks lay

around 120 𝑒3 𝐾𝑛2/𝐻𝑧, for 𝑇 = 9 𝑠 and 10 𝑠. The spectral density values are not the exact values but are rounded up.

5.2. Time domain fatigue assessment
This section describes the most governing load cases for fatigue damage, a combination of the probability

of occurrence and the corresponding dynamics. In addition, these sections show how the damage ratio

within the scatter diagram changes for different peak enhancement factors, 𝛾𝑝𝑒𝑎𝑘 .

5.2.1. Probability
Figure 5.6 presents the input for the fatigue time domain calculation and zooms on the most frequently

occurring sea states. This section accounts for 91% of the probability of the total scatter diagram.

Figure 5.6: All sea states in the scatter diagram and the corresponding probabilities. 𝑇𝑧 is the mean wave period on the horizontal

axis, and 𝐻𝑠 is the significant wave height on the vertical axis. The white cells are zero cells. The coloured ones have a nonzero

value. Yellow indicates a low value; green indicates a higher value. The frame highlights 𝑇𝑧 and 𝐻𝑠 combinations, which

highlight the most frequent load cases, with a combined probability of 91% concerning the total scatter diagram.

5.2.2. Damage
Figure 5.7 shows the normalized fatigue mooring line damage according to time domain simulations,

waves from a Jonswap spectrum with a 𝛾𝑝𝑒𝑎𝑘 = 3.3 and a lifetime of 25 years. The total damage

normalizes the values. As expected from section 5.1.3, the most contributing load cases are 𝐻𝑠 : 3.5 -

6.5 𝑚 with 𝑇𝑧 : 8.5 - 10.5 𝑠 and contribute for 42% to the total damage. Since these load cases consist

of resonance periods combined with a relatively high probability of occurrence, these combinations

become the most critical for fatigue damage.

The periods above 11.5 𝑠 (12.5 - 16.5 𝑠) cumulatively comprise only 3% of the total probability of

sea state occurrence. Despite the low probability of occurrence, these periods contribute 12% to the total

damage. This example shows the relevance of correctly calculating load cases with wave periods above

11.5 𝑠. The reverse effect happens for the short wave periods, 3.5 - 7.5 𝑠, which have a probability of

occurrence around 30% and a contribution of 12% to the total damage. This emphasizes the presumption

of a significant impact for damage caused by long wave periods.
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Figure 5.7: Normalized damage per sea state for mooring line 1, with a 𝛾𝑝𝑒𝑎𝑘 = 3.3. Sea states 𝐻𝑠 : 3.5 - 6.5 with 𝑇𝑧 : 8.5 - 10.5

contribute 41.60% to the total damage. The white cells are zero cells. The coloured ones have a nonzero value. Yellow indicates a

low value; green indicates a higher value. The absolute values for the damage are for 𝛾𝑝𝑒𝑎𝑘 1, 3.3, 6, respectively: 0.0097, 0.0089

and 0.0098.

This thesis focuses on the impact of the different 𝛾𝑝𝑒𝑎𝑘 in the Jonswap spectrum, where 𝛾𝑝𝑒𝑎𝑘 = 1

represents a broad ocean spectrum, 3.3 a regular North Sea spectrum and 6 a narrow-banded spectrum.

Figure 5.7 shows the absolute damage of the different peak enhancement factors in the subscript. The

absolute fatigue damage, in reality, would be higher since the assumptions reduce the environmental

forces and only the wave-induced responses are considered in these results.

The values for the damage fit the expectation and are in the right order of magnitude. Besides,

the fatigue damage for 𝛾𝑝𝑒𝑎𝑘 = 3.3 is significantly lower than 𝛾𝑝𝑒𝑎𝑘 = 1 and 6. In general, the broadest

spectrum accounts for the highest total damage. However, due to the high probability of occurrence for

resonance periods, the damage for 𝛾𝑝𝑒𝑎𝑘 = 6 is slightly higher, which is explained by table 5.1.

Table 5.1 shows short wave periods, 3.5 𝑠 - 5.5 𝑠, have increasing relative damage for an increas-

ing 𝛾𝑝𝑒𝑎𝑘 . The middle wave periods, 8.5 𝑠 - 10.5 𝑠 which include the resonance frequencies, show

increasing relative damage for a rising 𝛾𝑝𝑒𝑎𝑘 . In the case of long-wave periods, 14.5 𝑠 - 16.5 𝑠, the opposite

effect arises, meaning the long-wave periods get more relevant when the wave spectrum broadens. This

finding aligns with the theory and is caused by a higher degree of extremes at 𝛾𝑝𝑒𝑎𝑘 = 1, which shows

the system’s behaviour for extremes in wavelength. Moreover, these results indicate the high wave

periods as relevant for the total damage. The sharper peak for 𝛾𝑝𝑒𝑎𝑘 = 6 explains the relatively high

damage as more waves around the resonance arise.

The relative damage due to the wave height has an equal distribution as the wave period in terms of

focus in the scatter diagram. 𝛾𝑝𝑒𝑎𝑘 = 1 has the lowest relative damage for the low wave heights. For the

high wave heights, the opposite distribution counts. The difference between wave height and length is

the equal distribution between the low, middle and high waves since the resonance periods have an

equal spread over the wave heights.

Table 5.1: 𝛾𝑝𝑒𝑎𝑘 and the relative damage ordered for short, medium and long wave periods and low, medium and high wave

heights. The relative damage is the damage concerning the total damage. Resonance occurs for the middle wave periods. The

’relative damage’ column gives the damage for all the wave heights in the indicated wave period range and vice versa the wave

height.

𝛾𝑝𝑒𝑎𝑘 Wave period (𝑠) Relative damage Wave height (𝑚) Relative damage

1 3.5 - 5.5 (Short) 0.20% 2.5 - 4.5 (Low) 27%

3.3 3.5 - 5.5 (Short) 0.22% 2.5 - 4.5 (Low) 30%

6 3.5 - 5.5 (Short) 0.27% 2.5 - 4.5 (Low) 31%

1 8.5 - 10.5 (Middle) 56% 5.5 - 7.5 (Middle) 39%

3.3 8.5 - 10.5 (Middle) 66% 5.5 - 7.5 (Middle) 42%

6 8.5 - 10.5 (Middle) 70% 5.5 - 7.5 (Middle) 43%

1 14.5 -16.5 (Long) 6.2% 12.5 - 14.5 (High) 5.8%

3.3 14.5 -16.5 (Long) 4.3% 12.5 - 14.5 (High) 3.9%

6 14.5 -16.5 (Long) 2.5% 12.5 - 14.5 (High) 3.2%
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5.3. Lumping block method
This lumping block method is characterized by factors 𝜁 and 𝛽 𝑗 . This section determines both parameters

for the UMaine VolturnUS-S Semi-submersible Platform. Moreover, 𝜁 depends mainly on the floater’s

shape, not the environmental conditions.

5.3.1. Zeta, 𝜁
𝜁 links the spectral wave energy to the cumulative damage and equation 5.1 shows how. The factor is of

great relevance for the lumped values and affects the accuracy of the method to a great extent. Figure

5.8 shows 𝜁 as an empirical parameter, which is the best-fitted regression line for the equation in the left

corner of this figure when plotting the cumulative fatigue damage to the spectral wave energy on a

logarithmic scale. 𝑚 is the slope of the t - n curve, and for this floating system, 3.

𝐷𝑎𝑘 = 𝑚𝜁𝑚
0𝑘

𝐷𝑎 𝑗 =

𝑛 𝑗∑
𝑘=1

𝐷𝑎𝑘 𝑝𝑘 =

𝑛 𝑗∑
𝑘=1

𝑚𝜁𝑚
0𝑘

𝑝𝑘
(5.1)

The lumping block method would be compelling if 𝜁 is constant for every floating system. Song sets

𝜁 = 0.67, for a square floater [48]. Simulating with this value overestimates the fatigue results by 15%

(section 5.4.1 gives more details), meaning 𝜁 must differ for every floating system to overestimate the

damage with a maximum of 5%. Fitting 𝜁 for each specific floater is a time-consuming task. Important

to mention is the perfect fit of 𝜁’s trendline in the article of Song.

An extensive series of time-domain simulations are plotted against the corresponding spectral wave

energy to determine 𝜁 for the UMaine VolturnUS-S Reference Platform. Figure 5.8 shows this logarithmic

relationship and solution, resulting in 𝜁 = 1.3774/3 = 0.46 with an error of 𝑅2 = 0.600. This value of 𝜁
will be used to determine the lumped fatigue damage in section 5.4.1. The values for mooring line 2 are

almost the same: 0.464 for line 1 and 0.468 for line 2.

Figure 5.8: Emperical determination of 𝜁, based on time domain simulations. 𝜁 = 1.3774/𝑚 = 0.46, for 𝑚 = 3. For all cases, for a

𝛾𝑝𝑒𝑎𝑘 = 3.3 and mooring line 1, 𝑅2 = 0.600.

Because of the low regression factor 𝑅2
, this thesis will also test the impact of a better-fitted trend line.

Since the spectral density energy depends on 𝐻𝑠 , the 𝐻𝑠 values with the highest contribution to the

total damage are considered. Section 5.2 shows 𝐻𝑠 2.5 to 9.5 𝑚 as the most governing cases responsible

for 87% of the total damage. Figure 5.9 shows the corresponding fit, resulting in 𝜁 = 1.1247/3 = 0.375.

Moreover, the corresponding error decreases to 𝑅2 = 0.901.
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Figure 5.9: Emperical determination of 𝜁, based on time domain simulations. 𝜁 = 1.1247/𝑚 = 0.375, for 𝑚 = 3. 𝐻𝑠 = 2.5 − 9.5 𝑚,

for a 𝛾𝑝𝑒𝑎𝑘 = 3.3 and mooring line 1, 𝑅2 = 0.901.

With the primary goal of constructing a robust and efficient lumping block method applicable for all sea

states, including varying 𝛾𝑝𝑒𝑎𝑘 , looking for a constant 𝜁 in all cases is essential. Otherwise, the lumping

block method does not save time.

Table 5.2: Overview of all empirical 𝜁-values simulated for different 𝛾𝑝𝑒𝑎𝑘 . The line in bold is the used values for the simulations

in the next part of this thesis. Although the 𝜁 fits different data points, the values are more or less similar.

𝛾𝑝𝑒𝑎𝑘 Line 𝜁𝑎𝑙𝑙𝑐𝑎𝑠𝑒𝑠 𝑅2 𝜁𝐻𝑠2.5−9.5 𝑅2

1 1 0.46 0.65 0.38 0.92

1 2 0.47 0.58 0.38 0.91

3.3 1 0.46 0.60 0.37 0.90
3.3 2 0.47 0.58 0.37 0.91

6 1 0.48 0.61 0.38 0.90

6 2 0.48 0.58 0.38 0.91

Table 5.2 shows for different 𝛾𝑝𝑒𝑎𝑘 the corresponding 𝜁. Only minor differences in 𝜁 occur for the

different mooring lines and 𝛾𝑝𝑒𝑎𝑘 . This makes the hypothesis to construct a robust and accurate method

with a single 𝜁 more plausible. Although the 𝜁 for the mooring line 2 is similar to mooring line 1 in the

three cases, the regression factor is slightly lower. The line in bold will be used in the next sections for

the lumped damage simulations, where it is first determined which of the two values for 𝜁 is used. In

addition, this table indicates 𝜁 depends mostly on the shape of the floater since the square-shaped floater

results in a 𝜁 = 0.67 [48], and this triangle-shaped floater in 𝜁 = 0.46 [2]. While different environmental

conditions, like in table 5.2, keep 𝜁 almost the same.

5.3.2. Beta
As the theory in section 2.3.3 mentions, 𝛽 𝑗 is a correction factor for the representative wave height and

makes the method of Song a bit more conservative. Equation 5.2 shows 𝛽 𝑗 as a multiplication factor for

𝐻𝑠𝑟 𝑗 . Figure 5.10 indicates the order of magnitude for 𝛽 𝑗 , with a theoretical maximum of 1.031 for 𝑚 = 3,

and asymptotic progress to 1. 𝛽 𝑗 depends on the number of nonzero original sea states in a lumping

block and therefore could differ for each block. This case study has a maximum of 196 nonzero cells for

one lumping block resulting in 𝛽 𝑗 being 1.002. So this factor increases the representative wave height

between 0.2% and 3.1%.

𝐻𝑠𝑟 𝑗 = 4.00𝛽 𝑗
√
𝑚0𝑟 𝑗 (5.2)
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Figure 5.10: 𝛽 𝑗 against the number of nonzero cells in a lumping block. The red cross indicates the number of 196, the total of

nonzero cells in the scatter diagram. The used values of 𝛽 𝑗 in this case study are all left of the red cross.

5.4. Accuracy of the method
This chapter summarizes the most important results of this thesis. Figure 5.11 and 5.12 conclude using

𝜁 = 0.46, which will be used during the simulations. Besides, these figures show the similarities between

lines 1 and 2. Figure 5.13 indicates the reliability of the lumping method for different peak enhancement

factors. Next, the reliability of the resonance blocks is determined. With this knowledge, the pitfalls of

the method are explained. This shows that the lumping block method gives unreliable results for broad

wave spectra.

5.4.1. Lumped values
All the damage results are visualized relative to the base case: a full-time-domain damage calculation of

the scatter diagram. 𝜁 does not influence the base case, but the 𝛾𝑝𝑒𝑎𝑘 does. Therefore, three different

base cases exist for 𝛾𝑝𝑒𝑎𝑘 1, 3.3 and 6. Dividing the lumped block damage by the base case damage gives

the normalized damage. A normalized value of 1 is the same as the original time domain simulation.

Everything below 1 is an underestimation, and above is an overestimation of fatigue damage. This

thesis aims for a slight overestimation of the normalized value.

Determination of 𝜁
Figure 5.11 shows the reliability of the lumping block method for mooring lines 1 and 2 when the scatter

diagram is divided into 57 blocks for different values of 𝜁. 𝜁 = 1 shows the effect of leaving the factor

out and overestimating the damage by 17%, 𝜁 = 0.67 is the value for a square floater and overestimates

the fatigue damage by 13%. The previous section justifies 𝜁 = 0.46 and 𝜁 = 0.375, with normalized

lumped values of 11% and 10%, respectively.

Figure 5.11: Impact of 𝜁 = 1, 0.67, 0.46, 0.375, for a 𝛾𝑝𝑒𝑎𝑘 = 3.3. The blue blocks show mooring line 1 and the orange ones line 2.

This is a visualization of 57 blocks. In conclusion, the reliability increases with a better fit of 𝜁. In addition, the accuracy for

mooring lines 1 and 2 are comparable.
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In conclusion, the impact of zeta is significant for the method’s accuracy with an improvement of 7%

compared to the situation without 𝜁. In addition, a 𝜁 determined for a square floater overestimates

the damage by 2-3% compared to the damage calculation with 𝜁 for a tringle-shaped floater. With a

difference of 1%, it is unclear whether 𝜁 = 0.46 or 0.375 is better to use. Besides, this graph visualizes

the minimal difference between lines 1 and 2, which applies to all situations. Therefore the following

charts show only line 1.

Figure 5.12 enlarges the differences between 𝜁 = 0.375 and 0.46. 𝜁 = 0.375 shows better reliabil-

ity for the small block sizes: 57, 29 and 14. However, the accuracy for 4 lumping blocks drops to a

normalized value of 0.85. While 𝜁 = 0.46 has normalized damage values of 1.11, 1.07, 1.04 and 0.95. In

conclusion, 𝜁 = 0.46 gives better-lumped values than 𝜁 = 0.375 and will be used in the rest of the study.

The next paragraph indicates the differences between both.

Figure 5.12: Difference between 𝜁 = 0.46 and 𝜁 = 0.375. Mooring line 1, 𝛾𝑝𝑒𝑎𝑘 = 3.3.

Reliability per block for different 𝜁
By disregarding the wave height above 9.5 𝑚 to better fit the dominant load cases, the representative

values 𝐻𝑠𝑟 𝑗 and 𝑇𝑧𝑟 𝑗 differ. Table 5.3 shows the impact per block and the differences in 𝐻𝑠𝑟 𝑗 and 𝑇𝑧𝑟 𝑗 .
Surprisingly, the newly fitted 𝜁 underestimates 𝐻𝑠𝑟 𝑗 for the part included in the fit of 𝜁. Figure 5.9 shows

an error for 8.5 and 9.5 𝑚, the misfit in these load cases is too significant, leading to an underestimation

of 𝐻𝑠𝑟 𝑗 , and subsequently an underestimation of the damage shown in the relative damage column.

Table 5.3: The first two columns expresses the 𝐻𝑠𝑟 𝑗 and 𝑇𝑧𝑟 𝑗 for the lumping blocks for 𝜁 = 0.375 and 𝜁 = 0.46. The third gives the

difference between the first and the second column. The damage column shows the relative damage of the lumping block

compared to the original time-domain simulations of the cells in the corresponding block. The last column gives the probability

for a block. In conclusion, the difference in 𝐻𝑠𝑟 𝑗 leads to the difference in relative damage. Block11 and block21 cover the

resonance frequencies. The names of the different blocks are shown in figure 5.16. A high first number indicates a large wave

height, 𝐻𝑠 , and a high second number indicates a long wave period, 𝑇𝑧 .

𝜁 = 0.375 𝜁 = 0.46 Difference Damage Probability

𝐻𝑠𝑟 𝑗 𝑇𝑧𝑟 𝑗 𝐻𝑠𝑟 𝑗 𝑇𝑧𝑟 𝑗 𝐻𝑠𝑟 𝑗 𝑇𝑧𝑟 𝑗 𝜁 = 0.375 𝜁 = 0.46

Block 11 3.70 8.93 3.90 9.00 -0.20 -0.07 0.88 1.03 89.9%

Block 12 5.73 12.03 5.88 12.04 -0.15 0.00 0.66 0.72 9.6%

Block 21 11.23 9.94 11.25 9.93 -0.02 0.01 1.04 1.05 0.2%

Block 22 11.42 12.43 11.44 12.42 -0.03 0.02 0.84 0.96 0.3%

The lower 𝜁 ensures too low values for the representative 𝐻𝑠𝑟 𝑗 . The ’damage’ column in table 5.3 shows

𝜁 = 0.46 gives a good estimation for the most critical damage load case, block11. Subsequently, the under-

estimation of damage of total damage could be attributed to the difference in block11. This result shows

that the miscalculation in 𝐻𝑠𝑟 𝑗 contributes to underestimating the total damage. In addition, the differ-

ence in𝐻𝑠𝑟 𝑗 for block21 and block22 is almost none since these blocks have a low probability of occurrence.

The equations for representative spectral wave energy in section 2.3.3 show the multiplication of

the probability of sea state 𝑘 by the spectral wave energy. Since the chance of a wave height above 9.5 𝑚
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is 5% of the total, the effect on the total damage is almost not measurable. Although the reliability for

block12 is better for 𝜁 = 0.46, the accuracy is poor. Section 5.4.3 explains why.

The reliability of the lumping block method for different 𝛾𝑝𝑒𝑎𝑘
Figure 5.13 shows the reliability of the damage calculation for the 𝛾𝑝𝑒𝑎𝑘 1, 3.3 and 6 and a changing

number of lumping blocks. For a peak enhancement factor of 1, the reliability decreases from 1.11 for 57

blocks to 0.78 for one lumping block. The reliability for 𝛾𝑝𝑒𝑎𝑘 3.3 starts at 1.11 and decreases to 0.90 for a

single lumping block. The method is reliable for a peak enhancement factor of 6, as the relative dam-

age stays at or above 1: 1.12, 1.08, 1.07, 1.01, 1.00 and 1.01. With𝐻𝑠𝑟 𝑗 = 4.26𝑚 and𝑇𝑧𝑟 𝑗 = 9.59 𝑠 for 1 block.

This graph shows that the reliability improves for an increasing 𝛾𝑝𝑒𝑎𝑘 . Moreover, the lumping

block method for 𝛾𝑝𝑒𝑎𝑘 = 1 is unreliable, caused by the decreasing pattern of the reliability with a

decreasing number of blocks, visualized by the blue bars in figure 5.13. The reliability decreases linearly

and does not become asymptotic. This conclusion also remains if the method is extended by adding a

parameter 𝛽 as Song proposed. For 𝛾𝑝𝑒𝑎𝑘 = 3.3, the lumping method slightly underestimates the fatigue

damage, especially for 1, 4 and 8 blocks.

Song focuses on a 𝛾𝑝𝑒𝑎𝑘 = 3.3 and does receive reliable results [48], while this study slightly un-

derestimates the damage. This study’s slight underestimation of the damage is due to the worse fit

for 𝜁, as explained in section 5.3.1. For this specific floater, it is possible to make the results reliable by

increasing 𝜁. However, it is not an elegant way to improve reliability by reverse engineering. However,

it could be helpful in engineering practice about this specific floater.

Figure 5.13: The fatigue damage calculation reliability of a lumping block method for 𝛾𝑝𝑒𝑎𝑘 : 1, 3.3 and 6 for different numbers of

blocks, relative to time domain calculations of the scatter diagram. "1" at the x-axis corresponds to the same fatigue damage as the

time-domain fatigue calculation. The lumping block methods underestimate the fatigue damage below one and overestimate

above 1. The figure shows good reliability for a 𝛾𝑝𝑒𝑎𝑘 of 6 and poor accuracy for a 𝛾𝑝𝑒𝑎𝑘 of 1.

Reliability per block for different 𝛾𝑝𝑒𝑎𝑘
The reliability for this lumping block method relies on a high extent to 𝜁. The last section shows accurate

results for 𝛾𝑝𝑒𝑎𝑘 = 6, but poor results for 𝛾𝑝𝑒𝑎𝑘 = 1. Differences in 𝜁 cannot explain this difference in

reliability since the fitted values are the same and the regression of the data points have the same error

for all 𝛾𝑝𝑒𝑎𝑘 , as shown in table 5.1. To clarify the difference, this section focuses on the difference per

block leading to the underestimation of the model, and section 5.4.3 relates the physics to the lumping

block model.

Table 5.4 indicates the accuracy for 8 lumping blocks per lumping block. The "time-domain" col-

umn expresses the fatigue of the cells from the original scatter diagram that fall in a given lumping

block relative to the total time-domain fatigue damage. In the "lumped" column, the lumped damage

values of a lumping block are given relative to the fatigue damage of the corresponding original cells in

the scatter diagram.
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Table 5.4: The lumping block values for 𝛾𝑝𝑒𝑎𝑘 1, 3.3 and 6, block31 only has zero values and are not shown. The "time-domain"

column expresses the damage of the cells from the original scatter diagram that fall in a given lumping block relative to the total

time-domain fatigue damage. In the "lumped" column, the lumped damage values of a lumping block are given relative to the

fatigue damage of the corresponding cells in the original scatter diagram. The lines in bold highlight the main difference between

𝛾𝑝𝑒𝑎𝑘 1 and 6. Block12, block22 and block32 cover the resonance frequencies. The names of the different blocks are shown in figure

5.16. A high first number indicates a large wave height, 𝐻𝑠 , and a high second number indicates a long wave period, 𝑇𝑧 .

𝛾𝑝𝑒𝑎𝑘 : 1 3.3 6

Relative damage to: Time-domain Lumped Time-domain Lumped Time-domain Lumped

block11 0.11 0.92 0.12 0.93 0.11 0.91

block12 0.44 0.95 0.50 0.99 0.52 1.07
block13 0.00 0.89 0.00 0.94 0.00 0.89

block21 0.01 1.07 0.01 1.11 0.01 1.00

block22 0.40 0.67 0.34 0.91 0.34 0.96
block23 0.02 0.73 0.02 0.77 0.01 0.68

block32 0.02 0.70 0.01 0.85 0.01 1.07

block33 0.00 0.97 0.00 1.14 0.00 1.08

Section 5.2 explains a higher relative contribution for higher wave periods to total damage when the

𝛾𝑝𝑒𝑎𝑘 decreases. In addition, table 5.3 and 5.4 emphasize the lumping block method’s low reliability for

calculating the representative fatigue damage for lumping blocks with long wave periods, especially for

a 𝛾𝑝𝑒𝑎𝑘 = 1. The "lumped" column indicates the reliability for 𝛾𝑝𝑒𝑎𝑘 = 1, block22 is 0.3 lower compared

to this block with 𝛾𝑝𝑒𝑎𝑘 = 6 and highlights why the lumping method is unreliable for 𝛾𝑝𝑒𝑎𝑘 = 1. Or

the other way around, the lumping block method shows better results for the blocks with short wave

periods than those with long wave periods. While in contrast, the long wave period blocks contribute

more and more to the total damage for a decreasing peak enhancement factor. Figure 5.16 shows the

configuration of different amounts of blocks.

This difference is visualized in figure 5.14 and 5.15. Instead of the lumped values, the error is

plotted: ’1 - relative lumped damage’. These figures demonstrate the increasing error for more relevant

blocks for a 𝛾𝑝𝑒𝑎𝑘 = 1, compared to a 𝛾𝑝𝑒𝑎𝑘 = 6. Where blue is the contribution to the damage, a higher

bar contributes more to the damage. The red bars indicate the error, and a more significant error

corresponds to a high bar.

Figure 5.14: Damage relative to the total time-domain in blue and the error of the lumped damage relative to the corresponding

damage from the cells in the original scatter diagram in red, a negative error means an overestimation of the damage. Block12,

block22 and block32 cover the resonance frequencies. The contribution to the damage of block22 increases. Furthermore, the error

compared to the 𝛾𝑝𝑒𝑎𝑘 = 6 increases, resulting in an unreliable lumping block method for 𝛾𝑝𝑒𝑎𝑘 = 1.
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Figure 5.15: Damage relative to the total time-domain damage in blue and the error of the lumped damage relative to the

corresponding damage from the cells in the original scatter diagram in red, a negative error means an overestimation of the

damage. Block12, block22 and block32 cover the resonance frequencies. The impact of block22 decreases compared to 𝛾𝑝𝑒𝑎𝑘 = 1,

and more importantly, the error decreases, resulting in a reliable lumping block method for 𝛾𝑝𝑒𝑎𝑘 = 6.

(a) The names for 8 different blocks. (b) The names for 14 different blocks.

Figure 5.16: The names and layout of the different blocks. The first digit indicates the row, and the second number indicates the

column. A high first number indicates a large wave height, 𝐻𝑠 , and a high second number indicates a long wave period, 𝑇𝑧 . The

coloured ones have a nonzero value. Yellow indicates a low value; green indicates a higher value.

5.4.2. Resonance and lumping methods
This section expresses the reliability of the lumping block methods around the resonance peaks for the

mooring lines. Section 5.1.3 shows resonance peaks for 9 and 10 𝑠. Lumping the scatter diagram in

57 blocks, the 5
𝑡ℎ

block of every row encloses the resonance periods. Figure 5.17 and 5.18 visualize

the difference between the reliability of the damage for the "resonance blocks" and the other blocks

normalized with the damage from the scatter diagram for the 𝛾𝑝𝑒𝑎𝑘 1 and 6. The blue bars in figure

5.17 correspond to the resonance blocks only, and the orange bars to the average reliability of the other

blocks in the row. So the average of the first row encloses block11 to block14 and block16 to block19, and

disregards the zero-blocks.
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Figure 5.17: Relative damage for 57 lumping blocks and a 𝛾𝑝𝑒𝑎𝑘 = 1, normalized by the damage from the original sea states. Blue

shows the relative damage for every resonance block. The orange bars express the average reliability of the other lumping blocks

in the row. So the average of the first row encloses block11 to block14 and block16 to block19, and disregards the zero-blocks.

These figures show the lumping block method for the resonance blocks overestimates the lumped

damage up to 30%. Furthermore, the difference between the average and resonance blocks is significant

and increases for an increasing 𝐻𝑠 . Both figures show a similar course of the overestimation of the

damage. The blocks with a low wave height, block15 to block35, overestimate the fatigue damage less

than the blocks with an increasing wave height. The overestimation of both peak enhancement factors

is comparable.

The overestimation for the resonance periods explains the overestimation in the 57 and 29 blocks

results in figure 5.13. Since these configurations isolate the resonance frequencies leading to too

conservative lumping damage results.

Figure 5.18: Relative damage for 57 lumping blocks and a 𝛾𝑝𝑒𝑎𝑘 = 6, normalized by the damage from the original sea states. Grew

shows the relative damage for every resonance block. The yellow bars express the average reliability of the other lumping blocks

in the named row. So the average of the first row encloses block11 to block14 and block16 to block19, and disregards the

zero-blocks.

The overestimation of the damage around the resonance blocks is due to the determination of 𝐻𝑠𝑟 𝑗 in the

lumping block method. The lumping method overestimates the representative wave height to aim for a

slight overestimation of the damage. Since the damage is positively correlated to 𝐻, an increasing 𝐻
always results in higher damage. Moreover, the non-Gaussianity of the mooring line response caused by

non-linear waves is positively related to the wave height [55]. Meaning an increasing wave height results

in a higher level of non-Gaussian response. Subsequently, the increasing wave height results in more

fatigue damage. This results in additional overestimation at higher wave heights or non-linear character

of damage at resonance. Thus a slight overestimation of 𝐻 leads to a substantial overestimation of

the corresponding damage, resulting in an increasing overestimation for block55 to block85 since 𝐻𝑠 is

higher for these blocks.
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5.4.3. Pitfall lumping method
Section 5.4.1 and specifically figure 5.13 indicates the lumping methods for a peak enhancement factor

6 as reliable and with a factor of 1 unreliable. This section explains this difference by relating the

physics to the lumping block model. Table 5.4 zooms in on the differences per block for 8 lumping

blocks. In particular, the blocks from the second column (block22 and block32) have poor reliability

for 𝛾𝑝𝑒𝑎𝑘 = 1. Table 5.5 overviews 29, 14 and 8 blocks for the specified blocks that enclose 11.5 - 15.5

𝑠 and the corresponding relative damage. The damage for these wave periods significantly differs

between 𝛾𝑝𝑒𝑎𝑘 1 and 6. Especially the blocks with a wave height above 6 𝑚 have an unreliable pattern

for 𝛾𝑝𝑒𝑎𝑘 = 1. These lines are highlighted in bold.

The poor reliability for the resonance blocks cannot declare these unreliable results, especially not

the difference between 𝛾𝑝𝑒𝑎𝑘 1 and 6 since both have the same poor pattern, as shown in section 5.4.2.

Moreover, the resonance wave periods are seconds below these cases.

Table 5.5: For a different amount of lumping blocks, the reliability for the blocks which enclose wave period 11.5 - 15.5 𝑠. The

values are normalized by the damage for the cells in the original scatter diagram. The bold lines have a 𝐻𝑠 above 6 𝑚 and show an

unreliable pattern. The names of the different blocks are shown in figure 5.16. A high first number indicates a large wave height,

𝐻𝑠 , and a high second number indicates a long wave period, 𝑇𝑧 .

29 blocks 14 blocks 8 blocks

Lumped 1 Lumped 6 Lumped 1 Lumped 6 Lumped 1 Lumped 6

block14 1.05 1.07 block13 0.95 1.00 block12 0.95 1.07

block24 1.01 1.06 block23 0.77 0.91 block22 0.67 0.96

block34 0.93 1.07 block33 0.79 0.92 block32 0.70 1.07

block44 0.92 1.06 block43 0.83 1.04

block54 0.95 1.14

block64 1.06 1.13

For the explanation of the difference, damage-increasing environmental circumstances are critical.

Firstly, combining long-wave period and wave height is essential for underestimating the damage and is

visible in the first row of table 5.5. Block14, block13, and block12 give good representations of the damage,

while the accuracy decreases for a higher 𝐻𝑠 . The unreliable results for a broad wave spectrum are

caused since 𝛾𝑝𝑒𝑎𝑘 = 1 contains more non-linear waves than 𝛾𝑝𝑒𝑎𝑘 = 6. For increasing 𝐻𝑠 and non-linear

sea states, the skewness and kurtosis of the mooring line response spectrum increase [55], creating

more outliers in tension which results in greater fatigue damage and explaining the differences in the

accuracy of the lumping block method between 𝛾𝑝𝑒𝑎𝑘 1 and 6.

In addition, two other wave spectrum parameters increase the misfit in the lumping block method’s

reliability. Table 5.1 shows the large wavelengths and heights increase in relevance for fatigue calculation

with a decreasing 𝛾𝑝𝑒𝑎𝑘 , section 5.4 concludes with the method’s poor reliability for long wavelengths. In

addition, the damage increases with a growing number of frequencies in the wave spectrum, caused by

more non-linearities of the waves. These environmental circumstances happen for a 𝛾𝑝𝑒𝑎𝑘 = 1 spectrum.

Since these conditions increase the damage compared to a narrow wave spectrum, the proposed method

underestimates the representative wave height and period. Therefore the model underestimates the

damage above the resonance frequencies.

This leads to the conclusion that the used lumping block method has unreliable results for a spectrum

with a large frequency spread, such as a spectrum with a 𝛾𝑝𝑒𝑎𝑘 = 1. Generally, the model decreases in

reliability when the broadening of a wave spectrum causes damage-increasing conditions.

The blocks in table 5.4 are not those with the longest wavelengths. Moreover, the blocks with

the longest wavelength score better on reliability. These blocks at the end of the scatter diagram are

more likely to have a small number of original cells since these blocks enclose a lot of sea states with

zero probability. This is visible in figure 5.16. If a lumping block consists of a few original sea states,

like 1, 2 or 3, the accuracy is around 100%. Since the representative values are (almost) the same as the

original time domain simulations, the damage calculation from the model will be the same. Moreover,

these blocks have less impact on the total damage due to the low probability of occurrence.



5.5. Assumptions 53

In conclusion, the relatively high likelihood of events for waves between 11.5 - 15.5 𝑠, their increasing

relevance for a low 𝛾𝑝𝑒𝑎𝑘 and the shortcomings of the lumping method at these spectral parameters

ensure that not the longest wavelengths but the wavelengths just above resonance underestimate the

fatigue damage and ensure the method is not reliable in those cases.

5.5. Assumptions
This section indicates the assumptions for the case study, with the primary goal to focus and conclude

only on the reliability of the lumping block method. Moreover, the results can be assigned to a single

wave-induced load case. Firstly, the only environmental force is wave-induced, so no wind and current

forces are exposed to the wind turbine. In addition, only a one-directional wave spectrum is used for

the wave input, so there is no directional spreading. Besides, the wave spectrum only consists of wind

waves, so there is no swell, and the environmental conditions besides wind are constant and zero. Lastly,

the turbine is parked. This section explains the impact of these assumptions.

Wind and waves
The surge response of the floater is the main contributor to mooring line damage. Waves, wind and

currents will contribute to this movement. Since the wind and current are constant and zero in the

simulations, the corresponding calculations underestimate the damage compared to reality. This chapter

gives insights into the effects of these assumptions.

Below rated wind speed, the surge motions are mainly dominated by the wind, and waves barely

contribute to the motions. However, these low wind speed fatigue contribution from wind-dominated

load cases is minimal compared to the wave-dominated load cases. At rated wind speed, the total thrust

force is maximal. Subsequently, the surge motion is the highest wind-wave combination and is mainly

surge resonance induced. The low-frequency waves are dominant for the wave-induced force at rated

wind speed. The motions are wave-induced for wind speed above rated wind speed, with the extreme

wave and the surge resonance as most critical for damage. The fatigue is wave dominated, resulting in

greater damage if the wave height increases [55] [27].

Generally, the corresponding wind damage is mainly dominated by the low-frequency turbulent

wind-induced response for wind speed closest to the rated wind speed. Compared to rated wind speed

during operational conditions, the mooring line damage caused by wind becomes smaller for both

lower and higher wind speeds when waves stay constant [55].

In general, when exposed to wave-only conditions, the fatigue damage of the mooring line is proportional

to wave height. For any load case with constant windspeed, fatigue damage increases with increasing

wave height. Increasing wind speed above the rated windspeed for a given wave height and period

decreases fatigue damage [51].

In conclusion, wind-induced movements contribute significantly to the damage of the mooring

lines. Disregarding the wind forces leads to an underestimation of the total fatigue. However, the

majority of the wind-induced motions are approximately Gaussian. Leading to fewer outliers caused by

wind, meaning the wind-induced motions are better predictable than the non-Gaussian wave-induced

responses [27].

Multi-directional wave spectrum and swell
The case study of this thesis considers frequencies corresponding to the Jonswap spectrum with waves

from one direction. Meaning wave frequencies (WF) and some low frequencies (LF) are considered.

However, this thesis disregards swell (extremely low frequencies) and the multi-directional wave

spectrum. By disregarding the directional spreading, the damage in the lines can be assigned to a single

wave load case. This thesis does not include swell since almost no swell exists in large parts of the North

Sea [6]. This section will explain the impact of those assumptions.

Comparing multi-directional waves with a single-directional wave for 6-DOFs, generally concludes the

single-directional wave is over-predictive for the resulting responses. However, in some movement

directions, the damage increases for a multi-directional wave spectrum like the yaw direction. Though
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the damage to mooring lines mainly depends on surge response, a single-directional wave spectrum

will turn into larges responses and, subsequently, greater damage. This is because more extremes occur

when the waves come from a single direction. Considering only single-directional waves is, therefore,

an overestimation of reality. [1]

WF and the LF both add to the total damage. If the associated damage is separated, it turns out

that the WF-induced damage in most directions is dominant for mooring line fatigue when considering

waves from a Jonswap spectrum. However, the LF provides a greater damage contribution for all

rotational movements and the heave direction. The WF is dominant in the leading damage directions,

like the surge response, caused by the higher probability. Despite the total damage is reduced by

excluding swell. The most contributing frequencies are included. Considering the Jonswap spectrum

for the case study means low-frequency waves exist but no swell. Changing the peak enhancement

factor of the Jonswap from 1 to 3.3 leads to a reduction of 20% in low-frequency waves and goes up

to 40% for the extreme cases of 𝛾𝑝𝑒𝑎𝑘 = 6 or 7. Concerning only one-wave direction is a conservative

assumption for total damage [1].

Current
This section indicates the effects of disregarding the current forces. Fatigue in the mooring lines due to

current is partially caused by the (constant) force of the flow but mainly caused by the Vortex-Induced

Motion (VIM) from current eddies [54]. As the draft of a floater increases, the contribution from VIM

fatigue damage can become a governing factor for mooring design.

Current could be a governing design criterion for places like the Gulf of Mexico and Offshore West

Africa. However, for North Sea practices, the fatigue corresponding to the current force is minimal

since the current flows are negligible. Subsequently, the VIM is not present. Therefore disregarding the

current in this thesis has little impact on the results [54].

Rotor movement
In addition to disregarding the wind and current force, the turbine is parked. This section indicates the

impact of the nonrotating blades. A rotating turbine ensures damping in the surge direction. Section

5.1.1 explains the missing damping for the parked turbine, resulting in less surge movement and, thus,

mooring line damage.

In addition to the motion damping, the tower expires damage due to the blade passing (3P) ef-

fect in operational conditions. For tower damage, this is a critical factor in the total damage. However,

the blade passing effect does not affect the damage in the mooring lines. Also, the 1P blade effects impact

the damage in the tower but have no impact on the floater and mooring line dynamics [4]. Therefore,

this assumption does not affect the mooring line damage.
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5.6. Relevance for fatigue modelling
The results of this thesis conclude on the accuracy bounds of Song’s lumping block method. It turns out

that the model’s reliability decreases when the broadening of a wave spectrum causes damage-increasing

conditions, like outliers in wave period and non-linear and irregular waves. Besides the proposed

method of Song, there are many other methods to simplify and speed up fatigue calculations. Based on

studies and this thesis, this chapter indicates the most critical parts for simplifying a fatigue calculation

method in general. The main points are the response’s Gaussianity and the waves’ non-linear behaviour.

Gausiannity
Skewness and kurtosis characterize the non-Gaussianity of the response. Section 2.5.2 defines those

measures and gives the values for a Gaussian distribution. Positive skewness indicates a longer tail on

the right side, and positive kurtosis accounts for a peaked course with heavy tails. Both positive values

result in a response with many outliers compared to neutral values with the same variance.

Xu et al. describe the Gaussianity of the mooring line response for a semi-submersible floater in

different environmental circumstances for linear and non-linear waves [55]. When considering linear

waves only, the skewness and kurtosis of the response spectrum will increase slightly for load cases

above rated wind speed.

However, including non-linear waves, the skewness and kurtosis factors of the surge response spectrum

multiply with a factor of 2 compared to only linear waves. This leads to high non-Gaussianity due to

wave non-linearity in combination with increasing wave height, resulting in higher extreme tension

from the fully non-linear waves. Therefore, linear wave theory underestimates tension response when

the waves become large. Moreover, mooring line tension tends to be quite non-Gaussian at large sea

states, while other environmental response processes appear to be quite Gaussian [55].

Nonlinearity
The previous section shows the non-Gaussian behaviour for the non-linear wave-induced surge response.

This section explains the connection between the non-Gaussianity of the response and fatigue cal-

culations by comparing purely linear wave and wave spectra with non-linear waves exposed to the FOWT.

For small sea states, the differences between in or excluding non-linear waves are negligible. Both

situations result in the same mooring line tension. For increasing wave heights, the linear waves under-

estimate the fatigue calculation significantly compared to non-linear waves, and the underestimation

increases significantly with increasing wave height. When considering only wave force, the surge motion

and mooring line tension are underestimated by approximately 25% and 25%, respectively, compared to

situations with non-linear waves. Leading to a 50% underestimation in mooring line damage [55].

The non-Gaussiannity of the wave response increases with a higher degree of non-linearity and

increasing wave heights. Furthermore, mooring line tension tends to be non-Gaussian at large sea states,

with an increasing non-Gaussianity for a rising wave height and non-linearity, leading to more mooring

line fatigue damage when the wave height increases. The results are the same for a rotating and parked

turbine

In conclusion, considering non-linear wave kinematics is critical for maintaining the correct line

tension in designing and analyzing mooring lines for FOWT, especially for high wave heights. Remark-

able since other response processes appear to be quite Gaussian, for example, wind-induced motions,

leading to primarily linear motions and tensions.

Thesis results
The results of this thesis emphasize the explanation from the literature of the behaviour between

(non-)linear waves and the corresponding (non-)Gaussian response. The main differences in this thesis

arise as the wave spectrum becomes wider and the waves become higher, both effects producing

non-linear waves. The thesis results also show a significant difference in damage calculation for the

lumping method, for a higher demand of non-linear waves and an increasing wave height, leading to a

significant underestimation of the corresponding fatigue damage.
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Table 5.5 shows poor damage calculation results for an increasing wave height and a broad wave

spectrum. Both parameters lead to more non-linear waves, resulting in non-Gaussian behaviour of the

surge response of the floater. The skewness and kurtosis of the response spectrum increase, which leads

to an increased chance of outliers of the response and, thus, the forces in the mooring lines. The outliers

significantly influence the fatigue outcome and predictability. Table 5.5 shows the differences between

𝛾𝑝𝑒𝑎𝑘 1 and 6. The main reason for the underestimation is caused since the proposed lumping block

method does not properly consider these outliers, making the method unreliable for broad wave spectra.

This example emphasizes the most important criteria for simplifying mooring line fatigue simu-

lations: the non-linear waves leading to non-Gaussian responses of the mooring lines. Both the reference

paper and this thesis show that this can lead to an underestimation in fatigue calculation between 25%

and 50% comparing linear to non-linear simulations. While the other environmentally induced forces,

like wind and constant current, result in Gaussian mooring line response, the wave-induced tensions

lead to non-Gaussian mooring line responses and tensions.

Especially non-linear waves with an increasing wave height, the non-linear wave-induced motions are

the most critical parameter to consider for reliable fatigue calculations. They must be taken into account

for simplifying fatigue mooring line calculations. Based on this research, it is recommended to calculate

the load cases above a specific wave height based on regular time domain simulations and to simplify

everything below this wave height and the combination with other environmental forces.



6
Conclusion

This thesis tests a lumping block method on accuracy in broad and narrow wave spectra. The

method aims to construct a robust and efficient alternative for the computationally expensive time

domain fatigue calculations of mooring lines in the early design stage of a Floating Offshore Wind

Turbine. A robust way of modelling must be applicable and reliable in all possible sea states, including

extreme wavelengths, non-linear waves, and dynamic amplification caused by the resonance frequencies.

Recent studies show the lumping block method’s good accuracy and applicability for a North Sea

Jonswap spectrum, which is rather narrow-banded. This thesis varies the broadness of the wave

spectrum to investigate the effect on the method’s reliability and applicability in all sea states. The

method’s reliability for different wave spectra is validated by comparing the proposed numerical lumped

time-domain simulations with the original numerical time-domain simulations.

As explained in the following paragraphs, the main conclusion of this thesis is that applying the

lumping block method in broad wave spectra leads to severe limitations.

Fatigue assessment
The long wavelengths cause relatively more fatigue damage for broad wave spectra than the same

waves with a narrow banded spectrum. The long waves barely contribute to the total damage in the

narrow-banded wave spectra. The middle wavelengths, which include the resonance frequencies,

contribute even more to the total damage compared to the same waves in a broad wave spectrum, as

shown in table 5.1.

Generally, the literature indicates a broad wave spectrum will cause more damage to mooring line

fatigue than a narrow spectrum, especially for a sea scatter diagram with a high probability for extreme

wave periods. On the other hand, damage due to resonance frequencies is larger than in short and long

wave periods. Since the likelihood for these frequencies in the narrow-banded wave spectrum is higher,

a narrow-band spectrum leads to greater total mooring line damage.

The thesis results show that, in general, one cannot indicate if wave-induced responses from a

broad or narrow-banded spectrum cause more total damage since the difference in absolute damage

between both spectra depends on the spread in wave periods and the corresponding probability over

the scatter diagram.

Resonance and lumping methods
As shown in section 5.4.2, the lumping block method has poor reliability for the resonance frequencies.

The method overestimates the corresponding damage from 10% for low wave heights to 30% for high

wave heights, caused by the intended overestimation for the representative wave height 𝐻𝑠𝑟 𝑗 of the

lumping block method and the corresponding increase in non-Gaussian mooring line response, as

explained in section 5.6. Although resonance impacts the total fatigue damage in a narrow spectrum

more, the lumping method overestimates the damage in a broad and narrow spectrum in the same

order of magnitude.
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Wave spectrum and lumping methods
The main conclusion of this thesis is that the lumping method’s reliability decreases for the broadening

of a wave spectrum since it causes damage-increasing conditions, like extreme wave periods, more

frequencies in the wave spectrum and non-linear waves. The lumping block method underestimates the

damage for a broad wave spectrum. The reliability for a single lumping block is 20% lower for a broad

spectrum simulation than the same narrow wave spectrum simulation. Furthermore, for broad wave

spectra, the lumping block method systematically underestimates the mooring line’s damage for wave

periods above the resonance periods by 25% for the 4 and 8 blocked cases.

This is caused by the fact that the lumping block method has more accurate results for the blocks with

short wave periods than for those with long wave periods. In contrast, the long wave periods contribute

more and more to the total damage for a decreasing peak enhancement factor, leading to a consistent

underestimation of the mooring line’s structural damage for broad wave spectra. Furthermore, the

lumping method poorly simulates the damage for increasing frequencies in the wave spectrum, outliers

and non-linear waves. An increasing amount of non-linear waves and increasing wave height causes

many outliers in response since the kurtosis and skewness of the tension spectrum increase. This

influences the fatigue outcome and the predictability significantly, which explains the differences in the

accuracy of the lumping block method between 𝛾𝑝𝑒𝑎𝑘 1 and 6.

For a decreasing number of lumping blocks, the accuracy decreases linearly for a broad wave spectrum,

while the reliability stabilizes for a narrow spectrum. The method has no constant deviation in accuracy.

Therefore, the proposed lumping block method is unreliable for a broad wave spectrum. This conclusion

also remains if the method is extended by adding a parameter 𝛽 as Song proposed.

Nevertheless, the lumping method gives accurate results for damage calculation with a corresponding

narrow wave spectrum. The proposed method yields accurate but slightly conservative damage results.

The method has accurate results for the lines of a floater and is reliable and independent of the number

of lumping blocks. Therefore, the lumping block method is robust and efficient in fatigue calculations

of mooring lines for sea states corresponding to a narrow spectrum. Also, the results of this thesis

conclude that the lumping block method is safe and usable for significant parts of the North Sea since

only middle or narrow spectra exist. This confirms the existing literature.

Relevance for fatigue modelling
Besides the accuracy bounds for Song’s method, the case study emphasizes the critical parts for

reliable mooring line fatigue simulations. When simplifying or speeding up such calculations, correctly

calculating the non-Gaussian mooring line response is critical for accurate results. Increasing wave

height and non-linear waves increase the skewness and kurtosis of the surge response spectrum of

the floater. The increasing non-Gaussian behaviour leads to an increased probability of outliers of the

response and, thus, the damage in the mooring lines.

Moreover, environmental forces like wind and constant current result in Gaussian mooring line

response. In contrast, the wave-induced tensions for mooring lines lead to non-Gaussian responses and

tensions. The resulting response outliers are significant for the total fatigue damage and are difficult to

predict. Therefore the non-linear wave-induced motions are the most critical parameter for reliable

fatigue calculations and must be considered for simplifying fatigue mooring line calculations.



7
Discussion

This thesis concludes on the accuracy of a lumping block method’s applicability in different wave

spectra based on a comparison with comprehensive time domain fatigue assessment. Moreover, the

assumptions described in section 5.5 frame the results and show the included parts of comprehensive

fatigue time-domain simulations. The results of the original time domain simulations align with the

expectations since the absolute damage is in the correct order of magnitude, and the damage caused by

a varying peak enhancement factor corresponds to the physical change in wave height and period.

In addition, the results of the lumping block method simulations for the different wave spectra

are also in line with the theory. Firstly, a narrow spectrum yields accurate results, as described in other

studies. Besides, the model’s reliability decreases when the broadening of a wave spectrum causes

damage-increasing conditions, like outliers in wave periods and irregular waves.

The lumped fatigue results are normalized to compare and generalize the results with the origi-

nal time domain simulations. The 4 and 8 blocks cases gain the most insight by isolating the frequencies

above resonance, which indicates poor reliability for long wavelengths. The simulations are repeatable,

although slight differences arise within the Jonswap-generated waves.

To increase repeatability and reliability, more time simulations should be considered to determine 𝜁,

which links the spectral wave energy to the cumulative damage. This thesis only links sea conditions,

and the corresponding damage of one scatter diagram to fit 𝜁. Simulating a broader range of sea

conditions would improve the proposed results. This way, the factor becomes more confident, and

higher regression factors can be achieved.

Recommandations
Before getting a safe and efficient lumping block method for practical implementation, the method

must account for all environmental conditions. The results in this thesis show the method’s reliability

significantly decreases under extreme wave conditions. However, the results show the method’s accuracy

for narrow and middle-broad spectra. Several variables must be tested to validate the method under

all wave conditions and create a method applicable to all sea states. The following recommendations

emerge from this study.

Firstly, change 𝜁 to a parameter with a component that accounts for different wave spectra, such

that representative wavelengths above the resonance periods account for the number of frequencies in

the wave spectrum and the associated increase in non-Gaussian surge response. At the moment, 𝜁 is

of great interest for reliability, while the factor directly and only depends on the spectral wave energy

and, thus, on the wave height. Since the proposed method does not consider a changing wavelength

parameter, the effects are not included, leading to poor lumping block calculations if significant changes

occur. Changing the 𝜁 as proposed may make the method reliable for broad or changing wave spectra.
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Secondly, quantifying the non-linear relation between the wave period to the corresponding damage is

hard. The outlined problem can be solved by combining the lumping block with the original time domain

simulations for the broad wave spectra. Since a misfit in the wave period as input for the simulations

leads to enormous and varying errors for the resulting damage. In contrast, a misfit of wave height

only causes a constant and less severe error. Moreover, significant lumping method errors occur in load

cases with high wave heights and long wave periods. Therefore studying the effects for accuracy and

efficiency when calculating the inaccurate lumping load cases based on regular time-domain simulations

and lumping beyond and below these load cases is recommended. This combination ensures the criti-

cal non-Gaussian motions are included in the fatigue calculation and could still achieve serious efficiency.

The previous paragraph indicates an option to improve the accuracy of the lumping method by

combining the lumping block method and original time domain simulations. Of course, many ways of

lumping the scatter diagram could be possible to improve the method’s accuracy. Instead of blocking

based on equal grids, a promising method based on probability appears. This way, the lumping blocks

divide the scatter diagram, where each block has an equal probability of occurrence. Although this way

of lumping focuses less on the extremes in period and height, a more precise calculation will be made

for the most common load cases, which dominate the total fatigue. Generally, the arrangement of the

lumping blocks over the scatter diagram is an important recommendation.

In addition, this thesis focuses on a single wave direction without wind. Environmental condi-

tions where wave directions change and wind occurs do exist and change the mooring line damage

significantly. Literature indicates wind and wind-wave combination attributes to additional mooring

line damage. Although linear, this is a comparative environmental effect as the damage increases

through a broader spectrum. Therefore including wind force can lead to the same complications as this

study. In addition, an omnidirectional wave spectrum will impact the damage as well. After all, sea

states have multi-directional wave spectra, and the wind is usually present. Hence this follow-up study

will indicate if and how the lumping block method can be used for practical implementation.

A final check focuses on the parameters that affect the 𝜁. The results of this study suggest 𝜁 mainly

depends on the shape of the floater and not the environmental conditions. Follow-up research should

show how easy the lumping block method is to implement for other floaters and concludes on the

method’s genericity and power to use.
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A
The system

A.1. Damping coefficients
This appendix contains the graphs associated with free decay tests. The first two graphs belong to sway

and surge, figure A.3 and A.4 show the values for roll and pitch. The last two graphs belong to the

movements for heave.

Figure A.1: Damping of sway and surge after a 30 𝑚 excitation.

Figure A.2: Damping coefficients of sway and surge after a 30 𝑚 excitation.

69
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Figure A.3: Damping of roll and pitch after a 10
◦
.

Figure A.4: Damping coefficients of roll and pitch after a 10
◦
.

Figure A.5: Damping of heave after a 10 𝑚.



A.2. Response spectra of the mooring lines 71

Figure A.6: Damping coefficients of heave after a 10 𝑚.

A.2. Response spectra of the mooring lines
The maximum peaks lay around 120𝑒3 𝐾𝑛2/𝐻𝑧. The peaks from wave period 2-5 𝑠 are around 0.5𝑒3

𝐾𝑛2/𝐻𝑧. For the periods 6 - 11 𝑠, the peaks are in the range of 60−90𝑒3 𝐾𝑛2/𝐻𝑧 except for the resonance

peaks 9 and 10 𝑠. The peaks above 11 𝑠 decrease, for the 12 - 15 𝑠 periods the maximum tension lies

around 30𝑒3 𝐾𝑛2/𝐻𝑧, and the above 15 𝑠 the peaks are in the order of magnitude of 5𝑒3 𝐾𝑛2/𝐻𝑧. The

unit means is comparable to an impulse force times the force.

Figure A.7: Tension spectrum for a wave period of 9 seconds, with a peak of 2470 𝑘𝑁2/𝐻𝑧 at point 𝑓 = 0.111𝐻𝑧. For mooring

line 2.

Figure A.8: Tension spectrum for a wave period of 10 seconds, both peaks of 2386 𝑘𝑁2/𝐻𝑧 at point 𝑓 = 0.1𝐻𝑧. For mooring lines

1 and 2.


	Abstract
	Introduction
	Knowledge gap

	Theoretical background
	Wave theory
	Linear wave theory
	Long-term wave statistics
	Jonswap spectrum
	Impact wave spectrum on fatigue damage

	Fatigue
	Modeling of fatigue
	Palmgren-Miner rule
	Rain flow count method
	S-N Curve
	T-N curve

	Lumping load method
	Early adopters
	Jia
	Song

	Dynamic response of a FOWT
	Environmental loads
	Mooring loads
	Hydromechanics
	Equation of motion
	Stress spectrum mooring chain

	Fatigue in a floating wind turbine
	fatigue in tower, floater and blades
	Kurtosis and skewness of the stress spectrum of a mooring line
	Mooring line fatigue
	Dynamic response and lumping methods

	Research gap and questions

	Methodology
	Time fatigue domain assessment
	Numerical model
	Wave data
	Simulation time

	The system
	Damping coefficients
	The number of nodes
	Response spectrum of the mooring lines

	Number of lumping blocks
	Subquestions

	Case study
	Wind turbine configuration
	Numerical model
	Dynamics of the floater

	Results
	The system
	Damping coefficients
	Number of nodes
	Response spectrum of the mooring lines

	Time domain fatigue assessment
	Probability
	Damage

	Lumping block method
	Zeta, 
	Beta

	Accuracy of the method
	Lumped values
	Resonance and lumping methods
	Pitfall lumping method

	Assumptions
	Relevance for fatigue modelling

	Conclusion
	Discussion
	References
	The system
	Damping coefficients
	Response spectra of the mooring lines


