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Summary

For the offshore wind industry it is essential to further reduce costs to be competitive
to traditional energy resources. One of the options to achieve so is optimizing support
structure design. Using XL-monopiles allows for larger turbines, deeper water ac-
cess and consequently can provide for a more cost effective support structure. Within
this market, Energieonderzoek Centrum Nederland (ECN) operates with its in-house
developed software package to evaluate turbine responses. To further improve the
model, a better insight is needed in breaking wave impacts on structures.

This thesis is focused on developing an enhanced method to evaluate breaking waves
on monopile structures to identify the effect of slamming waves on XL-monopiles.
Based on wave tank measurements, a method to identify slamming wave impacts is
developed and tested. Later, those wave tank measurements are reproduced and the
identification method verified.

Wave tank experiments were carried out at the Atlantic Basin at Deltares within the
joint industry research project WiFi. For the experiments, two monopile scale models
were placed in the wave tank, both equipped with multiple load and pressure sensors.
During the tests the monopiles were exposed to series of wave trains, the irregular
wave trains with a total of approximately 5000 waves, created a large sample size
needed for the experiment. The wave measurements from the tank are analysed
numerically to identify breaking waves. In this thesis a slamming wave event definition
is proposed as follows:

• Front crest steepness 𝑆 should reach breaking limit

• The slamming impact of the wave should be more than 4 times the standard
deviation of the force time series

The numerical computations are carried out using the potential flow solver Ocean-
Wave3D to generate a sea state with comparable characteristics to the wave tank
measurements. At first, the generated sea state appeared to lack the necessary wave
height. By adjusting the input in the OceanWave3D program, a sea state was found
that matches the measurements. Wave energy dissipation is checked throughout the
measurements wave tank and compared to dissipation in the numerical model. It was
shown that both the wave tank and numerical model show resembling dissipation.

Hydrodynamic loading on the monopile foundation is assessed using the kinematics
obtained from the OceanWave3Dmodel. Several methods were combined to come to
the total wave loading. First the Morison approach was used to account for the non-
slamming part for the wave load. Using OceanWave3D, the force coefficients are
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vi Summary

calculated applying DNV guidelines. The second part, the slamming part of the wave
load, is obtained in multiple phases. First, based on the above mentioned slamming
wave criteria, wave steepness and impact forces, the individual waves are evaluated
and scored as potential slamming. Secondly, using conservation of momentum and
kinematics derived from OceanWave3D, the slam load is calculated. This slam load
is determined evaluating the impact velocity of all waves individually and added to the
Morison load if identified as slamming. Finally, when the calculated impact loads from
the numerical model are compared to the recorded loads in the wave tank measure-
ments, large similarity can be noticed.

After comparison of the developed slam load representation to the DNV method of
slam load estimation, the result is a less conservative slam load approximation. This
is due to the evaluation of slamming impact velocities per wave, opposed to the as-
sumption of a single impact velocity for the whole sea state. The results of this thesis
can further implemented in turbine response evaluation tools by ECN resulting in a
more optimized calculation model. It will enable the design of more (cost)efficient
XL-monopile structures.
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1
Introduction

1.1. Background
Global awareness of human induced climate change is rising. Governments and
corporations are investing more resources in the development of renewable energy
sources. Today, renewable energy represents only a small percentage of the total
power production. Within the 2015 Paris Agreements, many countries acknowledged
the complications of future climate change and agreed on reducing carbon emissions
40 % by 2030 [7]. Prior to the Paris climate summit, the Dutch government signed
agreements in 2013 moving towards a more sustainable future. The goal was set that
by 2020, 14 % [19] of the total energy consumption has to be generated by renewable
resources. This is planned to grow to 16 % in 2023. In pursuance of these goals, the
Dutch government aims to increase the national offshore wind energy production by
3450 MW in 2023, a boost of 345 % [19] compared to 2013. To safeguard the future
of offshore wind, it needs to be made more competitive compared to traditional fos-
sil fuel resources. Therefore, a large cost-reduction needs to be realised. From this
perspective it is essential to have maximisation of the yield and cost effectiveness.
Generally, a solution to achieve so, is to up-scale the wind turbines. Larger turbines
can generate more power output with the same amount of installed monopiles. While
many want clean and sustainable energy, the principle of not-in-my-back-yard pre-
vails. Consequently, the trend pushes the wind farms further offshore, where turbines
are constructed in deeper waters.

1.2. Problem statement
As mentioned earlier, the so called XL-monopiles are placed far offshore, preferably
on relatively shallow waters. On the banks, waves and swell come from deeper wa-
ters and rapidly enter shallow waters. The inclination of the seabed can result in the
waves to break at the bank [10]. Slamming of waves on the monopile can create
tremendously high loads, with added slam peak loads of 60 % [17] . The effects of
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2 1. Introduction

such high loading on thin-walled monopiles are yet uncertain under and modelling is
required to gain insight. To be able to properly asses the loading, a more in depth in-
sight is required for breaking waves. Therefore, this thesis will focus on analysing the
effect of breaking waves on XL-monopiles. From here, the following main research
objective for this thesis is derived:

Establish an enhanced breaking wave model to identify the effect of slam-
ming waves on XL-monopiles.

ECN uses its in-house software package Phatas to calculate environmental loads
on wind turbines. The computer program Phatas, ”Program for Horizontal Axis wind
Turbine Analysis and Simulation”, is developed for the time-domain calculation of the
dynamic behaviour and the corresponding loads on a horizontal axis wind Turbine.
Phatas is available as tool in the integrated wind turbine design package FOCUS6.
The program Phatas is in particular capable for the analysis of offshore turbines, by
having an improved model for tower dynamics which allows wind and wave loading
and motions of the tower base.

Opposed to the industry standard, where an embedded stream function defines a
single wave loading, ECN uses potential flow solver OceanWave3D to generate a
sea state with multiple steep waves. The individual waves are evaluated and poten-
tial slamming impacts are selected and used for calculation of impact forces on the
monopile. Subsequently, the slamming force is added as a rectangular impulse to
monopile.

It is unclear whether the method used by ECN suffices in accuracy, where overes-
timating the slam load could be the case. The potential flow solver OceanWave3D
predicts high particle velocities, resulting in high slam loads. This way, the slam load
will be accounted for two times ending up with overestimation.

Figure 1.1: Current calculation steps to determine slam load used by ECN.

1.3. Approach
The currently used method by ECN to evaluate slam load on monopiles, serves sim-
plicity but unfortunately lacks accuracy. The goal for this thesis is to enhance breaking
wave load estimates on XL-monopiles for ECNs in-house software PHATAS. To be
able to achieve this, the research is subdivided is the following sub-objectives:

• Analyse breaking wave conditions
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• Analyse breaking wave loads acting on monopile

• Analyse different methods to represent slam load

Using wave measurement data from wave tank tests performed for the joint industry
research project WiFi at the Atlantic basin with Deltares, slam load representation is
compared. The enhanced breaking wave model can later be used to be implemented
in ECNs in-house software Phatas.

Figure 1.2: Approach for thesis with steps to be undertaken.

1.4. Thesis outline
The thesis is structured as follows. After the general introduction and outline of the
problem in this chapter, Chapter 2 follows with a review of the applicable wave theo-
ries for this thesis. Furthermore, load calculation methods are proposed. Additionally,
the potential flow solver OceanWave3D is introduced, along with its working princi-
ples. Continuing with Chapter 3, the measurement data from the WiFi experiments
are analysed and presented. Moreover, here is the identification of the breaking wave
introduced. In Chapter 4 simulations performed in OceanWave3D are presented in
tables and graphs. The measurement data and simulations from OceanWave3D are
then compared and analysed in Chapter 5. Here, slam load calculations are done and
various representations are considered. Finally, the thesis concludes with suggested
recommendations.





2
Wave theory

Typically, when looking in wave loading on offshore structures, engineers are firstly in-
terested in kinematics of the waves. To gain better insight in the complexity of breaking
waves, the wave theory in this chapter is broken down in segments. Initially, the ba-
sics of wave generation are reviewed. Further on, breaking waves and wave loading
are addressed. Getting more close to the actual research objective, industry practices
are described and further explained.

2.1. Free surface waves
Looking at the ocean shows us a wide variety of waves. Numerous individual crest
heights and different wave periods can be observed. Throughout this section the origin
of different types of ocean waves are discussed. Depicted in figure 2.1 is the spectrum
of the different types of ocean waves. For this thesis we are mainly interested in waves
with a period of 10𝑠 and smaller. Hence, we focus on swell, wind waves and capillary
waves. These waves are generated by wind interaction on the water surface. The
smallest of the three, capillary waves, can be seen as small wrinkles and generally
cause only some sea spray. Due to their small energy level capillary waves will be
neglected in this research.
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Figure 1.1 Frequencies and periods of the vertical motions of the ocean surface (after Munk, 1950).
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Figure 2.1: Frequencies and periods of the vertical motions of the ocean surface [10].

As mentioned in the previous paragraph, wind waves are caused by wind interaction
on the ocean surface. Figure 2.2 shows three different stages of wind wave genera-
tion. Initially, friction between air and water will cause the generation of small wrinkles
on the ocean surface. Once more energy is transferred from the wind to the water, the
small wrinkles will start to evolve into substantial crests. The process of wave gener-
ation can continu until wind and wave have equal velocity, or until the wave reaches
maximum wave height. The so-called breaking limit marks the maximum crest height
of a wave in certain conditions. When the breaking condition is met, wave breaking
will occur.

Figure 2.2: Development of wind generated waves. As wind interact with the ocean surface, waves
grow to certain waveheigth and wavelength [10].

The validity of different wave theories have been intensely researched and the results
of several studies are depicted in figure 2.3. Later in this chapter these theories are
further elaborated on. The picture shows the applicability of the theories to certain
wave conditions. Other wave theories are discussed in upcoming sections. As can
be seen in figure 2.3, the theories, both linear and non-linear, are only valid up-to the
breaking limit 𝐻፛. In the upcoming paragraphs the different wave theories are further
analysed.



2.1. Free surface waves 7

DET NORSKE VERITAS

 Recommended Practice DNV-RP-C205,  October 2010
Page 27

3.2.3.5  To third order however, the phase velocity depends on

wave height according to 

For deep water , the formula simplifies to

Formulae for fluid particle displacement, particle velocity and

acceleration and sub surface pressure in a second-order Stokes

wave are given in Table 3-1. 

3.2.3.6  For regular steep waves S < Smax (and Ursell number

UR < 30) Stokes 5th order wave theory applies, ref. Fenton

(1985). A method for calculation of Stokes waves to any order

n is presented by Schwartz (1974) and Longuet-Higgins

(1985). The maximum crest to wave height ratio for a Stokes

wave is 0.635. 

Stokes wave theory is not applicable for very shallow water,

UR > 30, where cnoidal wave theory or stream function wave

theory should be used.

For UR ~ 30, both Stokes fifth order wave theory and cnoidal

wave theory have inaccuracies. For such regular waves the

stream function method is recommended.

3.2.4  Cnoidal wave theory
The cnoidal wave is a periodic wave with sharp crests sepa-

rated by wide troughs. Cnoidal wave theory should be used

when P < 0.125 and UR> 30. A cnoidal wave has crest to wave

height ratio between 0.635 and 1. The cnoidal wave theory and

its application is described in Wiegel (1960) and Mallery &

Clark (1972).

3.2.5  Solitary wave theory
For high Ursell numbers the wave length of the cnoidal wave

goes to infinity and the wave is a solitary wave. A solitary

wave is a propagating shallow water wave where the surface

elevation lies wholly above the mean water level, hence

AC = H. The solitary wave profile can be approximated by 

where . The wave celerity is . 

More details on solitary wave theory is given by Sarpkaya &

Isaacson (1981).

3.2.6  Stream function wave theory
The stream function wave theory is a purely numerical proce-

dure for approximating a given wave profile and has a broader

range of validity than the wave theories above.

A stream function wave solution has the general form

where c is the wave celerity and N is the order of the wave the-

ory. The required order, N, of the stream function theory is

determined by the wave parameters steepness S and shallow

water parameter P. For N = 1, the stream function theory

reduces to linear wave theory.

The closer to the breaking wave height, the more terms are

required in order to give an accurate representation of the

wave. Reference is made to Dean (1965 & 1970).

3.3  Wave kinematics

3.3.1  Regular wave kinematics

3.3.1.1  For a specified regular wave with period T, wave

height H and water depth d, two-dimensional regular wave

kinematics can be calculated using a relevant wave theory

valid for the given wave parameters. 

Figure 3-4
Required order, N, of stream function wave theory such that er-
rors in maximum velocity and acceleration are less than one per-
cent.

Table 3-1 gives expressions for horizontal fluid velocity u and

vertical fluid velocity w in a linear Airy wave and in a second-

order Stokes wave.

3.3.1.2  Linear waves and Stokes waves are based on perturba-

tion theory and provide directly wave kinematics below z = 0.

Wave kinematics between the wave crest and the still water level

can be estimated by stretching or extrapolation methods as

described in 3.3.3. The stream function theory (3.2.6) provides

wave kinematics all the way up to the free surface elevation. 

3.3.2  Modelling of irregular waves

3.3.2.1  Irregular random waves, representing a real sea state,

can be modelled as a summation of sinusoidal wave compo-

nents. The simplest random wave model is the linear long-

crested wave model given by

where Hk are random phases uniformly distributed between 0

and 2S��mutually independent of each other and of the random

amplitudes Ak which are taken to be Rayleigh distributed with

mean square value given by

S(Z) is the wave spectrum and  is the differ-
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Figure 2.3: The ranges of applicability of various wave theories and their range of applicability[5] .

2.1.1. Potential flow
Potential flow can be used to to describe the velocity potential in a fluid. The velocity
potential function 𝜙 is based on conservation of mass and momentum where the fluid
is assumed to be irrotational, incompressible and inviscid.

The particle velocities can be expressed as functions of space and time:

𝑢 = 𝜕𝜙
𝜕𝑥 , 𝑣 = 𝜕𝜙

𝜕𝑦 and 𝑤 = 𝜕𝜙
𝜕𝑧 (2.1)

The conservation of mass results in the continuity equation:

𝜕𝑢
𝜕𝑥 +

𝜕𝑣
𝜕𝑦 +

𝜕𝑤
𝜕𝑧 = 0 (2.2)

The continuity equation expressed in terms of the velocity potential:

∇ኼ𝜙 = 𝜕ኼ𝜙
𝜕𝑥ኼ +

𝜕ኼ𝜙
𝜕𝑦ኼ +

𝜕ኼ𝜙
𝜕𝑧ኼ = 0 (2.3)
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Equation 2.3 is called the Laplace equation.

Now the continuity equation is expressed in terms of 𝜙, the Momentum balance is to
be derived. Momentum balance for a fluid in z-direction is found as:

𝜕𝑤
𝜕𝑡 +

𝜕(𝑢𝑤)
𝜕𝑥 + 𝜕(𝑣𝑤)𝜕𝑦 + 𝜕(𝑤𝑤)𝜕𝑧 = −1𝜌

𝜕𝑝
𝜕𝑧 − 𝑔 (2.4)

Differentiation using chain rule gives us the following equation of motion:

𝜕𝑤
𝜕𝑡 +

𝜕
𝜕𝑧 (

1
2𝑢

ኼ + 12𝑣
ኼ + 12𝑤

ኼ) = −1𝜌
𝜕𝑝
𝜕𝑧 − 𝑔 (2.5)

After changing the order of differentiation in the equation of motion in 2.5, a constant
term for motions in 𝑥−,𝑦− and 𝑧− direction is found. This constant term forms the
Bernoulli equation:

𝜕𝜙
𝜕𝑡 +

1
2 [(

𝜕𝜙
𝜕𝑥 )

ኼ

+ (𝜕𝜙𝜕𝑦 )
ኼ

+ (𝜕𝜙𝜕𝑧 )
ኼ

] + 𝑝𝜌 + 𝑔𝑧 = 0 (2.6)

Equation 2.6 represents the Bernoulli equation for unsteady motion and in vector no-
tation takes the following form:

𝜕𝜙
𝜕𝑡 +

1
2|∇𝜙|

ኼ + 𝑝𝜌 + 𝑔𝑧 = 0 (2.7)

The equations explained above form the basis for wave modelling theories. In further
sections different interpretations are evaluated.

2.1.2. Linear wave theory
Regular ocean waves travelling in deep water can be characterised by linear wave
theory, often referred to as Airy wave theory. Airy wave theory gives a linearised
description of wave propagation on the free surface. It can be applied in sea state
modelling and describes the wave kinematics. Linear waves are based on potential
flow on amass balance equation andmomentum balance equation[10] and when both
are expressed as the velocity potential function 𝜙, it results in a Laplace and Bernoulli
equation respectively.

Filling out the kinematic boundary conditions at the surface and the bottom for the
Laplace equation in 2.3 the kinematic boundary conditions result in:

𝜕𝜙
𝜕𝑧 =

𝜕𝜂
𝜕𝑡 at 𝑧 = 0 (2.8)
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And for the kinematic boundary condition at the seabed:

𝜕𝜙
𝜕𝑧 = 0 at 𝑧 = −𝑑 (2.9)

As stated before, themomentum balance equations in 2.4 describe the Bernoulli equa-
tion and can be written in linearised form:

𝜕𝜙
𝜕𝑡 +

𝑝
𝜌 + 𝑔𝑧 = 0 (2.10)

The dynamic boundary conditions expressed in terms of the velocity potential:

𝜕𝜙
𝜕𝑡 + 𝑔𝜂 = 0 at 𝑧 = 0 (2.11)

Using the kinematic boundary conditions from 2.8, a solution for the Laplace equation
in 2.8 describes a harmonic propagating wave and its wave elevation:

𝜂(𝑥, 𝑡) = 𝑎 cos(𝜔𝑡 − 𝑘𝑥) (2.12)

where, 𝑎 represents the wave amplitude, 𝜔 wave angular frequency and 𝑘 the wave
number. This linear propagating wave is only valid for small amplitudes compared to
wavelength and water depth.

2.1.3. Stokes non-linear waves
When water becomes too shallow and waves become steeper, linear wave theory will
not apply anymore. As can be noted in figure 2.4, real waves differentiate in form from
to the earlier described cosine waves. A better approximation of the wave is found by
correcting the cosine wave profile. With correction factors in Stokes theory, the wave
profile is adjusted to be steeper and better fit the real wave profile. Stokes theory uses
the wave steepness 𝜖 = 𝑎𝑘 to describe the basic harmonics, so the harmonics for a
first order linear wave are written as:

𝜂(𝑥, 𝑡) = 𝑎 cos(𝜔𝑡 − 𝑘𝑥) = 𝜖𝜂ኻ(𝑥, 𝑡) (2.13)

A second order Stokes non-linear wave is then given as:

𝜂(𝑥, 𝑡) = 𝜖𝜂ኻ(𝑥, 𝑡) + 𝜖ኼ𝜂ኼ(𝑥, 𝑡) (2.14)

Which can also be described as follows:

𝜂(𝑥, 𝑡) = 𝑎 𝑐𝑜𝑠(𝜔𝑡 − 𝑘𝑥) + 𝑘𝑎ኼ cosh(𝑘𝑑)4 sinhኽ(𝑘𝑑)[2 + 𝑐𝑜𝑠ℎ(2𝑘𝑑)]𝑐𝑜𝑠[2(𝜔𝑡 − 𝑘𝑥)] (2.15)
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Figure 2.4: Linear cosine waves plotted with representation of a real wave [10].

Here the first term on the right-hand side represents the Airy wave and the left-hand
side forms the second-order Stokes correction. This second order Stokes wave is
symmetrical around the crest (horizontally) and vertically asymmetrical. In the equa-
tion is a second harmonic added to form the second-order Stokes equation. It can be
noted in figure 2.5 that the Stokes wave has a sharper crest and slightly flatter trough.

5.6 Nonlinear, permanent waves 141

Figure 5.13 The surface profile of a second-order Stokes wave.

the nonlinear boundary conditions. This gives the third-order Stokes correction,
which is also a bound harmonic and its wave length and period are a third of those
of the basic harmonic wave.11 The approximation can be expanded indefinitely, so
the Stokes theory can be developed to any degree of expansion to get (omitting the
dependence on x and t in the notation)

η = εη1 + ε2η2 + ε3η3 + ε4η4 + ε5η5 + · · · (5.6.6)

In practice the expressions become very complicated very rapidly.
In the stream-function theory of Dean (1965), as in the theory of Stokes (1847),

the velocity components and the surface profile are written in terms of a series of
harmonics (the number of harmonics determining the desired order of approxima-
tion) but the nonlinear basic equations are not solved with the velocity potential
but with another, closely related function: the stream function ψ . This function is
defined in a similar manner to the velocity potential function (but it exists only for

11 The surface profile of this third-order Stokes wave is almost identical to the surface profile of the trochoidal
wave in the theory of Gerstner (1802), which is easily constructed graphically as a trochoidal curve turned
upside-down (the motion of a point on the side of a wheel rolling over a horizontal surface). However, in the
trochoidal wave, the rotation of the water particles is opposite to what it should be; this is perhaps the reason
why this theory has not been generally accepted (see Lamb, 1932).
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Figure 2.5: Surface representation second-order Stokes wave [10].

Continuing with the Stokes equation presented in equation 2.15, more harmonics can
be added. Adding more harmonics enhances the approximation of the stokes equa-
tion; This will result in the following representation:

𝜂(𝑥, 𝑡) = 𝜀𝜂ኻ(𝑥, 𝑡) + 𝜀ኼ𝜂ኼ(𝑥, 𝑡) + 𝜀ኽ𝜂ኽ(𝑥, 𝑡) + 𝜀ኾ𝜂ኾ(𝑥, 𝑡) + ... (2.16)

2.1.4. Stream function waves
Another commonly used approximation of the wave profile is found by Dean[4] in his
stream function theory. Unlike the previous theories, the equations are not solved
using the velocity potential 𝜙, but rather using the stream function 𝜓.
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𝜕𝜓
𝜕𝑧 = 𝑢 (= 𝜕𝜙

𝜕𝑥 ) (2.17)

− 𝜕𝜓𝜕𝑥 = 𝑤 (= 𝜕𝜙
𝜕𝑧 ) (2.18)

Here, multiple higher order harmonic waves are added simultaneously which will fit
the dynamic boundary conditions perfectly. In the stream function the 2-D continuity
of the water mass is always guaranteed:

𝜕𝑢
𝜕𝑥 +

𝜕𝑤
𝜕𝑧 =

𝜕ኼ𝜓
𝜕𝑧𝜕𝑥 −

𝜕ኼ𝜓
𝜕𝑥𝜕𝑧 = 0 (2.19)

Equation 2.20 shows a solution of the stream function in genal form, where 𝑐 is wave
celerity and 𝑁 is the order of the wave theory. For instance, when 𝑁 = 1, the stream
function theory reproduces the linear wave theory.

𝜓(𝑥, 𝑦) = 𝑐𝑧 +
ፍ

∑
፧዆ኻ
𝑋(𝑛) sinh 𝑛𝑘(𝑧 + 𝑑) cos 𝑛𝑘𝑥 (2.20)

Both the wave theories of Dean and Stokes have limitations. Stream function waves
are applicable in shallow waters, whereas Stokes waves are suited for deep water
ocean waves. The validity and the ranges of the various wave theories are depicted
in figure 2.3.

The stream function describes the steep waves well, even for waves close to the
breaking limit. The closer to breaking limit of the wave, the more order terms 𝑁 have
to be added to have a accurate representation of the wave. Since a stream function
needs predefined input parameters such as wave height, peak period and water depth,
it is predominantly used to estimate extreme loads. To resemble a larger sea state,
the stream function wave is not ideal and therefore other theories more suited.

2.1.5. Breaking waves
Free surface waves are limited in height. When the maximum height is reached, the
wave will break and energy is dissipated form the wave. Over the years research is
done on the actual conditions of the free surface waves in which waves will tend to
break.

Longuet-Higgins [12] proposed a breaking wave criterium based on the gravitational
acceleration. According to Higgins, when the downward acceleration of a wave ex-
ceeds 0.5𝑔, the wave will break. This rather simple criterion is still used as a first
estimate for breaking waves. Further investigations were done by Williams [22] on
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limited amplitude waves. Where previous methods use a form of series expansion
which use many terms to describe the wave form accurately, Williams introduced a
specific crest term based on water depth and waves steepness. This drastically in-
creased the practical implementation.

As waves travel to more shallow waters, they become steeper. The height of depth
induced breaking waves is limited and collapsing occurs near the wave breaking limit.
Generally, four types of wave breaking can be recognised [9]; spilling breaker, plung-
ing breaker, collapsing breaker and surging breaker.

7.6 Breaking waves 243

Figure 7.23 The four main types of breaking waves (after Galvin, 1968). All
intermediate states may appear on a real beach.

at a certain coastal location, e.g., to formulate design conditions. The individual
wave height in an irregular (!) wave field in shallow water cannot exceed some
maximum Hmax , which can be roughly estimated from the local depth. The value
of Hmax is typically a factor 0.75 times the local water depth:14

Hmax/d ≈ 0.75 (7.6.1)

However, under exceptional conditions that factor may be as low as 0.5 or as high
as 1.5 (depending on the bottom slope and wave steepness, wind etc.; see Section
8.4.5).

Literature:
Battjes (1974a, 1974b), Fenton (1999), Galvin (1968), Harlow and Welch (1965), Hirt and
Nichols (1981), Iribarren and Nogales (1949), Lin and Liu (1999), Liu (2001), Nelson
(1994, 1997).

14 This ratio should not be confused with the ratio of maximum significant wave height over depth Hs,max/d,
which for wind sea over an extended horizontal bottom is approximately 0.45.
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Figure 2.6: The four main types of breaking waves [10]. a) spilling, b) plunging, c) collapsing, d) surging
waves.

To what type of breaker the wave is assigned, is dependant on a dimensionless pa-
rameter, the Iribarren number [1]. The Iribarren number shows the relation between
the sloping bed ratio and the wave steepness.

𝜉፛ = 𝑚
√ፇᑓ
᎘Ꮂ

(2.21)

where 𝐻፛ is the wave height at breaking, 𝑚 is the slope of the beach and 𝜆ኺis the
deep water wavelength. Based on equation 2.21, the breaking waves are qualified as
follows:

• Spilling - White water at the top of the crest and water will spill down at the front
of the wave. 𝜉፛ < 0.4
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• Plunging - Front face steepens until crest curls over the front face. 0.4 < 𝜉፛ < 2
• Collapsing - A combination of plunging and surging. Front face curls over as
short plunging breaker with splash-up. 𝜉፛ ≈ 2

• Surging - When wave runs up a steep beach, foam forms at beach surface.
𝜉፛ > 2

The peak force due to a breaking wave highly depends on the breaker type. The peak
force is significantly increased for a plunging breaking wave [3].

2.2. Wave loads on cylinders
Compared to wind and current loading, waves form the majority of the load undergone
by an offshore monopile. This high contribution in environmental loading underlines
the importance of a proper model for wave load calculation.

A cylinder is considered to be slender when the diameter of the structure is much
smaller then the wavelength of the incoming wave. For offshore monopiles this is the
case.

The wave forces acting on an monopile are the result of inertia and drag forces. Based
on Potential flow theory, the inertia force on a monopile can be deducted. In the inertia
force, the drag of the structure is neglected. The drag force is as found when you have
steady flow on a structure and is proportional to 𝑢ኼ and the cylinder diameter [11].

Based on the above, to be able to estimate the loads on a vertical cylinder, Morison
[14] superimposed the linear inertia force and the quadratic drag force to calculate the
force acting on the structure.

𝐹(𝑡) = 𝐹።፧፞፫፭።ፚ(𝑡) + 𝐹 ፫ፚ፠(𝑡) (2.22)

Which can also be expressed as follows:

𝐹፦(𝑡) = 𝐶፦𝜌
𝜋
4𝐷

ኼ𝑢̇(𝑡) + 𝐶፝
1
2𝜌𝐷𝑢(𝑡)|𝑢(𝑡)| (2.23)

where 𝐶፦ and 𝐶፝ are empirical coefficients for inertia and drag respectively, 𝑢̇(𝑡)water
particle acceleration and 𝑢(𝑡) the water particle velocity.

The inertia and drag components in equation 2.23 are 90∘ out of phase, this is due to
the phase shift between velocity and acceleration. The phase shift is shown in figure
2.7.

𝐶፦ and 𝐶፝ are empirical coefficients and can be determined in several ways [11] and
typical suggested values are given by design codes. Values for 𝐶፦ range from 1.5
to 2.0 and values for 𝐶፝ from 0.6 to 1.6. Important parameters to determine the right
values are the Keulegan Carpenter number (KC) and the Reynolds number.
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12.4. MORISON EQUATION 12-11

determine the coe¢cients without the use of computers. (Computers - if available at
all - were prohibitively expensive when he did his work.) His approach was suitable
for hand processing and depended upon the realization that when:
u is maximum, u̇ is zero so that at that instant, t1, F (t1) = FD and
u̇ is maximum, u is zero so that at that instant, t2, F (t2) = FI .
Figure 12.2 shows a sample of an idealized measurement record. Under each of the
above specific conditions, equation 12.27 can be re-arranged to yield:

CD =
2F

½D · ua |ua|
at an instant t1 when u̇ = 0

CM =
4F

¼ ½ D2 · ! ua
at an instant t2 when u = 0 (12.30)

The method is simple, but it lacks accuracy because:

Figure 12.2: Measured Force and Velocity Record

- A small error in the velocity record can cause a significant phase error. Since the

Figure 2.7: Phase shift between acceleration and velocity and the relation to total horizontal hydrody-
namic force [11].

2.3. Slamming wave loads
In this section the wave loading of breaking waves on the monopile is discussed.
Firstly, a method to represent the breaking wave impact is derived. Secondly, the
practical implementation for the derived method is addressed.

2.3.1. Derivation slam load
The hydrodynamic force on a cylinder can be parted in a slamming and a quasi-static
component. Slamming can occur when a breaking wave hits the structure. The slam-
ming impact results in high impulse loading on structures. The quasi static and slam
load are both of comparable magnitude, as shown in figure 2.8. This shows the signifi-
cance of the the slamming force on the monopile. Although of comparable magnitude,
impact times will differ. Hence the slamming part, with short impact time, will mainly
govern the dynamic response of tower. Whereas the the non-breaking part of the
wave, has most effect on the global response [17].

For years, the industry has used Morison’s theory to evaluate quasi-static hydrody-
namic loading on cylindrical structures. But as stated previously, for a breaking wave
the total wave impact consists of both the quasi-static and slamming part. Therefore,
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Figure 1: Measured depth integrated load from a breaking wave im-
pacting on a on circular cylinder. The load is separated in quasi-static
and slamming part respectively. Case: A06; Hs = 10 m, Tp = 13s and
h = 30 m.

be governed by the slamming impact. The magnitude
and duration of the dynamic response of the structure
are enhanced by the fact that slamming typically occurs
during severe storms, where the wind turbine generator
is in a parked position, which results in a limited aero-
dynamic damping.

It is standard engineering practice to compute the
quasi-static part of the hydrodynamic loading on an o↵-
shore structure as the sum of a drag and an inertia con-
tribution denoted, Fd and Fi respectively. In the case
of a slamming event an additional slamming load, Fs,
is added during the time of the impact. Hence the total
depth integrated force on the structure is given by

F = Fd + Fi + Fs (1)

where Fd and Fi are accurately estimated by the Mori-
son equation given fully nonlinear wave kinematics for
the entire water column (Morison et al., 1950).

Several formulations for the slamming contribution
Fs exists and are generally based on the principle idea
of potential flow around a flat plate. In the original
work of von Karman (1929) and Wagner (1932) impact
pressures on seaplanes during landing was investigated
and analytical expressions were derived. The theory of
Wagner extended the original work of von Karman to
also include the pile-up e↵ect and the full e↵ect of the
added mass.

The theory of Wagner (1932) was further improved
by Fabula (1957) and Cointe and Armand (1987) who
obtained a better representation of the cylinder by a
power series expansion of an ellipse and a parabolic
representation. In recent years, Wienke and Oumeraci

(2005) followed the same principles and represented the
shape of the body by a polynomial piece-wise approx-
imation. The theory of Wienke and Oumeraci further
include the inclination angle of the cylinder relative to
the incident wave direction such that the load on slanted
structural members could be estimated. Their force for-
mulation was compared against large scale experiments,
where in-line loads from phase-focused breaking waves
were measured.

Goda et al. (1966) introduced the concept of a curling
factor, �, which indicate the height of the impact area as
a function of the incident wave height. This represent
a practical solution to the vertical integration of the un-
known height of the slamming impact. The concept of a
curling factor is also adopted in other slamming formu-
lations such as the theory of e.g. Wienke and Oumeraci
(2005).

Tanimoto et al. (1986) proposed a slamming for-
mulation based on the theory of Wagner (1932) and
von Karman (1929), but calibrated the slamming coef-
ficient against laboratory measurements. Unlike most
research related to slamming wave impacts Tanimoto
et al. (1986) considered impacts from realistic random
seas instead of phase-focused waves, which is otherwise
often applied for the investigation of slamming loads.
From the experiments Tanimoto et al. (1986) observed
that the slamming load has a triangular distribution over
the vertical.

A large experimental campaign was carried out
by Campbell and Weynberg (1980), who made an
analytic fit of the slamming coe�cient to laboratory
measurements. Hereby they managed to get a better
agreement with measurements than analytical models,
which were all based on potential flow theory. A similar
approach was adopted by Swift (1989) who studied the
e↵ect of a beach slope on the breaking wave loads on
slender vertical cylinders.

All the aforementioned slamming load formulations
have in common that they have a singularity at the be-
ginning of the impact, which implies that the pressure
rises instantaneously and hence introduces a disconti-
nuity in the force time series.

In addition to laboratory measurements and as a mean
to avoid the singularity in the force time series, re-
searchers have been investigating breaking wave im-
pacts using numerical methods. The integrated force
and impact pressure on a circular cylinder exposed to di-
rectional focused waves were investigated by Corte and
Grilli (2006). The investigation was carried out using
a domain-decomposed solver, where the outer domain
was represented by potential flow theory and the inner

4

Figure 2.8: Measured base shear from breaking wave impact, with contribution of slam load in black
[17]

an additional term is added to compute the total wave force on the structure:

𝐹 = 𝐹።፧፞፫፭።ፚ + 𝐹 ፫ፚ፠ + 𝐹፬፥ፚ፦ (2.24)

This new term, 𝐹፬፥ፚ፦, is the slam force which is super imposed to form the total wave
force. A theoretical approach to slamming wave impact can be defined following Sarp-
kaya [18]; considering a fixed and rigidmonopile, which is vertically subdivided in strips
𝑑𝑧,is located in a control volume of mass𝑀. The control volume has horizontal veloc-
ity 𝑢ኺ. The mass of the water has a horizontal momentum of 𝑝 = 𝑀𝑢ኺ. It is assumed
that the total horizontal momentum remains constant during impact. After the break-
ing wave impact, due to the fluid motion around the structure, an added mass term𝑚ፚ
is introduced. Since the momentum before and after impact is constant, 𝑢ኺ is reduced
to a new velocity 𝑢.
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the structure, the measured bending moment in the frequency domain
was split into responses around different frequencies corresponding to
the eigenfrequencies of the system. Fig. 9 below is the result of such
decomposition performed on one of the events studied in this paper. The
sum of the quasi-static, 1st and 2nd mode responses equal the total
response. This figure enables us to assess the relative importance of the
responses of different modes of the structure.

4.1. Maximum responses

In this section, the two events with the largest responses of all three
sea states (named event 1 and event 2 and shown in Fig. 10a and b
respectively) are analysed in detail. Table 3 gives the characteristics of
these two events. The trough-to-trough period is measured for each event
and used to calculate the wave number k based on 2nd order theory
(calculated with eq (1) in Kirby and Dalrymple, 1986), and ηm is the
maximum wave elevation of the given event. The trough-to-trough
period rather than the up- or down-crossing period was chosen because
this type of wave is typically approximated by embedded stream function
waves in design practices. The embedding process commonly uses the
trough-to-trough period (Rainey and Camp, 2007).

Fig. 10 shows these two events side to side. The figures from top to
bottom correspond to snapshots of the cylinder at the time of impact, the
measured response and wave elevation, the frequency decomposition (as
shown in Fig. 9) and the continuous wavelet transform (cwt) of the
measured response. Responses from the 3rd and 4th modes of the
structure have been removed by low-pass filtering, see Section 4.4. Even

though the contribution of these modes has been removed, we still refer
to this filtered response as ‘total response’.

For these events, the maximum response is measured when a steep
and breaking wave passes the structure (see Fig. 10c and d). The wave
excites the 1st mode of the structure, which starts oscillating and decays
in similar fashion to the ringing phenomenon described in section 1. As
shown in Fig. 10e and f, the structure also oscillates in its 2nd mode, but
in a different way than the 1st mode response: the 2nd mode resonant
oscillations occur suddenly after the breaking wave has passed, whereas
the 1st mode response experiences a build-up over one wave period and
then slowly decays. The influence of the second mode is studied in more
detail in the following section.

The cwt plots of Fig. 10g and h also show that the structure responds
at the frequency of the wave (about 0.1 Hz for the selected events) and
that its 1st and 2nd modes are triggered (respectively at 0.29 and
1.21 Hz). The snapshots of Fig. 10a and b indicate that the wave breaks at
the cylinder. As explained in the previous section, the water particle
ejection visible in the photographs is characteristic of slamming events.

In addition to the two events shown in Fig. 10, the 21 events with the
largest responses were analysed. For all events it was found that the 1st
and 2nd mode responses were triggered after the passage of a steep and
breaking wave, as described above. The characteristics of these 21 events
are given in Table 5.

Previous work done by Suja-Thauvin et al. (2016) and further
developed by Suja-Thauvin and Krokstad (2016), showed that the first
mode response of a similar structure can be explained solely by 2nd and
3rd order hydrodynamic excitation loads, without the need to account for
slamming loads. We apply their findings to the present study to conclude
that the ringing response observed for large events is mainly due to 2nd
and 3rd order hydrodynamic loads and not to slamming loads. However,
as their work is done on a one degree-of-freedom system, it does not
include any consideration of the 2nd mode of the structure.

4.2. Contributions to the total response

In this section, we analyse the contribution of the different modes of
the structure to the total response. To do so, we decompose the response
as shown in Figs. 9 and 10c and d and evaluate the value of the response
at different modes at the instant of maximum total response. Their
relative importance for events 1 and 2 is given in Table 4. Moments (here
and in the rest of the paper) are given within an accuracy of 3%.

Fig. 11 offers a graphical interpretation of Table 4 for the 21 largest
events. This figure shows the different contributions to the total response:
quasi-static response accounts for between 40 and 60%, 1st mode
response accounts for between 30 and 40% and the second mode con-
tributes up to 20%. The numerical values for each event are given
in Table 5.

Fig. 8. Breaking wave on circular cylinder before impact (left) and after impact (right).
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Fig. 9. Example of decomposition of the response around the eigenfrequencies of
the structure.
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Figure 2.9: Breaking wave on cylinder before(left) and after(right) impact [20].

𝑝 = 𝑀𝑢ኺ = (𝑀 +𝑚ፚ)𝑢 (2.25)

Using Newton’s second law, the horizontal force on the pile is calculated:

𝑑𝐹 = 𝑑𝑝
𝑑𝑡 𝑑𝑧 = ((𝑚ፚ +𝑀)

𝑑𝑢
𝑑𝑡 + 𝑢

𝑑𝑚ፚ
𝑑𝑡 )𝑑𝑧 (2.26)

First term in equation 2.26 is the added mass load on the structure. Second term is
the slam load 𝑑𝐹፬፥ፚ፦ and uses the time varying added mass [8]. Since we are only
interested in the slam force on the monopile we focus on the latter part of the equation:

𝑑𝐹፬፥ፚ፦ = 𝑢
𝑑𝑚ፚ
𝑑𝑡 𝑑𝑧 (2.27)

where 𝑢 is the horizontal wave particle velocity at the free surface and ፝፦ᑒ
፝፭ represents

the rate of change of the added mass during a slamming impact. 𝑚ፚ is given for a
fixed smooth cylinder as [5]:

𝑚ፚ = 𝐶ፚ𝜌𝐴። (2.28)

with 𝐶ፚ the added mass coefficient and is for a vertical smooth cylinder equal to 1, 𝜌
the density of water and 𝐴። the slam impact area per unit length.

When the themomentum change is evaluated for a small time duration from just before
impact to right after, duration 𝑑𝑡 is ፝፱

፮ . Hence the change of addedmass can be written
as follows:
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𝑑𝑚ፚ
𝑑𝑡 = (𝐶ፚ𝜌𝐴።)

𝑑
𝑑𝑡 = 𝐶ፚ𝜌𝑢

𝐴።
𝑑𝑥 (2.29)

Combining equations 2.27 and 2.29 will result in the slam force acting on the structure
per unit length and dependent on the varying added mass ፀᑚ

፝፱ :

𝑑𝐹፬፥ፚ፦ = 𝐶ፚ𝜌𝑢ኼ
𝐴።
𝑑𝑥𝑑𝑧 (2.30)

ፀᑚ
፝፱ can be expressed by a slamming coefficient 𝐶፬. 𝐶፬ = ኼ

᎞ፃ
ፀᑚ
፝፱ and is derived analyt-

ically in several studies. 𝐶፬ will be analysed further in this thesis. Implementing the
new slam coefficient in equation 2.30 will result in the following:

𝑑𝐹፬፥ፚ፦ =
1
2𝜌𝐶፬𝐷𝑢

ኼ𝑑𝑧 (2.31)

Integrating over the height of the impact area, gives a general slam impact load on
the monopile.

𝐹፬፥ፚ፦ = ∫𝑑𝐹 =
1
2𝜌𝐶፬𝐴𝑢

ኼ (2.32)

2.3.2. Implementation of slam load formulation
Once the slamming wave load on the monopile is theoretically derived in the previous
section, a more general formulation of the slam load is presented in the upcoming
part. Several interpretations of the slam load and its input parameters are given.

Following the DNV guidelines the slam force is calculated as follows [5]:

𝐹፬፥ፚ፦ =
1
2𝜌፰𝐶፬𝐴𝑢

ኼ (2.33)

where 𝜌፰ is water density, 𝑢 is the water particle speed, 𝐶፬ represents the slamming
coefficient and for a smooth cylinder can be taken as 2𝜋 and 𝐴 the impact area of the
incoming slam wave.

The particle velocity 𝑢 of an incoming wave on the structure in equation 5.9, should
be calculated as follows:

𝑢 = 1.1𝑐 = 1.1 𝜆𝑇፛
(2.34)

where 𝑐 is phase velocity, 𝜆 wavelength and 𝑇፛ = 0.9𝑇፩
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8.7.2.8  In a practical analysis of slamming loads on ships, it is
challenging to estimate the relevant angle between the struc-
ture and impinging water surface. When impacts with a local
deadrise angle E less than 15q can be expected, the stiffeners
and larger structures may be dimensioned based on the space
average slamming coefficient for E = 15q, CPa = 10.64 (calcu-
lated from formula in 8.7.2.6). For the local structure, i.e. plate,
a twice as large slamming coefficient CP local = 21.28 should
be applied.

8.7.3  Hydroelastic effects
When slamming loads cause structural deformations or vibra-
tions of the structure, the hydrodynamic loading is affected.
The slamming pressure is a function of the structural deflec-
tions. In such cases hydroelastic effects should be accounted
for. In general it is conservative to neglect hydroelastic effects.

8.7.3.1  For slamming on stiffened plates between bulkheads,
hydroelastic effects is important when

where EI is the bending stiffness of a representative beam, L is
the length of the beam (Figure 8-11), E is the angle of impact
and VR is the relative normal velocity (Faltinsen, 1999).

Figure 8-11
Representative beam for stiffened panel (Faltinsen, 1999)

Figure 8-12
Area to be considered in evaluating the loads due to shock pres-
sure on circular cylinders

8.8  Breaking wave impact

8.8.1  Shock pressures

8.8.1.1  Shock pressures due to breaking waves on vertical sur-
faces should be considered. The procedure described in 8.6.3
may be used to calculate the shock pressure. The coefficient Cs
depends on the configuration of the area exposed to shock
pressure. 

8.8.1.2  For undisturbed waves the impact velocity (u) should
be taken as 1.2 times the phase velocity of the most probable
highest breaking wave in n years. The most probable largest
breaking wave height may be taken as 1.4 times the most prob-
able largest significant wave height in n years. For impacts in
the vicinity of a large volume structure, the impact velocity is
affected by diffraction effects.

8.8.1.3  For a circular vertical cylinder, the area exposed to
shock pressure may be taken as a sector of 45q with a height of
0.25 Hb, where Hb is the most probable largest breaking wave
height in n years. The region from the still water level to the
top of the wave crest should be investigated for the effects of
shock pressure. 

8.8.1.4  For a plunging wave that breaks immediately in front
of a vertical cylinder of diameter D, the duration T of the
impact force on the cylinder may be taken as 

where c is the phase velocity of the wave (Wienke, 2000).

8.9  Fatigue damage due to wave impact

8.9.1  General
The fatigue damage due to wave slamming may be determined
according to the following procedure:

— Determine minimum wave height, Hmin, which can cause
slamming

— Divide the long term distribution of wave heights, in
excess of Hmin, into a reasonable number of blocks

— For each block the stress range may be taken as:

where

— Each slam is associated with 20 approximate linear decay-
ing stress ranges.

— The contribution to fatigue from each wave block is given
as: 
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20 20Figure 2.10: Definition of impact area of slamming wave on cylinder based on DNV-RP-C205 code.
[5].

As shown in figure 2.10, the impact area of the slamming wave is defined as 45∘ of the
cylinder. The height of the breaking impact area is based on the height of the breaking
wave, 𝐻፛, and set to 0.25𝐻፛. The breaking wave height, may be taken as 1.4 times
the significant wave height [5].

𝐴 = 1
32𝐻፛𝐷𝜋 (2.35)

The duration of the slamming impact on the cylinder is determined by Wienke [21] and
for a plunging wave that breaks directly in front of the monopile, the duration of the
impact can be taken as follows:

𝑡።፦፩ፚ፜፭ =
13𝐷
64𝑐 (2.36)

where 𝐷 is the diameter of the monopile and 𝑐 the phase velocity of the wave.

Apart from the slam load representation from DNV, more recent study by Paulsen et
al. describes the 𝐹፬፥ፚ፦ as follows [17]:

𝐹፬፥ፚ፦ =
1
2𝜌፰𝑢

ኼ𝐶፬𝑓(𝑡)𝜆𝐻፛𝐷𝑔(𝑧, 𝑦) (2.37)

where 𝜌 water density, 𝑢 impact velocity, 𝐶፬ a slam coefficient, 𝑓(𝑡) temporal devel-
opment of impact, 𝜆 the curling factor which indicates the height of the impact area
regarding to the incoming wave, 𝐻፛ the wave height just before breaking, 𝐷 pile diam-
eter and 𝑔(𝑧, 𝑦) represents the spatial distribution of the slam load on the monopile.

Having multiple unknowns in equation 2.37, it is needed to evaluate these further. The
shallow water approximation for wave celerity is observed to be sufficiently accurate
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[17] , hence 𝑢 = √𝑔ℎ. Slam coefficient 𝐶፬ represents the added mass coefficient for
a cylinder and thus has the value 𝐶፬ = 2𝜋.

The temporal development in equation 2.37 is a little more elaborate to characterise.
Within the studie it is found that 𝑓(𝑡) is best represented by a harmonic function:

sinኼ (𝜋 𝑡
𝑇።፦፩ፚ፜፭

) (2.38)

This means that the slam load follows the harmonic sinኼ function for a period of 𝑇።፦፩ፚ፜፭.
The impact duration is chosen to be 13𝐷/32𝑢.

Based on the experimental data curling factor of the slamming wave is assessed and
the following estimate can be used:

𝜆 = 0.29𝐻፛𝐻፬
(2.39)

Finally, the integrated slam load on the monopile is given by:

𝐹፬፥ፚ፦(𝑡) =
1
2𝜌፰ (√𝑔ℎ)

ኼ
2𝜋 sinኼ (𝜋 𝑡

𝑇።፦፩ፚ፜፭
) 𝜆𝐻፛𝐷

2
𝜋ኼ (2.40)

It can be seen that equations 5.9, 2.33 and 2.40 are closely related and share the same
theoretical background. Summarised in table ?? are the parameters for the different
slam load notations. Later in this thesis the appropriate parameters are selected and
implemented in the slam load calculation.

slamming
coefficient 𝐶፬ [-]

impact
area 𝐴 [𝑚ኼ] impact

time 𝑇። [s] impact
velocity 𝑢 [፦፬ ]

DNV 2𝜋 ኻ
ኽኼ𝐻፛𝐷𝜋 ኻኽፃ

ዀኾ፜ 1.1 ᎘
ፓᑓ

Paulsen et al. 2𝜋 𝜆𝐻፛𝐷 ኼ
᎝Ꮄ

ኻኽፃ
ኽኼ፜ √𝑔ℎ

Table 2.1: Input parameters for different slam formulations.

2.4. OceanWave3D
The fully non-linear potential flow solver OceanWave3D (OCW3D) can be used to
generate numerical sea states. The numerical solver describes propagation and de-
velopment of fully nonlinear waves up to the breaking height. The OceanWave3D
software is developed by Ensgig-Karup and Bingham [6]. In this section the working
principles of the solver are discussed.

The potential flow solution for non-breaking free surface waves is described by the
velocity potential 𝜙, and surface elevation 𝜂 [15]. The physical fluid velocities 𝑢ፇ are
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defined by the gradient velocity potential:

(𝑢ፇ, 𝑤) = (∇ፇ𝜙, 𝜕ፇ𝜙) (2.41)

with ∇ፇ = (𝜕፱, 𝜕፲)

The kinematics free surface condition can be expressed as follows:

𝜕፭𝜂 = −∇ፇ𝜂 ⋅ ∇ፇ𝜙̃ + 𝑤̃(1 + ∇𝜂 ⋅ ∇𝜂) (2.42)

where 𝜙̃ = 𝜙(𝑥, 𝜂) and 𝑤̃ = (𝑥, 𝜂)

The Bernoulli equation for an unsteady fluid is found using the integrated momentum
equation. Setting 𝑝 = 0 at 𝑧 = 𝜂, the Bernoulli equation can be written as follows:

𝜕፭𝜙̃ = −𝑔𝜂 −
1
2(∇ፇ𝜙̃ ⋅ ∇ፇ𝜙̃ − 𝑤̃

ኼ(1 + ∇𝜂 ⋅ ∇𝜂) (2.43)

Equation 2.43 represents the dynamic free surface condition.

Since both equations 2.42 and 2.43 are nonlinear, a closed form solution does not
exist. Therefore, the solution is approximated numerically in time using a Runge-
Kutta method [16]. Here, the free surface vertical velocity, 𝑤̃, is found by deriving 𝜙
from the Laplace equation:

∇ኼፇ𝜙 + 𝜕፳፳𝜙 = 0, −ℎ ≤ 𝑧 < 𝜂 (2.44)

The Laplace equation in equation 2.44 is solved:

𝜎 = 𝑧 + ℎ(𝑥)
𝜂(𝑥, 𝑡) + ℎ(𝑥) (2.45)

The transformation of 𝜎 in equation 2.44, is used to transform a physical grid to com-
putational grid in the sigma domain. Figure 2.11 illustrates that the computational grid
is clustered around areas where largest gradients can be expected.

From equation 2.44 can be derived that the sigma transformation is only valid for a
single valued 𝜂 function. When wave breaking tends to occur the stability of the model
is ensured by a filter which locally dissipates energy from the wave [16]. This breaking
wave filter 𝛾 is based on the downward water particle acceleration and is activated for:

𝑑𝑤
𝑑𝑡 ≤ 𝛾𝑔, where 𝛾[0.3 − 1] (2.46)

Finally, when 𝜙 is known, the physical velocities can be obtained:
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2.2. Two-phase incompressible Navier-Stokes/VOF solver
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Figure 2.1: Sketch of the grid in physical coordinates and in the computational
σ-domain respectively.

For the potential flow solver wave generation and absorption is handled
by a line source relaxation method following the work of Larsen & Dancy
(1983). Here, a desired target solution is introduced over a certain distance
in space, normally referred to as a relaxation zone. Relaxation zones are also
applicable to wave absorption, which is needed in order to avoid reflections
from the domain boundaries.

Furthermore, an inhomogeneous time varying Neumann boundary condi-
tion was implemented at the inlet boundary. This allows for wave generation
directly at the boundary without the use of relaxation zones. The boundary
condition of the Laplace equation (2.4) then reads,

∂φ

∂x
= u (2.9)

where u = u(z, t). This type of wave generation is efficient in terms of numer-
ical reproduction of experimental measurements, where u then corresponds
to the velocity of the wave paddle. It may be noted that, as a fixed grid is
applied, this corresponds to a linear representation of the wave maker.

2.2 Two-phase incompressible Navier-Stokes/VOF solver

For accurate computations of fluid flows in the vicinity of a surface piercing
structure, the two-phase incompressible Navier-Stokes equations were solved
in combination with a VOF-surface capturing scheme. Due to the maturity
of the code and the fact that it is open-source, the CFD-toolbox OpenFoam
was chosen as a development platform. As part of the official OpenFoam
release an incompressible two-phase Navier-Stokes/VOF solver is provided.
This solver was combined with the wave generation toolbox, waves2Foam,
by Jacobsen et al. (2012) and further extended by an interface module to the
potential flow solver, OceanWave3D.

19

Figure 2.11: Sketch of the grid in physical coordinates and in the computational σ-domain [15].

𝑢ፇ(𝑥, 𝑧) = ∇ፇ𝜙(𝑥, 𝜎) + ∇ፇ𝜎𝜕᎟𝜙(𝑥, 𝜎) (2.47)

𝑤(𝑥, 𝑧) = 𝜕᎟𝜙(𝑥, 𝜎)𝜕፳𝜎 (2.48)

OceanWave3D is able to numerically reproduce sea states from measurements. To
reproduce wave tank test in the potential flow solver, a time variable Neumann bound-
ary condition is introduced [15]. This way, waves can be generated directly at the
boundary. The boundary condition for the Laplace equation in 2.44, now becomes:

𝜕𝜙
𝜕𝑥 = 𝑢 (2.49)

where 𝑢 corresponds with the velocity of the wave paddle at the wave tank.

2.5. Wave analysis
An irregular sea state is composed of a superposition of multiple harmonic compo-
nents. The crest heights and wave periods vary constantly over the time series. Figure
2.12 shows how the individual crest heights are identified in the time series.

It is common practice to use the downward zero crossing definition to characterise
a single wave event. Herewith, the crest is preceded by a trough. This includes the
steep front of the wave, which is especially relevant for breaking waves.

From the time series all the individual wave heights can be identified. A commonly
used statistical indicator for a sea state is the significant wave height 𝐻፬, which is
defined as the average of the highest one-third of the recorded waves.
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Figure 2.12: Maximum crest height and level down-crossing per wave, only one peak(encircled in red)
per zero down crossing wave [10].

Besides of the evaluation of the wave recording in the time domain, the waves are
further analysed in the frequency domain using the Fourier series analysis. Because in
long term wave statistics the exact water level at a certain time is not really interesting,
phases are discarded. The statistical properties of wave height and frequencies will
suffice for analysis. Using the Fourier series analysis, one can obtain the energy
density spectrum 𝑆(𝜔).

Deriving the moments of the area under the spectrum, results in the integral wave
parameters 𝑚፧. The variance 𝑚ኺ of the sea surface elevation is given by 0፭፡ order
moment.

Based on 𝑚ኺ, the significant wave height 𝐻፦ኺ can readily be derived:

𝐻፦ኺ = 4√𝑚ኺ (2.50)

A commonly usedwave spectrum is the JONSWAPwave spectrum [11] . It is based on
measurement data collected in the North Sea and describes the spectral formulation
for coastal wind generated waves.

For the numerical analysis of the time series in this thesis, WAFO is used. WAFO
(Wave Analysis for Fatigue and Oceanography) is a Matlab toolbox for the statistical
analysis of random waves and loads [2]. In WAFO one can identify and extract in-
dividual waves from a time series. These waves can be identified based on varies
conditions, such as zero down crossing or up crossing. WAFO can make a statistical
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analysis of the properties and analyse the individual wave heights and wave periods.
Moreover, WAFO can be used to evaluate general properties of a sea state. In this
thesis WAFO is used to identify the individual waves with corresponding wave height
and wave period 𝑇. Additionally, using the spectral density spectrum, 𝐻፦ኺ and wave
peak period 𝑇፩ are derived.





3
Measurement data

Wave tank measurement used for this thesis were done within the Joint Industry
Project WiFi (JIP-WiFi). The experiments were set up to improve the current de-
sign methods for offshore wind turbines loads, specifically relating to breaking waves.
This section reviews the collected measurement data and methodology of the exper-
iments. Additionally, different methods to identify breaking waves are introduced and
discussed. This results in a comparison between the different methods.

3.1. Experimental set-up
The wave tank experiments were carried out at the Atlantic Basin at Deltares. For the
experiments, two monopile scale models were placed in the wave tank, both equipped
with multiple force and pressure sensors. During the tests the monopiles were ex-
posed to series of wave trains. The irregular wave trains, with a total of approximately
5000 waves, created a large sample size needed for the experiment. To simplify the
scale models, secondary steel was not included on the monopiles. The Atlantic Basin
measures a length of 75m, a width of 8.7m and a water depth 1.2m. The two cylinders
in the wave tank have diameters of 10cm (4.5m full scale) and 16cm (7.2m full scale).
Figure 3.1 shows a general overview of the wave tank in action.

Since the experiments are done on a scaled model, all parameters have to be scaled.
In the experiments a scale factor of 1:45 is used. Therefore, the wave height is scaled
with a proportional scaling factor 𝛼ፋ of 45. Similarly, wave period, pressures and forces
can be scaled using Froude scaling. Scaling factors are shown in table 3.1. Within
the experiments, the waves were modeled in fresh water instead of in salt water. The
reduction in loading for salt water is scaled using 𝛼᎞. For comparison, all results shown
in this thesis are unscaled.

Multiple wave gauges were placed throughout the wave tank to measure the surface
elevation (see figure 3.2). Spreading the gauges around the basin, the wave elevation
can be measured throughout the tank. This way, all the wave data can be collected

25



26 3. Measurement data(a) Overview figure of JIP-WiFi wave loads tests carried out in the Atlantic Basin, Deltares. Waves are propagating from the right
to left.

(b) Wave impact on the test cylinders from a breaking wave. (c) Zoom of test pile 2.

Figure 3: Figures from the JIP-WiFi wave loads tests carried out in the Atlantic Basin, Deltares.

7

Figure 3.1: Monopile models situared in Atlantic Basin at Deltares with wave impacting the monopile.

Parameter scaling factor
Wave height, H [m] 𝛼ፋ
Wave period, T [s] √𝛼ፋ
Base shear, F [N] 𝛼᎞𝛼ኽፋ

Table 3.1: Froude scaling parameters

accurately. The wave gauge used as reference in this thesis is placed between the two
monopiles. This ensures relatively undisturbed waves at the location of the monopile.

The monopile model structure is equipped with multiple pressure sensors. The sen-
sors were placed on the impact area of the incoming wave. Due to the spreading of
the sensors, impact pressures vary depending on the location of impact. Figure 3.3
shows the placement of the pressure sensors. The base shear is measured using
force transducers at the bottom of the pile.

The waves in the basin are generated by the wave maker. This wave generator con-
sists of a paddle going back and forth. Specifying the input of the wave paddle, one

Figure 3.2: Locations of wave gauges placed in in the Atlantic basin. The location of WG 11 encircled
in red.
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over a surface area of about 33mm2, which corresponds with an area of about 0.12m2 in
reality. A sampling frequency of 1000Hz (model scale) was applied. Impact pressures were
only obtained for a heading of 0 degrees, which is considered the location where the
maximum slamming occur. For a given wave, the measured impact pressure will vary
depending on the location, area and frequency of the pressure sensor. Although 10 pressure
sensors are used in each structure, an additional 5 holes were cut below the original array of
10 holes for tests featuring the sand wave. In these tests, the local water depth around the
structures was reduced and the pressure sensor array was moved to the bottom 10 holes.
The 5 unused holes in each test series were plugged.

Figure 3.16  Locations of pressure sensors on front of model structures

3.2.4 Video
A large amount of footage was taken of the experiments to help understand the wave
breaking mechanism that leads to slamming. A HD CCD camera was positioned at the side of
each of the models to record the impacting waves and run-up height. Elevation indicators
were applied on the columns at an interval of 1m (field scale) for a visual estimate of the run-
up elevation. These two cameras recorded each test entirely.

A high speed CCD camera was aimed at the large diameter model structure for a detailed
visualisation of wave shape, elevation of wave impact, wave celerity, and run-up during
selected critical impacts. This camera records a ring-buffer which is continuously overwritten.
Saving of the memory was triggered based on a representative force or pressure level. When
saving the data after an impact, no recordings can be made for a certain period of time (i.e.
minutes), so not all extreme impacts were recorded.

Figure 3.3: Locations of the pressure sensors on the monopile model placed in the Atlantic basin.

can generate the needed wave train. Furthermore, the water depth in the tank can be
adjusted.

3.2. Data selection
For this thesis, since the main focus is on large diameter structures, only the mea-
surements of the larger scale monopile are used. The wave tank tests are run on a
flat seabed and without any current. Multiple runs were done to create a large sample
size. All the runs shown in table 3.2 have approximately a 1000 wave events. The
measured characteristics for the sea states are summarized in table 3.2.

Ref number 𝐻፦ኺ [m] 𝑇፩ [s] 𝑑 [m]
A06a 0.2232 2.0184 0.6644
A06b 0.2185 2.0184 0.6644
A06c 0.2253 2.0588 0.6644
A06d 0.2212 1.9063 0.6644
A06e 0.2214 1.9423 0.6644

Table 3.2: Sea state parameters of wave tank tests. With significant wave height, peak period and
water depth.

The main measurement results that are extracted for research in this thesis are as
follows:

• Surface elevation

• Base shear

Surface elevation and base shear are further used in this research to extend the knowl-
edge of breaking waves. In further sections of this thesis the measurements are eval-
uated and presented.
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3.2.1. Identification of slamming waves
No visual inspection can be done on the wave data, hence the slamming waves have
to be identified differently. Therefore, measurement data from the wave tank will be
analysed numerically to identify a breaking wave. For the analysis of the wave trains
the Matlab package WAFO is used. The Matlab package is further discussed in sec-
tion 2.5. The numerical analysis of the waves calls for a breaking wave definition. A
slamming wave event is defined [13] as follows:

• Front crest steepness 𝑆 should reach breaking limit

• The slamming impact of the wave should be more than 4 times standard devia-
tion of the force series

To have a numerical identification method of breaking waves, a new method is intro-
duced. Here both the load of the breaking wave and the shape of the breaking wave
are combined to analyse the sea state. A method to describe the wave shape is the
crest front steepness. Crest front steepness 𝑆 is given by 𝑆 = ᎔

᎘ᖤ . Where 𝜂 is the crest
height and 𝜆ᖣ the crest front wavelength. A breaking limit is found at crest front steep-
ness 𝑆 > 0.2 [13]. This criterion combined with a significant load increase in the time
series results in the following breaking wave identification method: The statements
above can be summarised in equations 3.5 and 3.6.

𝑆፛ > 0.2 (3.1)

𝐹፛ ≥ 4𝜎ፅ (3.2)

where 𝑆፛ is front crest steepness for breaking wave and 𝐹፛ is impact loading of break-
ing wave.
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Figure 3.4: Front crest steepness 𝑆 = ᎔
᎘ᖤ definition. With 𝜂 is the crest height and 𝜆ᖣ the crest front

wavelength.

This means that a slamming impact on the monopile is not only identified as an im-
pact from a breaking wave, but additionally, the forces have to be significantly larger.
Figure 3.5 shows a plotted time series for wave elevation and base shear in which
the breaking waves are indicated with triangles. For the identification of the slamming
wave event, the afore mentioned criteria were used. In appendix A one can find all
the measurement data plots with indicated slam events.
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Figure 3.5: Measurement time series for case A06a. Left graph shows base shear and right graph
shows wave elevation. Slamming wave events are indicated with red triangle.
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3.2.2. Identification of slamming waves ECN
ECN introduced a different method to identify breaking waves. Instead of looking at
the slam load caused by the breaking wave, ECN determines a breaking wave based
on both wave height and wave period:

𝐻፛ > 1.4𝐻፦ኺ (3.3)

0.9𝑇፩ ≤ 𝑇፛ ≤ 1.1𝑇፩ (3.4)

where 𝐻፛ is breaking wave height, 𝐻፦ኺ significant wave height, 𝑇፩ peak period and 𝑇፛
wave period of breaking wave.

Using the above mentioned criteria for breaking waves and the same time series as
in section 3.2.1, figure 3.6 was plotted. From this plot it can be noted that the ECN
identification method identifies different waves as breaking and potentially miss high
slam loads caused by breaking waves. This is due to the fact that ECN solely fo-
cuses of wave height and a significant load increase of a slamming wave impact is
not considered.
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Figure 3.6: Measurement time series for case A06a. Left graph shows base shear and right graph
shows wave elevation. Slamming wave events are indicated with red triangle. ECN-ID method.

3.3. Processing
All measurement wave events from test A06 summarised in figure 3.7, where the
slamming waves are indicated in red. Looking at both graphs, it can be seen that not
all high waves will necessarily break. Furthermore it can be noted, when focussing on
3.7b, that the high peak forces on the monopile are identified as breaking waves.
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Figure 3.7: Scatter plot for all A06 measurements series. Slamming waves are indicated in red.

What was already noted in section 3.2.2, is that the ECN-ID method misses high slam
loads on the monopile. In figure 3.8b, it can be seen that indeed the identified breaking
waves are high, but do not necessarily have high slamming impact. Therefore it can
be concluded that this methods falls short in filtering the high slamming waves. The
method as described in 3.2.1 does identify the high slam loads as breaking waves
because it considers impact forces. Thus, resulting in a better suited identification
method.
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Figure 3.8: Scatter plot for all A06 measurement series. ECN-ID slamming waves are indicated in red.

3.4. Summary
This chapter reviews the measurement campaign for the WiFi JIP. The focus for the
measurements was breaking waves on monopiles. Using scripts, the wave data was
analysed and breaking waves identified numerically. Different ID methods are de-
scribed and compared throughout this chapter. It is shown that the ECN-ID method
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misses high peak loads and is therefore unusable for further analysis. Hence it was
chosen to continue with the alternate ID method. Below, the slam identification criteria
are outlined once more:

𝑆፛ > 0.2 (3.5)

𝐹፛ ≥ 4𝜎ፅ (3.6)

The above statements are used to identify potential slamming waves further in this
thesis.



4
Numerical wave modelling

The following chapter focusses on the numerical propagation of waves. This is done
using the aforementioned non-linear potential flow solver OceanWave3D. Based on
the measurement data described in chapter 3, the wave characteristics from test A06
were tried to reproduce. The newly generated sea state is then compared to the
measurement data.

4.1. Set-up numerical wave tank
The wave tank where the measurements took place, the Atlantic basin at Deltares,
was recreated in numerical model of OceanWave3D. The Atlantic basin is relatively
wide, hence interactions with the sides can be neglected and a 2 dimensional model
can therefore be used. The numerical model uses a wave generation zone and a zone
where wave are absorbed. Figure 4.1 shows the general lay-out of the numerical wave
tank in OceanWave3D. The wave tank built in OceanWave3D uses the dimensions of
the Atlantic basin at Deltares. Appendix C shows an example of an input file used to
operate OceanWave3D. The modelled wave input is based on the unscaled measure-
ment data from the experiments within the WiFi project. In table 4.1 the dimensions
and general input for the numerical model are given.
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Figure 4.1: Numerical representation of Atlantic basin in potential flow solver OceanWave3D, with
placement of wave gauges throughout the wave tank and red bar indicating location of fictive monopile.

The wave data gathering points in the numerical model are put exactly in the same
place as the wave gauges in the Atlantic basin, see figure 4.1. Wave gauge 11,
which was used for reference in the measurement results, is also the main measure-
ment point in the OceanWave3D model. Wave gauge 11 is placed between the two
monopiles in the wave tank and represents the location of the monopile in the numer-
ical model. The potential flow solver itself does not contain a monopile model, so no
structure interaction is present in the solver. However, within the Morison equation the
structure interaction is included in the calculation. At the reference points in the nu-
merical model the wave kinematics are gathered and will be shown for several cases
later in this chapter.

Input parameter Value
𝐿፭፨፭ፚ፥ [m] 75
𝐿፠፞፧ [m] 15
𝐿ፚ፛፬፨፫፛ [m] 15
ℎ [m] 0.664
𝑛፱ 1001
𝑛፲ 1
𝑛፳ 11
𝑑𝑥 0.75
𝑑𝑡 0.04

Table 4.1: Input parameters describing the Atlantic basin wave tank in OceanWave3D.

4.2. Validate numerical wave tank
To test the validity of the wave tank numerical cell density, a grid study was performed.
Using the input parameters from table 4.1, different cell sizes were tried in the numer-
ical modelling. Table 4.2 gives the points per wavelength(ppwl) and corresponding
total number of cells in the numerical model.
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Ref number Cell size 𝑑𝑥[m] ppwl 𝑛ፋ Number of cells 𝑛፱
res05 0.75 5 101
res10 0.4 10 191
res20 0.2 20 376
res60 0.075 60 1001

Table 4.2: Different grid resolutions with corresponding reference number used as input for grid test.
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Figure 4.2: OceanWave3D test run with varying grid resolutions. Plotted are res05, res10, res20 and
res60.

Comparing free surface elevation of the different cell densities plotted in figure 4.2,
it can be noted that with increasing density, the wave is represented in more detail.
Relatively large differences in accuracy between low and high resolution can be seen
in the higher and steeper waves. Since the focus of this thesis is mainly on those high
and steep waves it is needed to do the computations with a high density grid of 60
points per wave length.

To ensure numerical stability and accuracy of the model, the Courant–Friedrichs–
Lewy (CFL) condition has to be met. Shown in 4.1, is the CFL condition for the po-
tential flow solver OceanWave3D. The CFL condition is needed for convergence of
partial differential equations in the numerical solver. For stable and accurate results
the CFL number needs to be less than or equal to 1.
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𝐶𝐹𝐿 = 𝑢፦ፚ፱ ⋅ 𝑑𝑡
𝑑𝑥 = √፠

፡𝐻፦𝑎𝑥 ⋅ 𝑑𝑡
𝑑𝑥 = √፠

፡1.86𝐻፬ ⋅ 𝑑𝑡
𝑑𝑥 ≤ 1 (4.1)

where 𝑢፦ፚ፱ is the maximum horizontal velocity, 𝑑𝑡 is the time step size and 𝑑𝑥 the
spatial resolution. The input of res60 in table 4.2, meets the criterion of 𝐶𝐹𝐿 ≤ 1.

4.3. Select input sea state
As explained in section 2.4, the potential flow solver OceanWave3D is capable of
regenerating wave elevation from measurements tests. However, unfortunately no
wave paddle input signals were available for themeasurements performed for theWiFi
project. Therefore, a direct copy of the results was not feasible using OceanWave3D.
Instead the the build-in option in theOceanWave3D software of generating a new state
was used. In the upcoming sections a sea state which is similar to the measurements
is generated by the potential flow solver. Based on a JONSWAP spectrum and using
the sea state parameters of the measurements as input the waves are generated.

The initial input for the numerical wave tank is taken from the measurements results as
presented in chapter 3. The significant wave height and the peak period are extracted
from the measurement time series. For the first model, the significant wave height
and peak period are governing. Input parameters for the numerical model are given
in table 4.3.

Ref number 𝐻፦ኺ [m] 𝑇፩ [s]
A06a-Measurements 0.2232 2.0184
A06b-Measurements 0.2185 2.0184
A06c-Measurements 0.2253 2.0588
A06d-Measurements 0.2212 1.9063
A06e-Measurements 0.2214 1.9423

Table 4.3: Sea state parameters from wave tank tests A06-Measurements in Atlantic basin.

Using the OceanWave3D and input parameters for the wave tank from table 4.1 and
the sea state parameters for the JONSWAP spectrum from table 4.3, 5 different sea
states with approximately 1000 waves are generated. To make a proper compari-
son between A06-Measurements and A06-OCW3D, all wave events are plotted in a
Rayleigh distribution. This allows for comparison between the different sea states.
This results in the following Rayleigh distribution plot in figure 4.3.

From figure 4.3 can be seen that generally waves from the measurements are higher
than from the numerical model. This shows that wave energy in the numerical wave
tank is dissipated. Dissipation of wave energy results in lower waves further down in
the tank. Due to the losses, the input significant wave height should be raised to be
able to match the desired values as compared to the measurement results.

First, it is checked how much wave energy is dissipated in the potential flow solver.
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Figure 4.3: Accumulated OceanWave3D wave events for all A06 cases compared with wave events
from measurement-a06.

The input and recorded significant wave heights from case A06-OCW3D which are
presented in table 4.4, show that indeed energy is dissipated in the model and there-
fore a reduced significant wave height is recorded at reference point wave gauge 11.

Ref number 𝐻፦ኺ input [m] 𝐻፦ኺ at wg11 [s] Breaking filter 𝛾
A06a-OCW3D 0.2232 0.1826 0.3
A06b-OCW3D 0.2185 0.1806 0.3
A06c-OCW3D 0.2253 0.1849 0.3
A06d-OCW3D 0.2212 0.1782 0.3
A06e-OCW3D 0.2214 0.1789 0.3

Table 4.4: Wave energy dissipation check for 06a-OCW3D in the numerical wave tank. Comparing
𝐻፦ኺ at the input and at the location of the monopile.

Dissipation of energy in the numerical model is done by the breaking wave filter 𝛾 as
introduced in section 2.4. Through a iterative process the fitting input parameters are
obtained. Shown in table 4.5 is the iterative process to identify the needed significant
wave height input in the JONSWAP model to obtain a matching 𝐻፬ at wave gauge 11.
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Ref number 𝐻፦ኺ input [m] 𝐻፦ኺ at wg11 [s] Breaking filter 𝛾
S01 0.2230 0.1959 0.7
S02 0.2480 0.2138 0.7
S03 0.2520 0.2163 0.7
S04 0.2600 0.2260 1.0
S05 0.2600 0.2280 0.7

Table 4.5: Wave energy dissipation check for S01 in the numerical wave tank. Comparing 𝐻፦ኺ at the
input and at the location of the monopile.

As can be seen in figure 4.4, case S05 shows good correspondence with themeasure-
ment results. S05 and A06-Measurements are well aligned. Only for some extreme
waves the the wave height is not matched. This is due to the built-in dissipation of
energy in OceanWave3D when wave particle accelerations are to high. Nonetheless,
S05 shows much comparability. Thus the sea state input parameters of S05 are taken
as input for further numerical models.
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Figure 4.4: Accumulated OceanWave3D wave events for all A06 cases compared with wave events
from A06-Measurements.

Since in table 4.5 only the significant wave height at the monopile was compared, an
additional check is to be done. To be sure that the numerical wave tank is compara-
ble to the actual one, the dissipation is checked throughout the tank. By comparing
the significant wave heights collected from the wave gauges in the wave tank to the
significant wave heights recorded in the numerical model of S05, the dissipation is
checked. Table 4.6 shows the significant wave height for the A06a-measurements
and and S05. As can be noted from table 4.6, both sea states show comparable dis-
sipation in the tank. Additionally, the peak period lies within the range of the different
measurement tests as shown in table 4.3. Moreover, both in the numerical model as
in the measurements, the peak period tends to increase further in the wave tank.
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Wave gauge #
1 2 3 9 10 11

A06-Measurements
𝐻፦ኺ [m] 0.251 0.235 0.219 0.225 0.218 0.224
𝑇፩ [s] 1.932 1.932 1.932 1.969 1.969 1.969

S05
𝐻፦ኺ [m] 0.249 0.240 0.229 0.228 0.228 0.228
𝑇፩ [s] 2.074 2.101 2.128 2.128 2.156 2.156

Table 4.6: Wave energy dissipation check for S05 in the numerical wave tank. Comparing 𝐻፦ኺ on
multiple locations throughout the wave tank.

4.4. Long numerical model
To create a large sample size of potential slamming waves, a sea state was gener-
ated with approximately 10.000 waves. This way, more potential slamming waves are
generated and allow for good comparison.

Based on the developed and verified model S05, a larger sample size sea state was
generated. It uses the same sea state input characteristics, but with more generated
waves. Displayed in figure 4.5 is the generated sea state L03 plotted in a Rayleigh
distribution along with the measured wave heights from the wave tank tests. As can
be noted, the generated sea state suits the measurements well, only extreme high
waves are less well interpreted and slightly underestimated.
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Figure 4.5: Probability plot with Rayleigh distribution for wave heights from A06-measurements and
L03 sea states.
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4.5. Summary
In this chapter a numerical model was introduced to describe the sea state from
the measurements campaign in OceanWave3D. At first, the generated sea state ap-
peared to lack the necessary wave height. By adjusting the input for the JONSWAP
model, a sea state was found that matches the measurements. Wave energy dissipa-
tion is checked throughout the measurements wave tank and compared to dissipation
in the numerical model. It was shown that both the wave tank and numerical model
show resembling dissipation. The findings are summarised in table 4.7. Sea state
L03 will be used for further analysis in this thesis.

Ref number 𝐻፦ኺ [m] 𝑇፩ [s] 𝑑 [m] 𝛾 [-] duration [s] no. of waves
L03 0.260 2.0184 0.6644 0.7 20.000 10.000

Table 4.7: Summary of sea state input parameters for numerical simulation L03.



5
Impact loading in numerical model

In the upcoming sections, the numerically generated sea states form chapter 4 are
used to calculate wave and slam loading on the monopile. This is compared to mea-
surements form the wave tank tests. The chapter has the following objectives:

• Compute wave force on monopile

• Identify potential slamming waves

• Define numerical slam load representation to fit measurements

5.1. Wave loading on monopile
For estimation of the wave induced forces acting on the monopile, the Morison equa-
tion is used. As referred to in section 2.2, the Morison equation gives a good approx-
imation of the wave loads on slender cylindrical structures. The loads are calculated
based on the wave kinematics found in the numerical OceanWave3D model L03 de-
veloped in chapter 4. The Morison equations is as follows:

𝐹፦(𝑡) = 𝐶፦𝜌
𝜋
4𝐷

ኼ𝑢̇(𝑡) + 𝐶፝
1
2𝜌𝐷𝑢(𝑡)|𝑢(𝑡)| (5.1)

Wave kinematics in the OceanWave3D model are collected in 11 locations on the
z-axis. Computation of the wave load is done by interpolating between 2 collection
points. Hence the wave load will be calculated in 10 different parts along the monopile.
To enhance accuracy of the potential flow solver, the grid points are more clustered
at the free surface as can be seen in figure 2.11.
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5.1.1. Force coefficients
Since particle velocities and accelerations at the monopile can be derived from the
numerical model, only the inertia and drag coefficients 𝐶፦ and 𝐶፝ are to be determined
separately. The force coefficients are dependent on the non-dimensional parameters
Keulegan-Carpenter and Reynolds number.

𝐾𝐶 = 𝑢፦ፚ፱𝑇
𝐷 (5.2)

𝑅𝑒 = 𝑢፦ፚ፱𝐷
𝜈 (5.3)

with 𝑢፦ፚ፱ the maximum horizontal velocity at still water level, 𝑇 the wave period, 𝐷
monopile diameter and 𝜈 the kinematic viscosity for water.

With a recorded 𝑢፦ፚ፱ of 1.2m/s for the generated sea state L03, 𝐷 = 0.16m , 𝑇 = 2.1
s and 𝜈 = 1.0 ⋅ 10ዀ 𝑚ኼ/𝑠 it is calculated that 𝐾𝐶 ≈ 16 and 𝑅𝑒 = 2.0 ⋅ 10኿. This can
be used to calculate the drag and inertia coefficients. The determination of 𝐶፦ and 𝐶፝
is done following the DNV guidelines for offshore wind turbines.

𝐶፦ = Max {2.0 − 0.044(𝐾𝐶 − 3)1.6 − (𝐶ፃፒ − 0.65)
(5.4)

where 𝐶ፃፒ is 0.65 for a smooth cylinder.

𝐶፝ = 𝐶ፃፒ𝜓(𝐶ፃፒ, 𝐾𝐶) (5.5)

with wake amplification factor 𝜓 to be extracted from figure 5.1.
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DET NORSKE VERITAS AS

 Offshore Standard DNV-OS-J101,  May 2014
  Sec.4 Loads and load effects  –   Page 79

KC, and in turn CD and CM, may attain different values for the extreme waves that govern the ULS and for the
moderate waves that govern the FLS.

The drag coefficient CDS for steady-state flow can be used as a basis for calculation of CD and CM. The drag coefficient
CDS for steady-state flow depends on the roughness of the surface of the structural member and may be taken as 

in which k is the surface roughness and D is the diameter of the structural member. New uncoated steel and painted steel
can be assumed to be smooth. For concrete and highly rusted steel, k = 0.003 m can be assumed. For marine growth, k
= 0.005 to 0.05 m can be assumed. 

The drag coefficient CD depends on CDS and on the KC number and can be calculated as

in which the wake amplification factor ψ can be read off from Figure 4-2. For intermediate roughnesses between
smooth and rough, linear interpolation is allowed between the curves for smooth and rough cylinder surfaces in Figure
4-2.

Figure 4-2  
Wake amplification factor as function of KC number for smooth (solid line) and rough (dotted line) 

For KC < 3, potential theory is valid with CM = 2.0. For KC > 3, the inertia coefficient CM can be taken as

where CDS depends on the surface roughness of the structural member as specified above.

As an example, in 30 to 40 metres of water in the southern and central parts of the North Sea, CD = 0.8 and CM = 1.6
can be applied for diameters less than 2.2 m for use in load calculations for fatigue limit states.

For structures in shallow waters near coastlines where there is a significant current in addition to the waves, CM should
not be taken less than 2.0. 

For long waves in shallow water, the depth variation of the water particle velocity is usually not large. Hence it is
recommended to use force coefficients based on the maximum horizontal water particle velocity umax at the free
surface.

When waves are asymmetric, which may in particular be the case in shallow waters, the front of the wave has a
different steepness than the rear of the wave. Since the wave force on a structure depends on the steepness of the wave,
caution must be exercised to apply the asymmetric wave to the structure in such a manner that the wave load impact
is calculated from that of the two wave steepnesses which will produce the largest force on the structure. 

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---
 

4.5.4.7  The resulting horizontal force F on the cylinder can be found by integration of Morison’s equation for
values of z from –d to the wave crest, η(t).
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Figure 5.1: Wake amplification factor as function of KC number for smooth (solid line) and rough (dotted
line) [5].

By means of using the definitions as stated in DNV RP-C205 [5], 𝐶፦ and 𝐶፝ are es-
timated at 1.6 and 0.78 respectively. The results are summarised in table 5.1. The
force coefficients are kept constant over the entire water depth.

𝑅𝑒 𝐾𝐶 𝐶፝ 𝐶፦
2.0 ⋅10኿ 16 0.78 1.6

Table 5.1: Reynolds number and Keulegan-Carpenter number with corresponding force coefficient for
L03.

5.1.2. Wave loading
Based on the Morison equation as in equation 5.1 and with force coefficient as defined
in table 5.1, the following Rayleigh distribution can be plotted:
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Figure 5.2: Probability plot with Rayleigh distribution for wave loading on the monopile from A06-
measurements and L03 sea states.

When looking at the graph, it can be seen that the loads on the monopile, which are
based on the numerically generated sea state L03, follow the measurements of A06
accurately. Only for waves with higher peak forces, the loads are under estimated.
This difference in loading is explainable since the OceanWave3D model and the used
Morison equation do not account for breaking waves. Whereas the measurements
from the experiment clearly show a significant load increase due to slamming. Hence
extreme loads for L03 will be lower than the measurements.

5.2. Identify potential slam waves
In the previous section it is shown that the load estimations are accurate for non-
slamming waves, the next step is to identify the potential slamming waves. The iden-
tification of potential slamming waves is based on the criteria introduced in section
3.2.1:

𝑆፛ > 0.2 (5.6)

𝐹፛ ≥ 4𝜎ፅ (5.7)
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Figure 5.3: OceanWave3D time series for case L03. Left graph shows base shear and right graph
shows wave elevation. Slamming wave events are indicated with red triangle.

0 1 2 3 4 5 6

Wave period [s]

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

W
av

e 
he

ig
ht

 [m
]

Wave height versus wave period - L03

Wave
Slamming wave

(a) 𝐻 and 𝑇

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

Wave height [m]

0

10

20

30

40

50

60

70

80

90

100

P
ea

k 
fo

rc
e 

[N
]

Wave height versus peak force - L03

Wave
Slamming wave

(b) 𝐻 and 𝐹፩
Figure 5.4: Scatter plot for L03 OceanWave3D series. Slamming waves are indicated in red.

From the approximately 10.000 wave events in case L03, a total of 48 are identified
as potential breaking waves were identified in time series L03.

5.3. Slamming wave load
As stated in section 5.2, the underestimating of the loads on breaking waves is due
to the absence of a slamming part in the calculations the Morison equation. To adjust
for this error, a slamming impact load is to be added. As introduced in section 2.3, the
slam load can be added to the total force estimated by the Morison equation.

𝐹 = 𝐹።፧፞፫፭።ፚ + 𝐹 ፫ፚ፠ + 𝐹፬፥ፚ፦ (5.8)
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Since 𝐹።፧፞፫፭።ፚ and 𝐹 ፫ፚ፠ are calculated in the previous section, 𝐹፬፥ፚ፦ will be derived
based on equations developed in section 2.3. The slamming force component will
only be added to the waves which are identified as potentially slamming.

𝐹፬፥ፚ፦ =
1
2𝜌𝐶፬𝐴𝑢

ኼ (5.9)

Where 𝜌 is the water density, slamming impact area 𝐴 is taken to be as presented by
Paulsen et al. [17], 𝐴= 𝜆𝐻፛𝐷 ኼ

᎝Ꮄ , with curling factor 𝜆 = 0.29ፇᑓፇᑤ . Slam coefficient 𝐴 and
impact velocity 𝑢 are addressed in next sections.

5.3.1. Slam coefficient
In section 2.3 a general slamming coefficient was introduced. Here, the general slam-
ming coefficient of 𝐶፬ = 2𝜋 is verified against the measurements. 𝐶፬ is to be derived
from the experimental data as follows:

𝐶፬ =
𝐹፬፥ፚ፦
ኻ
ኼ𝜌𝐴𝑢ኼ

(5.10)

Since no water particle velocity is recorded in the experiments, the horizontal velocity
is approximated by 𝑢 = √𝑔ℎ. Based on the slam loads retrieved from the measure-
ment campaign, the slam coefficients are calculated. Shown in figure 5.5 are the slam
coefficients for all A06-measurements cases.
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Figure 5.5: Boxplot indicating the range of slam coefficients for A06-Measurement.

The mean 𝐶፬ values range around 5 - 7 , for further calculations the value of 2𝜋 is
used in this thesis. A slamming coefficient of 2𝜋 was already introduced in section 2.3
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by both DNV and Paulsen et al.

5.3.2. Impact velocity
The horizontal velocity impacting the monopile structure is of great importance to the
slam load formulation. As stated in section 2.3.2, different impact velocities are con-
sidered. Where DNV uses 𝑢 = 1.1 ᎘

ፓᑓ , Paulsen et al. use 𝑢 = √𝑔ℎ. This means that
for a generated sea state, only one slamming wave impact velocity is used.

Since the potential flow solver OceanWave3D gives kinematics at the reference points
and monopile, horizontal velocities can be extracted from the numerical model. This
thesis uses the horizontal particle velocity at free surface for an individual slamming
wave as calculated by the numerical model. This ensures an accurate estimation of
slamming impact loading.

For DNV, the calculated impact velocity is 2.43 m/s, whereas the impact velocity for
Paulsen et al. is 2.55m/s. The impact velocity for the individual slamming wave range
from 1.22 to 1.65 m/s.

5.3.3. Numerical slam load results
Now the slam load parameters are established and can be calculated according to
equation 5.9, the slam forces for case L03 are added to the Morison forces. This slam
load is only added to the waves which are identified as potential slamming waves. The
results of the slam load calculation are graphically presented in figure 5.6. Here it is
shown how the slamming wave impact is added to the Morison hydrodynamic forces.
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Figure 5.6: Scatter plot for all wave events of case L03. Green dots are wave identified as potential
slamming waves and red dots represent the wave with added slam load.

To compare the calculated impact loading from the numerical model to the loads as
measured in the wave tank, the forces are plotted in a probability plot. Figure 5.7
shows the calculated slam load along with the measurement impact loads. Here it
can be observed how L03-without slam load- does not include the high peak loads and
misses the high slam loads. Whereas L03-with slam load- follows the measurements
from the wave tank closely. An other comparison is made in figure 5.8, where the
different slam load representations of the numerical model are plotted. As described
in section 5.3.2, methods differ in their impact velocity computation. From this figure
it can be noted that methods from DNV and Paulsen et al. are more conservative
in their load estimation. This difference is caused by the alternate impact velocities
which are lower.
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Figure 5.7: Probability plot for wave impact comparing A06-measuremnts to L03, with and without slam
load.
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5.4. Summary
This chapter has addressed the computational steps required to estimate slam forces
from a numerically generated sea state.

First the Morison loading on the monopile is assessed using the kinematics obtained
from the OceanWave3D model. Based on the kinematics, the force coefficients are
calculated applying DNV guidelines. Comparing the calculated wave impacts to the
measurements, for non-slamming waves large similarity in wave loads was shown.
Using the identification method for slamming waves based on steepness and impact
force, waves are classified as potential slamming. Then, an additional slam load is
added to the Morison force, which only applicable for the identified waves. The added
slam load is calculated using the wave kinematics from OceanWave3D and uses mo-
mentum theory to establish the impact on the structure. The impact velocities of the
incoming slamming waves are extracted for each slamming wave individually. Finally,
the identification method results in a less conservative calculation method for impact
slam loading.



6
Conclusions and recommendations

6.1. Conclusions
The goal for this thesis was to establish an enhanced breaking wave model to iden-
tify the effects of breaking waves on monopile structures. Using wave measurement
data from wave tank tests performed for the joint industry research project WiFi at the
Atlantic basin with Deltares, different slam load representations are compared.

Based on measurement data an identification method was introduced to identify po-
tential slamming waves from the time series. The numerical identification of potential
slamming waves can later be used to mark waves in the potential flow solver. Based
on impact force and wave shape, all waves in the time series are evaluated and fol-
lowing the criteria, some are identified as potential slamming.

Using the potential flow solver OceanWave3D, a numerical model to represent mea-
surement data was developed and validated against measurement data. Dissipation
in the numerical wave tank is compared to measurement results. It was shown that the
developed sea states have comparable characteristics to the measurements. Using
this, a proper comparison could be made between impact loads from both measure-
ments and the numerical model. It was shown that for non-slamming waves, loads
calculated using the numerical model are of comparable magnitude to the measure-
ment results. Since the numerical model did not account for slamming wave impacts
initially, an extra slam load is added later.

Based on the momentum theory, a formulation was derived to represent slam load
on a monopile. The slam load is approximated based on the impact area and im-
pact velocity derived from the potential flow solver. As verified by the measurements,
adding the slam load to waves which are identified as potential slamming, gives good
approximation to the measurements. Taking the impact velocity for each slamming
wave individually, results in a less conservative approximation of impact loads when
compared to DNV guidelines. The developed method to identify and calculate slam-
ming wave loads on monopiles structures can be further used in the evaluation of
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turbine responses.

To conclude, the recommended practice is as follows:

• Wave train generation using OceanWave3D

• Identify potential slamming waves

• Apply added slam loading to Morison loads

6.2. Future work
Ideas for further developments, future work and possible subjects of interest are out-
lined below.

Generate numerical sea state based on wave probe input files. Although not
available for this thesis, wave probe input files can be implemented in Oceanwave3D
resulting in more accurate recreation of the measured sea state. This way the con-
clusions of this thesis can be further investigated and results verified.

Validate identification method for slamming loads on sloping sea bed. This the-
sis has focussed on breaking waves on a flat seabed. However, it could be of inter-
est to compare the numerical identification method to breaking wave measurements
on a sloping seabed. Hereby, the slamming wave analysis would be applicable to
monopiles placed on sloping sea beds.

Validate slam load formulation using computational fluid dynamics. The current
slam load representation is based on a 2-dimensional interpretation. A step further in
validation would be using 3 Dimensional CFD to compare slam loads.

Integrate slamming wave identification in Phatas and apply method for practical
use. In order to integrate the slamming wave identification method into Phatas, both
the output from OceanWave3D and input for Phatas need to be aligned.
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A.2. Individual waves
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B.1. Time series
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OceanWave3D input

Figure C.1: Snapshot of GUI OCW3D to use OceanWave3D.
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60 C. OceanWave3D input

Figure C.2: OceanWave3D input file.
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