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Abstract

Climate change affects sea level rise and the safety of the people living behind
seadikes. In order to prepare for this, several adaptation measures are available. One
option to reduce the wave attack on dikes is constructing a foreshore breakwater or
nourishments, which affect the foreshore instead of the dike. It is also possible to adapt
the dike itself by means of raising the dike. However, this measure comes with
widening of dikes and higher loading on the subsoil. Wave overtopping can be reduced
by including roughness elements or adding a berm as well. Another possibility is to
employ crest elements such as a vertical crest wall, promenade or parapet on the crest
wall to reduce wave overtopping discharges.

The overtopping discharge is key when defining the dike dimensions. Despite the fact
that several overtopping reduction measures are researched, the combination of those
influence factors is still not fully understood (Van Gent, 2019). Moreover, the effect of
wind on the overtopping discharge is not included in existing guidelines, whereas wind
is complex due to its dynamic behaviour. Also, the knowledge niche regarding the
position and height of the vertical crest wall is the reason for performing more research.
Physical model tests are conducted to gain more knowledge about the maximum wind
effect to obtain a better understanding of how it affects the overtopping discharge and
the loading on seadikes.

The following research question is covered in this master thesis: What is the maximum
wind effect on wave overtopping at dikes with crest elements? The aim of the present
research is to examine this wind effect based on physical model tests, which are
performed at Deltares in Delft, the Netherlands. Experiments on a small-scale model
of a seadike with a smooth outer slope at an angle of tan(a) = 1: 3 are conducted using
a significant wave height between 0.1 and 0.2 m with a wave steepness between 0.02
and 0.04. In total, four dike configurations were tested, consisting of a crest wall (0.05
and 0.08 m), which is placed at the seaside of the dike crest in one case and on the
land side in another. In the latter case, the promenade between the crest wall and the
seaward edge of the crest is 0.15 m. Additionally, some experiments were conducted
with varying water levels in order to quantify the importance of water level differences
on the maximum wind effect. A paddle wheel is used to simulate the maximum effect
of wind, based on the idea that all vertical spray exceeding the dike crest is transported
over the crest by onshore wind. The maximum wind effect is determined by comparing
the tests with and without the use of the paddle wheel.

The results of this investigation show that existing guidelines, such as TAW (2002),
should be optimised to fit the measured overtopping discharges for the situation
without wind. For non-breaking waves, the wave steepness is not included in the TAW
(2002) overtopping formula, but the data show a clear dependency on this parameter.
Regarding breaking waves, one of the numerical coefficients used in the overtopping
equation is optimised. When a crest wall or crest wall with promenade is added to the
dike, it depends on the type of waves (breaking or non-breaking) and dike configuration
whether the coefficients in the expressions should be adapted to account for the crest
elements. However, it has to be mentioned that the proposed formulas should be
validated against larger databases before they are being adopted.



Vi Abstract

One of the most significant findings from this study is a quantification of the maximum
wind effect (Equation 28). It provides an amplification factor (y,,i»q) ON the overtopping
discharge. This maximum wind effect is defined as the ratio q,,;,q4/q, Which indicates
the overtopping discharge with maximum wind effect due to onshore blowing winds
(qwina) OVer the overtopping discharges without wind effects (g). For the data obtained
during this research, the maximum wind effect ranged from 1.0 to 4.0, where a yyina
of 1.0 indicates no increase in overtopping discharge due to wind. Although the
different dike configurations can each be assigned to a calibrated version of
Equation 28, this equation is a reasonably good estimation and could also be applied
as a first estimate to configurations that are not tested in this research.

*x—0.43

Ywina = 0.011 g +1 Equation 28
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List of symbols

Symbol Unit Description

a ° Averaged angle of the waterside slope

B ° Angle of wave attack

Vg - Influence factor for oblique wave attack

Yb - Berm influence factor

Yr - Roughness influence factor

Yprom - Influence factor for a promenade

Yorom,v - Influence factor for a promenade combined with a
vertical crest wall

Vs - Influence factor for a vertical wall

Ywind - Wind influence/amplification factor

y* - Influence factor for crest elements

& - Breaker/Iribarren parameter based on H,,, and T;,,_; o

a - Empirical coefficient

b - Empirical coefficient

B m Promenade width

b, - Empirical coefficient

Bperm m Berm width

Co - Empirical coefficient for the roughness influence factor

Ch2% - Empirical coefficient

Co2% - Empirical coefficient

d m Water depth at the toe of the seadike

dp m Water depth at the centre of the berm

g m/s? Gravitational acceleration

hyo, m Layer thickness at the seaward edge of the dike crest

H,0 m Significant wave height based on the wave energy
spectrum

oy aur m Height of the crest wall

Lyerm m Berm length

Lm—10 m Wave length based on T;,,—; o

q m3/s/m Averaged overtopping discharge per metre crest width

Qwind m3/s/m Averaged overtopping discharge per metre crest width
for tests with wind

q” - Dimensionless overtopping discharge based on H,,,

q" wind - Dimensionless overtopping discharge based on H,,,
with wind

R, m Crest freeboard; distance between the crest height and
the still water level

Ry29, m Wave run-up height, exceeded by 2% of the incident
waves

So - Wave steepness based on H,,, and Tp,_1 ¢

Tin-10 S Spectral wave period based on the ratio of the spectral
moments m_,; and m, of the incident wave spectrum

Uy, m/s Extreme flow velocity
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Problem analysis

Chapter 1 contains the problem analysis. A short introduction to wave overtopping, the
problem statement and research questions are part of this chapter. Subsequently, the
methodology and outline of the thesis finish this chapter.

1.1 Introduction

Wave overtopping is one of the failure mechanisms of dikes, resulting in overtopping
discharges damaging the dike revetment at the land side. The result can be disastrous,
leading to instability or breaching of the dike. Flooding due to breaching has to be
prevented, which has to be taken into account in the design and safety assessment of
dikes.

Due to climate change, the risk on flooding events increases, leading to a possible
breach of safety standards. As a consequence, new seadikes need to be higher and
existing dikes may need to be reinforced (Chen et al., 2021). It is assumed that for
each metre of sea level rise, the dikes need to be raised 2.5 m. Not only does it take
more space, because the seadike will be wider landward, but it also results in higher
loading on the subsoil. In order to overcome this problem of raising dikes, several
options are available (Van Gent, 2019). The first option is not to adapt the dike itself,
but the foreshore. This consists in constructing an offshore breakwater or decreasing
the water depth through, for instance, nourishments. These two foreshore measures
do not affect the dike, but reduce the wave loading. Adaptation of the dike can be
achieved by various options. At the seaside of the dike it is possible to include a berm
or increase the roughness by changing the type of armour layer. At the crest of the
dike, crest elements such as a wall can diminish the amount of wave overtopping. At
the inner side of the dike, the slope can be strengthened in order to allow larger
overtopping discharges without the possibility of dike breaching.

Each adaptation measure can be optimised based on the amount of sea level rise.
However, making a choice between the measures is difficult due to the large amount
of uncertainty on both the impact of measures and the actual sea level rise. Moreover,
in order to determine the height of a dike, the overtopping discharge has to be
analysed, which consists of several parameters. One of the parameters affecting the
overtopping discharge is the effect of wind.

The influence of wind on wave overtopping is most pronounced during storms.
Onshore blowing winds induce increasing water levels and, as a result, higher waves
that approach the coast. Figure 1.1 (a) displays the effect of waves hitting a jetty during
a storm. The vertical water spray could all be blown onshore, which increases the
overtopping discharge. A storm in January 2007 was closely monitored near Petten
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(the Netherlands) by Rijkswaterstaat. Multiple wave and wind characteristics as well
as wave overtopping discharges were measured. These field measurements revealed
that wave overtopping occurred when high astronomical tide was combined with strong
onshore blowing winds (Marsman et al., 2007). A more recent example of such a storm
in the Netherlands is storm Corrie in January 2022, which resulted in wind speeds up
to 110 km/h (Figure 1.1 (b)) and wave heights of 5 to 6 m at the Afsluitdijk (Visser,
2022).

Maandag 31 januari 2022
Hoogste windstoot in km/u

140

@) (b)
Figure 1.1: (a) Waves overtopping a jetty (De Lange, 2022); (b) A map of the Netherlands, which indicates the
highest measured wind speeds in km/h during storm Corrie (Klaassen, 2022).

1.2 Problem statement

The overtopping discharge is one of the main issues when determining the height of
dikes and wave overtopping. Influencing parameters such as berm, roughness,
obliquely incident waves and a vertical wall have already been widely investigated. As
a result, these influencing parameters are included in current calculation methods,
although Van Gent (2019) stated that the combination of some influence factors is still
not fully understood. At the moment, such an influence factor for wind does not exist.
Although some experiments were conducted, little is known about the effect of wind on
wave overtopping at dikes with crest elements. Wind in itself is a complex phenomenon
due to its dynamic behaviour, which adds up to all the different parameters that
influence the overtopping discharge. This makes it difficult to construct a general
formula including the effect of wind on wave overtopping. Additionally, scaling effects
of water-air interaction are important.

Adding to that, several configurations of a vertical wall on a dike are possible. For
vertical walls with a toe above the still water level, limited data and knowledge are
available (EurOtop, 2018). Therefore, it is necessary to do more research and perform
laboratory tests in order to reduce these knowledge gaps.
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1.3 Objective

The objective of the research is to gather more information about a possible
relationship between the maximum wind effect and wave overtopping at dikes.
Furthermore, the crest elements may influence the wave overtopping and wind effect.
To achieve this objective, the following research question is covered in this master
thesis.

What is the maximum wind effect on wave overtopping at dikes

with crest elements?

The basis for answering the research question is created by two groups of sub-
guestions. The first group of sub-questions is focussed on the relation between the
data from the present research and comparison with previous research.

1. How do wave characteristics, such as the significant wave height and wave
steepness, influence wave overtopping at dikes with and without crest
elements?

2. What is the influence of the height of crest elements on the overtopping
discharge?

3. What is the influence of the position of crest elements on the overtopping
discharge?

The second group of sub-questions is concentrated on the maximum wind effect.

4. How do wave characteristics, such as the significant wave height and wave
steepness, influence the maximum wind effect on wave overtopping at dikes
with crest elements?

5. Whatis the influence of the height of crest elements on the maximum wind effect
on wave overtopping at dikes with crest elements?

6. What is the influence of the position of crest elements on the maximum wind
effect on wave overtopping at dikes with crest elements?

1.4 Methodology

In order to answer the research question, experiments form the basis of a possible
solution. The Pacific Basin at Deltares in Delft, the Netherlands, was used to
investigate the maximum wind effect for different wave characteristics based on
physical model tests. This maximum wind effect was schematised by using a paddle
wheel that mechanically collected the splashing water when waves attacked the dike.

Furthermore, the crest element was modified so the influence of reducing wave
overtopping measures could be quantified. For instance, a vertical wall of which the
height could be changed, was installed. In addition, the location of this wall could also
be altered by adding a promenade seaward of the crest wall. The literature study
preceding the analysis of the results gives an overview of the current state of
knowledge and knowledge gaps. The gathered data are compared with the literature
to answer the research question.
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To get an impression of the model set-up related to this topic, Figure 1.2 is added. The
paddle wheel simulating the maximum wind effect (rotating anti-clockwise in
Figure 1.2), was positioned just above the crest wall on the dike and transported the
overtopping discharge via the chute to an overtopping box, where the overtopping
water volume was measured. For more detailed information about the model set-up
and measurement programme, the reader is referred to section 3.1.

Figure 1.2: Overview of the model set-up with paddle wheel above the seadike with crest wall and promenade.

1.5 Outline of the thesis

This thesis is divided into three main parts, which describe the different elements of
the research, and the appendices.

State of the art

The composition of the thesis starts with the introduction in chapter one. The research
guestion, problem statement and methodology give the reader an impression of the
focus of this research. Chapter two contains a literature study, where the concept ‘wave
overtopping’ is clarified. Additionally, several parameters influencing wave overtopping
and the current knowledge and knowledge gaps about the wind effect are presented.

Analysing physical model tests

The second part focusses on the physical model tests. Chapter three illustrates the
methodology regarding the experiments. The set-up, the boundary conditions and
possible variations are explained. Next, the data analysis follows in chapter four. This
data analysis consists of verifying the connection between different parameters by
means of interpreting and analysing the data.

Wrap-up

The third and last part before the appendices concludes the thesis. The discussion is
the topic of chapter five. Chapter six contains the conclusions of the research with
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respect to the research question and is completed with recommendations for further
research.

Appendices

The appendices contain more detailed information about the model set-up of the
physical model tests, the measurement programme and the experiments conducted
with wind.






Literature study

In this chapter a literature study is presented to obtain knowledge and acquire an
understanding of wave overtopping and parameters influencing wave overtopping.
Several coastal structure configurations are analysed, including the outer slope of a
dike, a berm and a vertical wall as crest modification. In addition, existing knowledge
about the wind effect on wave overtopping is discussed.

2.1 Wave overtopping as failure mechanism

Climate change has an impact on a very wide range of engineering subjects. Sea level
rise initiated by global warming will become more critical in the Netherlands over the
coming decades. Some other countries also face the effect of land subsidence. Both
effects require an evaluation on the risk of flooding events and associated safety
standards of coastal structures. One group of coastal structures affected by sea level
rise is seadikes. When focussing on the safety standards of dikes, several failure
mechanisms have to be considered as displayed in Figure 2.1. In this thesis, the focus
is on wave overtopping, and the other failure mechanisms are not evaluated.

/ mis s s oo
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Figure 2.1: Failure mechanisms of dikes (Bakkenist et al., 2012).

erosion outer slope

Not only wave overtopping in itself can be dangerous in the sense that it may lead to
damage of structures and salt intrusion. The resulting forces on the land side of the
dike must not be underestimated.
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The overtopping discharge may damage and erode the land side slope, which, in the
end, has the ability to result in breaching of the dike. In order to prevent this complete
dike failure, research was performed, and guidelines prescribed. Some influential
parameters are described in the following sections.

Wave overtopping at dikes occurs when the wave run-up level is higher than the crest

level of a dike. The principle is illustrated in Figure 2.2. R, is the free crest height, which
is defined as the outer crest level relative to the still water level (SWL).

outer crest level

T e e e e e T T e e,
-~ - -~ - - - - -~ -

-

Figure 2.2: Wave overtopping at a dike (TAW, 2002).

2.2 Overtopping discharge

In order to quantify wave overtopping, the overtopping discharge is normally used. The
average overtopping discharge, q, is expressed in m3/s/m or I/s/m. To prevent massive
erosion at the inner slope of a dike, the following upper limits of overtopping discharges
are prescribed (TAW, 2002):

e 0.1 I/s/m for sandy soil with a poor grass cover;

e 1.0 l/s/m for clayey soil with a reasonably good grass cover;

e 10 I/s/m for a clay covering and a grass cover according to the requirements for

the outer slope or for an armoured inner slope.

Many overtopping formulas are empirical formulas, which are validated using physical
experiments or numerical modelling (Chen et al., 2021). Two important equations are
given in the EurOtop manual (EurOtop, 2018) and the TAW report (TAW, 2002).

The overtopping discharge from Equation 1 and Equation 2 originate from the EurOtop
manual (EurOtop, 2018) and can be used for predictions about and comparisons with
measurements.

= Vb Sm-1,0 " €Xp| —| 4. Equation 1
\/g H3, \/tan(a) boomoLo Himoém—1,0" Yo" Vs Vg Vo

with a maximum of:

q RC 1 1.3
=0.09-exp|—(1.5 Equation 2
Vg H, Himo Ve~ ¥p " Vo
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The overtopping discharge from Equation 3 and Equation 4 originate from the TAW
report (TAW, 2002).

; ( 43 R, 1 >
Yp "So " €Xp| —4. Equation 3
Poe Hmo &0 Yo Vs Vg ' Vo

g _ 0.067
Vg Hino  tan(a)

with a maximum of:

q Re 1
=0.2-exp|—2.3 —_— Equation 4
Vg H, Hino ¥y~ Vg

where g [m®s/m] is the average wave overtopping discharge, g [m?/s] is the
gravitational acceleration, H,,, [m] is the significant wave height at the toe of the dike,
&o [-] is the breaker parameter (or Iribarren parameter), tan(a) [-] is the average slope,
R. [m] is the free crest height above the still water level, and y [-] is an influence factor
for a berm, roughness elements, obliquely incident waves and a vertical wall. There is
a maximum on the amount of overtopping discharge because non-breaking waves are
assumed to be independent of the breaker parameter.

In Equation 1 and Equation 3, the breaker parameters are the same and defined as:

tan(a)
¢m-10=¢0 = Equation 5
vV So
with:
2 ‘T HmO
So = ——7 Equation 6
9 Th-10

so [-] is the wave steepness and T,,_4 o [S] is the spectral wave period at the toe of the
dike.

Since in recent research (Den Bieman et al., 2020) the equations from TAW (2002)
have shown to be more accurate than EurOtop (2018) for several datasets, the TAW
(2002) equations are used for further analysis and as reference. Besides, there is some
debate about the power coefficient of 1.3 that is used in the EurOtop formulas for the
overtopping discharge (Equation 1 and Equation 2) (Chen et al., 2019). From the
overtopping discharge formulas, it can be concluded that the overtopping discharge is
dependent on influence factors (y) and wave characteristics. The influence factors are
discussed in section 2.3.

Two wave characteristic parameters that affect the overtopping discharge are the
spectral wave period and significant wave height. The wave period is included in the
overtopping discharge for breaking waves. For larger wave periods, the overtopping
discharge shows an increase. The maximum discharge given is independent of the
wave period according to current guidelines. Regarding the significant wave height, a
similar relation exists as for the wave period. Increasing the wave height will increase
the overtopping discharge as well.
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The seaward slope of a dike is not accounted for in an influence factor, but is of
importance for the overtopping discharge in Equation 1 and Equation 3, both directly
and via the breaker parameter. However, the influence of the seaward slope on wave
overtopping is not included in the maximum overtopping discharge in Equation 2 and
Equation 4. Although a steeper slope results in more wave reflection, which means
that more energy is reflected, and that the layer thickness of the overtopping bore is
smaller, the effect is not significantly observed in experiments by Van Doorslaer et al.
(2015).

According to Chen et al. (2021), failure of dikes is mainly caused by overtopping
events. Extreme wave overtopping events can lead to much higher overtopping
discharges, higher velocities and a thicker overtopping water layer. Because of this,
these extreme conditions may be more governing regarding dike failure than the mean
guantities (Van Gent, 2002). Average overtopping discharges are therefore less
relevant as they do not account for extreme events. However, the average discharge
is still one of the main parameters for determining the crest height of the dike. For
overtopping events, parameters like overtopping flow velocity and layer thickness are
certainly important. Breaching of a dike due to overtopping events is largely determined
by the velocity of the overtopping waves at the crest. If the velocity is larger than the
critical value, it will lead to erosion at the land side, which may result in breaching of
the dike (Van Gent, 2020).

The equations for the extreme flow velocity and the extreme layer thickness at the
seaward edge of the dike crest are empirical and can be formulated as follows (Chen

et al., 2021).
b
_ g(RuZ% B Rc) .
Uz, = Cy20p —a Equation 7
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Although these overtopping events may be more governing for dike breaching, further
study focusses on the average wave overtopping discharge with corresponding
parameters.

2.3 Influence factors determining wave overtopping

The exponential part of the overtopping discharge formula contains the influence
factors (y). Therefore, relatively small changes in these y values may lead to large
deviations in the calculated overtopping discharges. Several dike configurations have
the ability to reduce wave overtopping. These configurations expressed as influence
factors are explained here. If a certain influence is not present, its value is equal to 1.0.

2.3.1 Berm

Adding a berm at the seaward side of the dike certainly has an influence on the amount
of wave overtopping. Introducing a berm reduces wave overtopping (Van Gent, 2020).
The reason for this is that a berm decreases the average slope angle and therefore
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decreases the amount of wave overtopping. Chen et al. (2021) compared numerical
experiments with the formulas given in the EurOtop manual (EurOtop, 2018). The
EurOtop manual explicitly included an influence factor y,, in calculating the wave run-
up. In contrast, EurOtop (2018) overestimates the run-up heights, but underestimates
the berm influence factor with respect to experiments by Chen et al. (2021). Overall,
the use of EurOtop (2018) results in too much reduction of a berm on wave overtopping
with respect to the performed experiments by Chen et al. (2021).

The effect of a berm is affected by wave characteristics that are not included in the
influence factor described by EurOtop (2018) and TAW (2002). The berm influence
decreases as the wave steepness increases. Moreover, a higher permeability of a
berm results in less reduction of wave overtopping. However, more research is needed
to confirm these statements (Chen et al., 2019).

The existing formula for the berm influence factor updated by Chen et al. (2019) is

bO Bberm

v=1-—
b \/S_OLberm

X = Ry (berm above still water level)
x=2-H,, (bermbelow still water level)

T dh .
(0.5 +0.5- cos( >) with 0.6 <y, < 1 Equation 9

where:

Equation 10

If the berm is located more than 2 - H,,, below or more than the run-up height above
the still water level, y,, is equal to 1.0 as the berm is located outside the influence area.
The coefficient b, = 0.21 applies to impermeable slopes.

The definition of the berm parameters in Equation 9 is best explained in Figure 2.3. It
is remarkable that the berm width has a significant reductive impact on wave
overtopping while the berm level has not (Chen et al., 2021).

reference level at
the middle of the berm

Figure 2.3: Definition of parameters in the berm influence factor y, (TAW, 2002).

2.3.2 Roughness

Another parameter influencing the amount of wave overtopping is the roughness of the
seaward slope of a dike. The more rough the seaward slope, the less wave overtopping
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will occur (Van Gent, 2020). Most dikes in the Netherlands have smooth slopes that
are made of grass, conventional placed block revetments or asphalt. In these cases,
the influence factor y; is equal to 1.0. The reductive effect that roughness has on wave
overtopping depends on the configuration, among other factors. In order to increase
roughness, it is possible to create a less flat pattern, where blocks have different
heights. In these cases of protruding blocks, the block height as well as the spacing
between the blocks of equal height are important parameters. Multiple configurations
are possible.

Another way to introduce roughness is to increase the porosity of the dike revetment.
When a wave runs up the dike, some of the water is absorbed and wave energy is
dissipated. Subsequently, the wave run-up decreases hence there is a lower
overtopping discharge (EurOtop, 2018).

The influence factor for roughness does not only depend on the type of material, but
the crest freeboard, significant wave height and Iribarren parameter play a role as well
(Chen et al., 2019). These parameters define the influence factor y;, shown in

Equation 11, defined by Chen et al. (2019). Calibration coefficient ¢, is defined for
several types of block revetments on permeable or impermeable slopes.

CoR,
HmOEO

Vr = 1-— Equation 11

2.3.3 Oblique waves

Obliquely incident waves have a reducing effect on wave overtopping with respect to
normally incident waves. Moreover, the more oblique the waves are, the more wave
overtopping is reduced (Van Gent, 2020). Van Gent (2020) expressed this in
Equation 12, where f is the angle of wave incidence as displayed in Figure 2.4. In
Equation 12, the berm width By, is included because the influence factor is larger
for wider berms.

-1

B
¥p = cos?(B) + 0.35(1 — cos*(B)) (1 + Iserm) Equation 12
mo

Figure 2.4: Obliquely incident waves under angle g (EurOtop, 2018).
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Including both obliquely incident waves and a berm shows a dependency on each
other. When the berm width increases, the influence factor of obliquely incident waves
decreases. Hence the widening of a berm leads to less wave overtopping due to
obliquely incident waves (Chen et al., 2021).

The methods by TAW (2002) and EurOtop (2018) for calculating the overtopping
discharge are not fully correct for obliquely incident waves in combination with a berm.
For very oblique waves, the existing methods overestimate the overtopping discharge
by several orders of magnitude. When waves are normally incident, these methods
agree with research performed by Van Gent (2020). It has to be mentioned that this
statement holds for research focussed on breaking waves (Van Gent, 2020).

2.3.4 Promenade and vertical wall

Possible measures at the crest of the dike to reduce wave overtopping are a
promenade, stilling wave basin and crest wall. The promenade acts as a berm at crest
level. Adding a berm around the water level will reduce wave overtopping since the
width increases. It has to be mentioned that a vertical wall is much more effective than
a promenade solely (Van Doorslaer et al., 2015). The effect of a vertical wall is most
pronounced when waves break on the dike slope, causing a jet which may overflow
the dike. This jet is retained by a vertical wall.

The stilling wave basin is approximately the same as the promenade, but the difference
is that the basin acts as an overspill. Drainage is one of the most important factors in
the efficiency of the basin. Rapid drainage improves the quality of the basin. Because
waves hit the seaward wall first and water is dropped in the stilling wave basin, most
energy is dissipated. As a result, there is less overtopping at the vertical wall at the
land side of the basin (Van Doorslaer et al., 2015).

Van Doorslaer et al. (2015) also investigated the combined effect of a promenade and
vertical wall. The result is that the combination of both measures is even more effective
than a multiplication of the two separate reduction factors. The outcome of the research
consists of several influence factors for a vertical wall, a promenade and a combination.
The influence of a parapet was also investigated. A parapet is a bull nose on top of the
vertical wall used to guide incoming waves away from the dike. Although a parapet
appears to be an efficient way to reduce wave overtopping in specific situations, it is
not described in detail here.

Equation 3 takes the reduction in overtopping discharge due to a vertical wall into
account, but this wall needs to be between 1.2 - H,,, under and above the still water
level. However, for non-breaking waves where &, > 2, approximately, this influence
factor is absent (Equation 4). Van Doorslaer et al. (2015) argued that this is not correct,
and an influence factor is needed in case a vertical wall is present or promenade is
added. These influence factors are included in Equation 4 as follows, where y* is y,, or

Ypromv-
q Rc 1
———=0.2-exp|—2.3 - Equation 13
Vg Hi, Hmo Yr VgV
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For the dike configuration with a vertical crest wall, the influence factor is described in
Equation 14.

Equation 14

c

0.5 if 2wl > 1,24

c

. hwail
oo hwan)  if 2 <124
v, = {exp( 0.56—R ) R,

hyau [M] is the height of the crest wall and R, [m] is the distance from the still water
level to the top of the wall.

To the configuration in which a promenade is present without a vertical wall, the
following influence factor should be added:

Yprom = 1 —0.47 - Equation 15

Lm—l,O

B [m] is the length of the promenade. L,,_, , [m] is the wave length corresponding to
the mean spectral wave period T,,_; o [S] and can be calculated using the dispersion
relation (Equation 16) with d [m] being the water depth (Holthuijsen, 2007).

TA_ 2nd
Lm—10 = §im-10 tanh Equation 16
' 2m Lim-1,

In case the vertical wall is combined with a promenade, the influence factor becomes:

Yoromy = 0.87- Yprom * Vv Equation 17

When a crest wall is introduced to reduce wave overtopping, several wave/structure
interaction processes may take place. This depends among other factors on wave
characteristics, such as the wave steepness, and the location of the vertical wall. If the
vertical wall is positioned at the outer side of the dike crest, waves most likely have
broken or will break. Waves breaking against the vertical wall may induce high forces
and quite some splashing water. Another possibility is that the waves are already
broken and have a high level of aeration. These waves also result in splashing water
when arriving at the vertical wall (EurOtop, 2018). In the context of the influence of
wind, this spraying is interesting as it may exceed the height of the wall hence it may
contribute to the overtopping discharge. Section 2.4 elaborates on the influence of
wind.

2.4 The influence of wind

Multiple influence factors account for geometrical variations of a dike and for obliquely
incident waves. Nevertheless, one important external factor is not accounted for: wind.

As some people say: ‘nothing as changeable as the weather’. Hence the wind
continuously changes in speed and direction. This dynamic behaviour of wind may
result in different processes for waves attacking a dike. In general, winds blowing
offshore reduce wave overtopping. For winds blowing onshore it is plausible that the
result is an increase in the amount of wave overtopping. However, there are different
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mechanisms that describe the behaviour of waves. On the one hand, onshore blowing
winds may push a wave up the dike slope hence increase the wave run-up and
overtopping. On the other hand, stirring up the waves on the dike slope may imply an
earlier breaking point of waves on the dike slope. This process decreases the amount
of wave overtopping (Lorke et al., 2012).

When focussing on onshore blowing winds, the effect of wind can be expressed in
several ways. Wind can increase the overtopping discharge by blowing water (spray)
that exceeds the crest height over the dike. Second, onshore winds can cause higher
wave run-up and change of the breaker parameter. Third, wind can lead to spraying of
water at open sea in general. In this study, the main focus is on the first option, where
the maximum wind effect on wave overtopping is analysed. The focus is on the water
volume that would not overtop the dike in case of no wind (De Waal et al., 1996).

De Waal et al. (1996) stated that, based on their experiments, a higher crest level with
respect to the still water level results in a larger difference between the situation with
and without wind. A possible explanation is that for higher crest levels, the horizontal
velocity of the water rising above the crest is smaller. When a vertical wall as crest
element is included, the influence of wind is increasing. The reason is that water is
projected vertically upwards, so the horizontal velocity is zero. Winds may blow this
volume over the dike (Wolters & Van Gent, 2007).

Another correlation is made between the water depth and the maximum wind effect. If
the water level is decreased, more waves will be broken when they approach the dike.
Because the spray effect originates from breaking or broken waves hitting the crest
element, a shallower water depth is associated with more spraying and hence a larger
maximum wind effect on the overtopping discharge (De Waal et al., 1996).

De Waal et al. (1996) concluded that the upper limit of the overtopping discharge with
maximum wind effect with respect to the overtopping discharge without wind is
approximately three. However, more recent research shows that this value may be
exceeded (Wolters & Van Gent, 2007). Wolters and Van Gent (2007) carried out
experiments in order to investigate the maximum wind effect on wave overtopping at
breakwaters with crest elements. In order to do this, a rotating paddle wheel was used,
with which all water exceeding the crest of the dike was determined as extra
overtopping discharge due to the maximum wind effect. The research focussed on the
low overtopping regime, where ¢* < 2-10~* The definition of the dimensionless
overtopping discharge g* [-] is given in Equation 18.

. q

q =
\/QH%O

Breaking waves on both rough and smooth slopes were investigated (Wolters & Van
Gent, 2007). It appeared that for rough slopes there was some splashing water, which
was not significant with respect to the wave overtopping volumes. For smooth slopes,
breaking waves contain a jet under the wave crest which has a significant impact on
the wave overtopping volume. Due to this jet that may reach the crest elements, the
influence of wind is larger for smooth slopes than for rough slopes.

Equation 18
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In addition, changing the crest freeboard and wave steepness changes the overtopping
discharge. The relation between lowering the freeboard and the resulting increasing
discharge is exponential and it is this parameter which influence is most notable.
Increasing the wave steepness (the wave height with respect to the wave length)
results, for smooth slopes only, to a linear increase of the overtopping discharge.

As a result, Wolters and Van Gent (2007) concluded that the maximum influence of
wind expressed as the ratio q,inq/q could be up to 6.3. This indicates that the
overtopping discharge with maximum wind effect (q,inq) iS more than six times as
much as the overtopping discharge without wind effects (q). Additionally, the research
concluded that the ratio q,,;nq/q 1S largest for relatively small overtopping discharges.

It is interesting to see that the method used to measure the wind effect may lead to
different conclusions. Wolters and Van Gent (2007) used a rotating paddle wheel,
whereas Chowdhury et al. (2020) implemented fans to generate wind. For these two
methods, different results were found for the relation between the wave height and the
overtopping due to wind. The result was that for higher incoming waves, the jet
overshooting the crest of the dike is thick and the effect of wind is small. In contrast,
for smaller waves there is more wave overtopping due to wind as the mixing of air
becomes easier for less thick jets (Chowdhury et al., 2020). Although the maximum
wind effect was determined, the difference shows that still more research is needed in
order to fill this knowledge gap.

2.5 Summary

The wave loading at dikes can be quantified using the average overtopping discharge
q. The literature study has shown that this overtopping discharge is dependent on
multiple parameters. Dike configurations such as including a berm, roughness
elements or a vertical wall that may be combined with a promenade are represented
as influence factors (y) and reduce the overtopping discharge.

Nevertheless, wind is not included in the equations for overtopping discharge.
Research has shown that the maximum wind effect may be significant, but more
research is needed in order to confirm and quantify this statement. Moreover, when
crest elements are implemented, the maximum wind effect may even become a more
dominant parameter.

In order to extend the understanding of the principles behind wave overtopping at
dikes, physical model tests were performed, and the results are analysed in the
following chapters. It was assumed that the overtopping discharge would be up to three
to six times as large as the situation without wind. Also, the crest element and
promenade would most likely decrease the overtopping discharge but increase the
difference between the situation with and without wind. In conclusion, the physical
model tests and data analysis focus on the maximum wind effect in combination with
the impact of crest elements in order to answer the research question.
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Physical model tests

The main part of the research involved performing and analysing physical model tests.
Chapter 3 describes the set-up of these physical model tests, which were conducted
using facilities at Deltares, and the measurement programme.

3.1 Model set-up

Physical model tests were performed in the Pacific Basin at Deltares in Delft, the
Netherlands, with dimensions of 28 by 14 square metres with a depth of 1.25 m
(Deltares, n.d.). A one-metre wide cross-section of an impermeable dike was physically
modelled in the basin with a smooth outer slope at an angle of tan(a) = 1: 3. In order
to measure the overtopping discharge, a chute was used to transport the discharge to
a box. Within this box, a wave gauge was installed to measure the hydrostatic pressure
and to convert this to overtopping discharge. This is the discharge g in m3/s/m as
defined in section 2.2 and 2.3.4. For an impression on how the overtopping box fitted
in the structure, see Figure 3.1, or for a picture of the overtopping box, see Figure B.8.

Experiments were conducted for several combinations of significant wave height H,,,
and wave period T,,_; o, Which together define the wave steepness s,, as introduced
in Equation 6. During the tests, a JONSWAP spectrum with peak enhancement factor
of 3.3 was generated. In order to reproduce realistic wave characteristics, the wave
steepness was defined to be between 0.015 and 0.04, which is a combination of swell
and wind waves. The two wave characteristics (H,,, and T,,,_; o) were measured using
three wave gauges in front of the dike in order to verify the settings of the wave
generator.

Figure 3.1 displays a schematic view of the set-up, where the water depth d was 0.7
m. Changes were made to both the wave characteristics and the vertical wall, which is
the crest element. In total, four configurations were investigated. The crest element
had two different heights (0.05 and 0.08 m), which are included in the crest freeboard
R, as shown in Figure 3.1. A technical drawing of the model set-up is demonstrated in
Appendix A. The two crest element heights lead to crest freeboards of 0.35 and 0.38
m, respectively. Additionally, the crest element was located at the water side of the
dike crest as well as at the land side. In the latter situation, a combination of a vertical
wall with promenade was created with a width of 0.15 m (B in Figure 3.1). As a result
of this set-up, it was verified that an extra reduction factor is needed if a promenade in
combination with a vertical crest wall is present (Van Doorslaer et al., 2015).
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Figure 3.1: Schematic overview of the model set-up with paddle wheel above the seadike with crest wall and
promenade.
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All tests were performed with and without wind, where wind is schematised using a
paddle wheel. This paddle wheel (rotating anti-clockwise in Figure 3.1) mechanically
transported all water exceeding the crest level, which could be blown over the dike due
to onshore blowing winds, via the chute to the overtopping box. Relating this
overtopping discharge to the situation without paddle wheel allowed to determine the
maximum wind effect. The splash board was used to make sure all splashing water
from the paddle wheel ended up in the overtopping box.

As explained in section 2.4, the maximum wind effect concerns the water volume that
would not overtop the dike in case of no wind. This vertical splashing effect against the
crest wall is demonstrated in Figure 3.2 for the situation of a dike with a crest wall. A
close-up of a splashing event for a crest wall with promenade is included in Figure 3.3.
For more figures, the reader is referred to Appendix B.

Figure 3.2: Vertical splashing of water when waves hit the crest wall on the dike with crest wall only.
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Figure 3.3: Vertical splashing of water when waves hit the crest wall on the dike with crest wall and promenade.

3.2 Measurement programme

In total, experiments with four different dike configurations were conducted. The
vertical wall at the dike crest was located at the water or land side of the crest and it
was tested with two different heights as displayed in Figure 3.4. Besides, five different
significant wave heights and three wave steepnesses were combined. The overall
result was fifteen test series per dike configuration. Furthermore, for each combination
of wave characteristics a reference test without crest elements and without wind was
carried out. This allowed for a direct comparison with existing guidelines, for example
TAW (2002). Several tests with varying water levels were performed as well to
investigate the effect of water level variations.

(@) (b)
Figure 3.4: Schematic close-up with tested crest wall heights and positions; (a) Crest wall at seaside; (b) Crest wall
at land side, thus introducing a promenade.

Each test consisted of approximately 1,000 waves. This series is long enough to
schematise a full wave height and period distribution over the frequency domain (Chen
et al., 2019). For approximately half of the experiments, the domain for the wave
overtopping discharge was within the low overtopping regime, whereas the other tests
resulted in higher overtopping discharges. The low overtopping regime means that the
dimensionless overtopping discharge as defined in Equation 18 is 2:106 < g* < 2:10.
For lower values of g*, scale effects may dominate the test results, which is why going
below the lower limit is not preferable. Higher discharges only require a larger
overtopping box or a pumping system within the box. The values for g* are based on
research by Van Doorslaer et al. (2015) and the indicated wave characteristics. An
overview of the complete measurement programme is included in Appendix C, but the
ranges or values of the most important parameters in the test programme are given in
Table 3.1.
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Table 3.1: Parameter ranges of the test programme.

Parameter Symbol Value/Range
Seaward slope angle [-] tan(a) 1:3

Relative crest freeboard [-] R./Hpmo 1.49 — 3.98
Relative promenade width [-] B/Ho 0-1.53
Wave steepness [-] So 0.020 - 0.042
Breaker parameter [-] o 1.62 — 3.00
Crest freeboard [m] R, 0.2-0.48
Crest wall height [m] hyait 0, 0.05 & 0.08
Incident significant wave height at the toe [m]  H,,,o 0.098 — 0.202
Promenade width [m] B 0&0.15
Water depth [m] d 0.6 -0.85
Mean spectral wave period [s] Tr-1,0 1.248 — 2.507

3.3 Froude scaling

Physical modelling comes with scaling of real-life structures to a model scale. Viscosity
and surface tension of water are usually not dominant factors when it comes to
monophase physical model tests in hydraulic engineering concerning waves or large
gradients in water surface elevation (Schiereck & Verhagen, 2019). Therefore, the
Froude scaling law is applied. The main principle in Froude scaling is that the Froude
number should be equal for both the model (subscript m) and the prototype
(subscript p), defined as

U, Uy

\/gmLm - \/gpLP

The variables u, g and L are the velocity, gravitational acceleration and a length,
respectively. The scale factor in Froude scaling is defined by parameter n, which
characterises the size reduction of the model compared with the prototype.

Equation 19

Ly

— Equation 20
Lm

n;, =

When assuming that the gravitational acceleration is not scaled (g,, = g,), and using
Equation 19 and Equation 20, the scale for velocities becomes

=ng Equation 21

Scales following the Froude scaling rules are used in the set-up of the model, which
corresponds to a scale factor of n;, = 10 to 20. Based on these equations, the scale
factors for time [s] and discharge [m3/s] are n> and n?>, respectively (Schiereck &
Verhagen, 2019).

W

Um



Data analysis

The data analysis of the physical model tests consists of multiple elements and can be
roughly divided into two main parts. Part one contains the comparison between the
measurements and previous research, qualitatively as well as quantitatively. First, the
reference tests are compared with the existing guidelines, such as TAW (2002) and
EurOtop (2018) (section 4.1). Second, the relation between the overtopping discharge
and the dike configuration and wave characteristics is analysed and verified with
expectations based on previous research (section 4.2). After this, the data from the
tests with crest elements are compared with TAW (2002) and Van Doorslaer et al.
(2015) (section 4.3). When needed, new formulas are proposed, which describe the
test results more accurately than the existing ones. Part two focusses on the maximum
wind effect (section 4.4). The maximum wind effect and dependencies on wave
characteristics and crest elements are researched in this section, which is completed
by proposing an influence factor for wind.

During the tests, the overtopping discharge was collected in an overtopping box behind
the dike as explained in chapter 3. However, for very large overtopping discharges the
box had to be emptied during the test using pumps that were installed in the
overtopping box. During this pumping, the overtopping volume was not measured,
which means that the average overtopping discharge might have been influenced.
Meanwhile, the wave characteristics were continuously measured. As a result, the
average wave characteristics during the non-pumping time might differ as well. For one
test series (H,,, =0.2m;s, =0.02), multiple pumping series were needed
independent on the dike configuration. Analysing the datapoints with these relatively
long and multiple pumping events showed that they systematically lead to deviating
discharges. Therefore, these datapoints have not been used in the analysis.
Additionally, one test series (H,,, = 0.1 m; s, = 0.04) resulted in so little overtopping
discharge that the measurement might have become inaccurate. This test series was
repeated with a higher water level, which led to more overtopping, as expected. This
test series is included in the dataset.

4.1 Comparing reference tests with existing guidelines

The physical model reference tests without wind and without crest elements were used
to check whether the measurements fit existing overtopping guidelines. In TAW (2002)
and EurOtop (2018) the difference was made between breaking and non-breaking
waves based on the breaker parameter ¢, as defined in Equation 5 (section 2.2). In
line with this, the same distinction is made in the analysis here. Figure 4.1 displays the
dimensionless overtopping discharge g* for both breaking and non-breaking waves for
the reference tests. The horizontal axis is defined by the relative crest freeboard
R./H. This figure also shows that the wave steepness seems to have significant

25



26 4 Data analysis

impact on the overtopping discharge, although this is not included in Equation 4 for
non-breaking waves.

1072
® Non-breaking waves; sp = 0.02
A Non-breaking waves; sp = 0.03

" N x  Breaking waves; 5o = 0.04

1077 4 .

a*[]
®

1074 A

107° T T T T
1.0 15 2.0 2.5 3.0 3.5

Re / Hmo [-]

Figure 4.1: Measured overtopping discharges for reference tests, with a distinction between breaking and non-
breaking waves, but also between different wave steepnesses.

When analysing breaking and non-breaking waves separately, different findings were
made concerning the comparison between the measurements, and the TAW (2002)
and EurOtop (2018) equations. From Figure 4.2, it becomes clear that for breaking
waves, the deterministic TAW (2002) formula (in red with exponential factor 4.3) is
more conservative than EurOtop (2018), where the latter coincides much better with
the data. Although the measurements are no more than a factor 3 off, the reason for
the conservative TAW (2002) formula for breaking waves was already given by TAW
(2002), where it was mentioned that for the deterministic approach, the overtopping
formula is on the conservative side. Optimising the exponential factor from 4.3 to 4.7
results in a more suitable fit according to the datapoints for breaking waves
(Equation 22). Regarding non-breaking waves, there seems to be some spreading for
both guidelines, although this is relatively small compared to the 90 percent confidence
intervals for the TAW (2002) formulas.

g 0067
JgHE, +Jtan(a)

. ( uy ke 1
Yp - & exp | —4.
b0 Hmo &0 Vb Y5 V8" Vo

> Equation 22
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Figure 4.2: Measured overtopping discharges for reference tests compared with TAW (2002) and EurOtop (2018);

(a) Non-breaking waves; (b) Breaking waves.

The fact that the wave steepness dependency on the overtopping discharge
(Figure 4.1) is not included in guidelines for non-breaking waves was also noticed for
breakwaters (Van Gent et al., 2022). Therefore, a new expression (Equation 23) is
proposed to account for the wave steepness for non-breaking waves. As Figure 4.3
illustrates, Equation 23 is a better fit than the original TAW (2002) equation in
Figure 4.2 (a). It has to be mentioned that it is not investigated in this study if
incorporating the breaker parameter would be better than the wave steepness,
because the breaker parameter also takes dikes with a different slope angle into

account.
q 4 - R, 1
————=11-10"* 552 -exp| —2.3
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Figure 4.3: Measured overtopping discharges for the reference tests for non-breaking waves compared with the

proposed expression in Equation 23.



28 4 Data analysis

The root-mean-squared-log error (RMSLE) is used to make quantitative comparisons,
and is defined as

RMSLE = \/ §V=1(log(q:neasured) - log(q:alculated))z Equation 24

N

where N is the number of tests on which the RMSLE is based (Ma et al., 2022). For
datasets spanning a large range, the RMSLE is a better choice than the RMSE (without
logarithms) as it presents the relative error. The RMSE presents the absolute error,
which is less suitable for datasets spanning a large range as for low values the errors
have almost no effect on the RMSE value. Lower RMSLE values imply a better
agreement between the measured and calculated overtopping discharges. Optically,
Equation 23 is a much better fit than the original TAW (2002) equation for non-breaking
waves; the values in Table 4.1 confirm this. The RMSLE values for breaking waves
regarding the original and fitted TAW (2002) formula are also included in Table 4.1.

Table 4.1: RMSLE for overtopping discharges of reference tests described by TAW (2002) and the newly
proposed Equation 23 (non-breaking waves) or Equation 22 (breaking waves).

TAW (2002) Equation 23  Equation 22

Reference tests non-breaking 0.2048 0.0604 -
waves
Reference tests breaking waves 0.1975 - 0.0357

4.2 Wave characteristics and dike configuration influencing the
overtopping discharge

After analysing the reference tests, the experiments with crest elements are
investigated. A few qualitative connections between wave characteristics and dike
configurations on the one hand and overtopping discharge on the other hand are
inspected. This is to check whether the results are in line with the expectations based
on previous research. Both tests with and without wind are taken into consideration
since this is important when diving into the maximum wind effect. However, because
Figure 4.4 shows an analogy between the tests with and without wind, resulting in a
similar analysis for both tests with and without wind, the reader is referred to
Appendix D for an elaboration on the tests with wind.
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Figure 4.4: Measured overtopping discharges; (a) Measurements in absence of wind; (b) Measurements in
presence of wind.

Figure 4.4 contains the total set of measured overtopping discharges for both tests with
and without wind. In this figure, the colour of the datapoints indicates the dike
configuration, which is a vertical wall of five (vw5) or eight cm (vw8) without promenade
or with promenade (vw5p and vw8p). The marker type indicates the wave steepness,
increasing from 0.02 towards 0.04.

In order to clarify the dependency of the overtopping discharge on the individual
elements, Figure 4.5 and Figure 4.6 display pieces of the total amount of information
from Figure 4.4. In general, it can be concluded, from the linear relation on logarithmic
scale, that the relation between the relative crest freeboard R./H,,, IS exponential,
which is in line with the TAW (2002) and EurOtop (2018) formulas. Next, the effect of
introducing a promenade is visible by focussing on the colours in Figure 4.5 where the
overtopping discharges are lower in case a promenade is present. Furthermore, there
appears to be a negative correlation between the height of the crest wall and the
overtopping discharge as well. This is also embedded in the relative crest freeboard.
According to Figure 4.6, a lower wave steepness, thus longer waves, creates larger
wave overtopping discharges. During the tests, this is observed as well. Longer waves
seemed to have more energy, which resulted in higher run-up and run-up velocities
thus generating more overtopping discharge. In conclusion, the results are in line with
current knowledge. Changes in wave steepness, relative crest freeboard and a
promenade in front of the crest wall have significant impact on the overtopping
discharge.
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Figure 4.5: Measured overtopping discharges sorted on wave steepness; (a) Measurements with wave steepness
of 0.02; (b) Measurements with wave steepness of 0.03; (c) Measurements with wave steepness of 0.04.
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Figure 4.6: Measured overtopping discharges sorted on dike configuration; (a) Measurements with crest wall of 5

cm; (b) Measurements with crest wall of 8 cm; (c) Measurements with crest wall of 5 cm and promenade; (d)

Measurements with crest wall of 8 cm and promenade.
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In the previous section, it is shown that for tests without crest elements the wave
steepness should be included in the TAW (2002) formula to calculate the overtopping
discharge for non-breaking waves. Figure 4.7 shows that for tests with crest elements,
there is also a wave steepness dependency since the wave steepness is embedded
in the breaker parameter ¢,. The breaker criterion of &, is around 1.86, which is the
transition from Equation 3 to Equation 4 (TAW, 2002). Even though Figure 4.7 (a) may
appear as a point cloud with a large range, there is a positive correlation between the
overtopping discharge and the breaker parameter. Not only is this in line with the
observation of the wave steepness related to overtopping discharge, but it also
coincides with the visual observation made during the tests that plunging breakers
cause less overtopping than waves that tend to be more collapsing or surging breakers,
which correspond to higher Iribarren parameter values.
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Figure 4.7: Measured overtopping discharge versus breaker parameter; (a) Measurements for non-breaking
waves; (b) Measurements for breaking waves.

4.3 Comparing crest element tests with existing guidelines

Van Doorslaer et al. (2015) researched the influence of crest elements on seadikes,
such as a vertical wall, promenade, parapet and combinations between those
elements. As the present research only includes a vertical wall and a vertical wall in
combination with a promenade in the measurement set-up, these are the
configurations that are compared with the results from Van Doorslaer et al. (2015).

The previous section shows the relation between wave characteristics and dike
configurations on the one hand and overtopping discharge at the other hand. Now,
these measurements without wind are compared with existing guidelines. First, the
measured dimensionless overtopping discharge is set out against those according to
the TAW (2002) formulas in Figure 4.8. The influence factors y for crest elements for
non-breaking waves as shown in subsection 2.3.4 — Equation 14, Equation 15 and
Equation 17 — are also taken into consideration (Van Doorslaer et al., 2015). Therefore,
the equations used for Figure 4.8 are Equation 3 for breaking waves and Equation 13
for non-breaking waves.
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Figure 4.8: Measured overtopping discharges without wind compared with the TAW (2002) and Van Doorslaer et
al. (2015) formulas.

Table 4.2: RMSLE for overtopping discharges of crest element tests described by TAW (2002) and Van Doorslaer
et al. (2015).

Vw5 vw8 VW5p vw8p
so = 0.02 0.1517 0.2094 0.4039 0.3956
so = 0.03 0.4191 0.3630 0.5316 0.7143
so = 0.04 0.6987 0.7561 0.8482 1.0975

While most measurements are relatively close to the calculated overtopping
discharges using the current guidelines, there are some measurements that differ more
than a factor 10 from the calculated overtopping discharges and are overestimated by
the guidelines. Most of these measurements are related to a high wave steepness with
alarge RMSLE. Besides, the promenade tests show an overall increase in the RMSLE,
whereas an evident dependency of the crest wall height on how well the measurements
fit the guidelines appears to be absent (Table 4.2). Nevertheless, the fact that the
influence factors for crest elements proposed by Van Doorslaer et al. (2015) are only
embedded in the formula for non-breaking waves (Equation 13) and not in the one for
breaking waves (Equation 3) may be the problem. Although an influence factor for crest
walls is included in the TAW (2002) formula for breaking waves, its application area is
between 1.2 - H,,, below and above the still water level. As this is not the case for the
measurements in this test series, more research needs to be conducted before a
conclusion can be drawn.

Crest elements might influence overtopping for breaking waves as well. This
hypothesis is fortified by Figure 4.9, where the current guidelines clearly overestimated
the measured overtopping discharge for breaking waves. It is therefore reasonable to
conclude that crest elements should be considered for breaking waves as well. This is
elaborated in subsection 4.3.2, after discussing the influence factor for non-breaking
waves.
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Figure 4.9: Comparison of measured overtopping discharges with calculated overtopping discharges for breaking
and non-breaking waves (TAW, 2002); (Van Doorslaer et al., 2015).

4.3.1 Influence factors of crest elements for non-breaking waves

A formulation for the influence factor corresponding to a vertical wall was implemented
into Equation 13 (Van Doorslaer et al., 2015). In Figure 4.10, the cyan points depict
the hypothetical y values needed to couple Equation 13 with the measured overtopping
discharges. If these values are exactly on the linear function, they are in line with the
formulation for the influence factor according to Equation 14. Figure 4.10 shows wide
vertical spreading of the results, which might be the reason for the spreading around
the line y=x for non-breaking waves in Figure 4.9 as well. It has to be mentioned that

the results by Van Doorslaer et al. (2015) themselves also indicated a large spreading
of the influence factor.
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Figure 4.10: Comparison of the hypothetical influence factors for a crest wall, which are needed to connect the

measurements with the TAW (2002) formula, with the proposed formula by Van Doorslaer et al. (2015) for non-
breaking waves.
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Using the formula proposed by Van Doorslaer et al. (2015) (Equation 14), Figure 4.11
displays the effect of adding this influence factor. Despite the spreading illustrated in
Figure 4.10, the measured overtopping discharge is in relatively good agreement with
previous research when taking the influence factor into account. Moreover, in section
4.2, itis observed that the overtopping discharge for non-breaking waves is dependent
on the wave steepness, thus also on the breaker parameter. The influence factor is
originally fitted to the original TAW (2002) formula, therefore part of the error margin —
due to not taking the breaker parameter into account — is deducted. However, if the
newly proposed overtopping formula (Equation 23) is employed, the spreading
significantly decreases, which can be seen in Figure 4.12. The power of the wave
steepness for the reference tests is optimised to reduce the error margin further, as
displayed in Table 4.3. The improvement for this small deviation in power is caused by
a better fit for the crest wall tests.
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Figure 4.11: Measured overtopping discharges and the effect of adding the influence factor for a crest wall for non-
breaking waves; (a) Without taking the reduction factor into account; (b) Taking the reduction factor into account.
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Table 4.3: RMSLE for overtopping discharges of non-breaking crest wall tests described by TAW (2002) and the
newly proposed Equation 23.

TAW (2002) Equation 23  Equation 23

with s;2 with sg 1%
and y and y
Crest wall tests 0.4035 0.1812 0.1648

When the crest wall is located at the land side of the dike, thus creating a promenade,
the results are similar to those demonstrated for a crest wall only. The vertical spread
in Figure 4.13 is large, but the influence factor translates the measured overtopping
discharge well to the general overtopping formula illustrated in Figure 4.14. Only for
the two tests with H,,, =0.1m;s, =0.02 (horizontal coordinate > 4.5 in
Figure 4.14 (b)), the deviations are larger. Possibly, scale effects or measurement
errors (see chapter 5) lead to these deviations, but since only two measurements
deviate a conclusive statement on the cause of these inconsistencies cannot be made.
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Figure 4.13: Comparison of the influence factors for a crest wall with promenade related to the measurements
with the proposed formula by Van Doorslaer et al. (2015) for non-breaking waves.
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Figure 4.14: Measured overtopping discharges and the effect of adding the influence factor for a crest wall with
promenade for non-breaking waves; (a) Without taking the reduction factor into account; (b) Taking the reduction
factor into account.

Similar to the tests with a crest wall only, Equation 23 with the wave steepness
dependency is compared with the measurements including a crest wall with
promenade. Again, the exponent of the wave steepness is optimised to get a better fit
(Figure 4.15 and Table 4.4). Because the tests with crest wall and promenade require
an exponent which is higher than two and the tests with a crest wall only require an
exponent which is smaller than two, overall a value of two seems to be optimal, give
only slightly higher RMSLE values than the best fit and fit the reference tests best. This
formula is presented in Equation 25.
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Figure 4.15: Measured overtopping discharges and the effect of adding the influence factor for a crest wall with
promenade for non-breaking waves compared with the proposed expression in Equation 23, but with s;%°7 and y.



4.3 Comparing crest element tests with existing guidelines 37

Table 4.4: RMSLE for overtopping discharges of crest wall with promenade tests for non-breaking described by
TAW (2002) and the newly proposed Equation 23.

TAW (2002) Equation 23  Equation 23

with s52 with sy 207
and y and y
Crest wall with promenade tests 0.3435 0.1902 0.1567
R 1
4 _11-107*- 552 exp <—2.3 2 ) Equation 25
g H3, Hupo e Vg v

4.3.2 Influence factors of crest elements for breaking waves

The y factors for crest elements are only prescribed for non-breaking waves by Van
Doorslaer et al. (2015). The effect of crest elements on overtopping discharges for
breaking waves has not been studied yet, but since the measured values differ
significantly from the calculated values in Figure 4.9 it might be interesting to
investigate the applicability of the influence factors proposed by Van Doorslaer et al.
(2015) for breaking waves as well. Hence, the influence factors for breaking waves
applied here are calculated in the same way as for non-breaking waves. Though only
two tests with breaking waves and a crest wall were performed, the influence factor
needed to fit the guidelines is not in line with the influence factor for non-breaking
waves (Figure 4.16). Consequently, this factor does not fit the deterministic TAW
(2002) equation nor the optimal coefficient for the reference tests as in Figure 4.17. An
exponent of -5.5 would fit the datapoints (Equation 26), but since only two tests are
performed, further research is needed to investigate if a different equation is needed
to describe the overtopping discharge or if a different influence factor should be
constructed.

g 0067
Vg Hao  +tan(a)

R, 1
Yb S0 exp|—5.5

Equation 26
Hino$o " Vb " Vs Vg -n)
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Figure 4.16: Comparison of the influence factor for a crest wall related to the measurements with the proposed
formula by Van Doorslaer et al. (2015) for breaking waves.
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Figure 4.17: Measured overtopping discharges and the effect of adding the influence factor for a crest wall for
breaking waves; (a) Without taking the reduction factor into account; (b) Taking the reduction factor into account.

Considering the dike configuration with crest wall and promenade, most datapoints are
closer to the Van Doorslaer et al. (2015) factor than for a crest wall only (Figure 4.18).
In addition to the deterministic formula used by Van Doorslaer et al. (2015), the less
conservative expression (Equation 22) for breaking waves is displayed as well in
Figure 4.19. Although most datapoints are not far from the deterministic formula,
overall the newly proposed equation is a satisfying compromise. The two datapoints
that are overestimated by Equation 22 (the blue line with exponent of —4.7 in
Figure 4.19 (b)) are not corresponding to the same test as the two datapoints in
Figure 4.17, which are also overestimated. Hence, from these measurements it is
reasonable to conclude that the influence factor y,,..,,,, may be used for breaking and
non-breaking waves. It is however recommended to employ the new coefficient in the
TAW (2002) formula for breaking waves to provide the best estimates for the
overtopping discharges.
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Figure 4.18: Comparison of the influence factor for a crest wall with promenade related to the measurements with
the proposed formula by Van Doorslaer et al. (2015) for breaking waves.
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Figure 4.19: Measured overtopping discharges and the effect of adding the influence factor for a crest wall with
promenade for breaking waves; (a) Without taking the reduction factor into account; (b) Taking the reduction
factor into account.

Table 4.5 quantifies the RMSLE for the crest element tests concerning breaking waves.
Employing Equation 22 fits best for the reference tests (see section 4.1) as well as the
tests with crest wall and promenade. If there is only a crest wall at the seaside of the
dike crest, Equation 26 results in the best fit, although this is not in line with the
reference tests. A combination of the tests with a crest wall only and a crest wall with
promenade are displayed in Figure 4.20.

Table 4.5: RMSLE for overtopping discharges of crest element tests for breaking waves described by TAW (2002)
and the expressions with the fitted exponents (Equation 22 and Equation 26).

TAW (2002) Equation 22 Equation 26

Crest wall tests 0.9154 0.6166 0.0698
Crest wall with promenade 0.5386 0.3915 -
tests
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Figure 4.20: Measured overtopping discharges and the effect of adding the influence factor for crest elements for
breaking waves compared with the proposed expressions in Equation 22 and Equation 26.
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According to the comparison of the data with existing guidelines, several adapted
versions of the TAW (2002) formulas are proposed. The basis was provided by the
reference tests without crest elements, which led to an optimisation of the coefficients
of the overtopping formulas for both breaking and non-breaking waves, in which the
wave steepness is included. When focussing on non-breaking waves, only the
influence factor for crest elements was added to the expression for the reference tests,
which resulted in Equation 25. For breaking waves, the tests with a crest wall only
needed a different equation (Equation 26) than the tests with crest wall and
promenade. The tests with crest wall and promenade fit to the equation for reference
tests (Equation 22), despite some spreading. It has to be mentioned that a relatively
small dataset is used to generate the new equations with respect to the TAW dataset.

4.4 Maximum wind effect

The maximum wind effect is defined as the ratio q,,;,q4/q, Which indicates that this is
the overtopping discharge with maximum wind effect due to onshore blowing winds
(qwina) OVer the overtopping discharge without wind effect (q). In section 4.2, several
connections are made between the overtopping discharge and parameters that
differed during testing, such as significant wave height, wave steepness, the crest wall
height and the presence of a promenade. With this information in mind and based on
previous research, it is reasonable to suggest that the maximum wind effect differs for
various wave characteristics and dike configurations (Wolters & Van Gent, 2007). This
section deals with qualitative as well as quantitative results of the maximum wind effect.

4.4.1 The impact of wave characteristics and dike configurations

Before diving into detailed relations for separate segments of the dataset, an overview
of the maximum wind effect is given in Figure 4.21. This figure already illustrates the
influence of the relative crest freeboard on the maximum wind effect. For decreasing
wave heights or increasing crest freeboards, the maximum wind effect enlarges. The
maximum wind effect on the vertical axis extends from 1.0 to 4.0 for the conditions
tested in this study. If the wind effect is equal to 1.0, it implies that wind doesn’t affect
the overtopping discharge. Table 4.6 indicates the range for the maximum wind effect
for different wave characteristics per dike configuration.
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Figure 4.21: The influence of the relative crest freeboard on the maximum wind effect.
Table 4.6: Ranges of the maximum wind effect for different wave characteristics per dike configuration.
Dike Wave steepness s, [-] Significant wave height H,,, [M]
configuration
0.02 0.03 0.04 0.1 0.125 0.15 0.175 0.2
vw5 10-18|10-26(11-20]18-26|15-19|13-20|10-15]10-11
vw8 13-27113-27(13-23]119-27|18-23|15-21|13-20]13-1.3
vw5p 11-15)10-16(11-129]13-15|15-19(|12-17|11-14]10-11
vw8p 13-26]113-40(14-39]117-40]22-32]18-39]13-17|13-14

In Figure 4.22 the data per wave steepness are categorised in order to give a more
detailed picture of the different factors influencing the maximum wind effect. This
approach allows for a comparison between the dike configurations. On average, two
observations were made that remain valid for all three wave steepnesses. First, with a
crest wall of eight cm, the promenade has an increasing effect on the wind effect,
because the maximum wind effect is larger for the cases with a promenade. The
second observation is that this positive correlation between the promenade and wind
effect cannot be confirmed for a five cm crest wall. The configuration with a low crest
wall and promenade gives a lower wind effect than the configuration with only a crest
wall for the same horizontal coordinate in Figure 4.22.

The second observation is of interest as one would expect including a promenade in
front of the crest wall would decrease the overtopping discharge, thus enhance the
maximum wind effect. The data showed that this is not the case. A possible explanation
is that the first part of the wave fills the triangular area above the promenade when a
low crest wall is present (Figure 4.23). In this case, the remaining part of the wave
would overtop the structure more easily and less water would be forced to move in the
vertical direction. Because this could only happen when a promenade is present, the
wind effect — which transports vertical spray over the dike — will be less significant for
these situations. This situation is less likely to occur with higher crest elements as the
triangular volume becomes too large to be filled, resulting in more vertical spray.
Accordingly, the effect of a promenade is ambiguous because its impact on the
maximum wind effect is dependent on the height of the crest wall.
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Another possible situation is that the crest element is too low such that overshooting
occurs. This could be achieved if the outer dike slope is extended virtually over the
promenade and the crest wall stays below this imaginary line, thus if the ratio of the
crest wall height over the promenade width is lower than the outer dike slope. For
example, with an outer slope of 1:3 and promenade width of 0.15 m, the crest wall
needs to be higher than 0.05 m to prevent overshooting. When overshooting occurs,
the water is not forced by the crest wall to move in the vertical direction. The crest wall
of five cm would be a borderline case, but there are no visual observations that confirm
a lot of overshooting.
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Figure 4.22: Maximum wind effect sorted on wave steepness; (a) Measurements with wave steepness of 0.02; (b)
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Figure 4.23: Schematic close-up of the dike. When the striped blue triangle above the promenade is filled with
water, the wave will overtop the crest element more easily.

Next to the promenade, the crest wall also impacts the maximum wind effect.
Figure 4.24 serves to clarify the influence of the height of the crest wall. The set-up of
this figure is slightly different since the wave steepness defines the horizontal axis, but
the consequence of changing the height of the crest wall becomes more pronounced.
Regardless of the presence of a promenade, in general increasing the height of the
crest wall results in a larger maximum wind effect. Without a promenade
(Figure 4.24 (a)), increasing the crest wall from five to eight cm increases the maximum
wind effect utmost with a factor 2.0. For the tests with promenade (Figure 4.24 (b)),
this is even a factor 3.1. The impact of introducing a promenade is less spectacular.
As explained, for a crest wall of five cm, the maximum wind effect repeatedly
decreases, but for a crest wall of eight cm, the maximum wind effect increases with a
factor up to 1.8.
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Figure 4.24: The influence of the crest wall height on the maximum wind effect; (a) Measurements with a crest
wall only; (b) Measurements with a crest wall and promenade.

The previous findings related to the dike configuration and the maximum wind effect
are in line with expectations based on the amount of overtopping discharge. The main
idea is that the wind effect is larger for small overtopping discharges. The reasoning
behind this arises from the visual observation during the tests that long and high waves
overflow the crest element more easily, causing less splash when waves hit the crest
element. This vertical splashing of water is the basis for measuring the maximum wind
effect, so splashing is less for large overtopping events.

The hypothesis that the wind effect is larger for small overtopping discharges is already
illustrated in Figure 4.21, where the relative crest freeboard is plotted on the horizontal
axis. This theorem can be derived from Figure 4.21 since there is a positive correlation
between the wind effect and relative freeboard. Smaller overtopping discharges arise
from smaller waves when the relative crest freeboard is high. The positive correlation
between the height of the crest wall and the reasoning behind introducing a promenade
is also in line with this concept.

The data can also be sorted based on dike configuration, which can be seen in
Figure 4.25. Because a higher wave steepness leads to lower overtopping discharges,
it is assumed that the wind effect is larger for higher wave steepnesses. Despite some
outliers, Figure 4.25 confirms this expectation. One of the unexpected details in
Figure 4.25 (c) is the 0.03 wave steepness datapoint at a relative crest freeboard of
3.5. This point should give a maximum wind effect that is higher than the 0.02 wave
steepness datapoint around the same horizontal coordinate. An explanation could be
that the overtopping discharge might be inaccurate and affected by scale effects,
because it is close to the lower boundary of the low overtopping regime.
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Figure 4.25: Maximum wind effect sorted on dike configuration; (a) Measurements with crest wall of 5 cm; (b)

Measurements with crest wall of 8 cm; (c) Measurements with crest wall of 5 cm and promenade; (d) Measurements
with crest wall of 8 cm and promenade.

Furthermore, it might not only be interesting to look at dike configurations and wave
characteristics such as wave height and steepness, but also to know if the type of wave
impacts the wind effect. Therefore, the breaker parameter &, was investigated. For
higher breaker parameter values, the wave steepness needs to be lower, hence the
overtopping discharge is larger. Consequently, it is presumed that the maximum wind
effect decreases for higher breaker parameter values. Additionally, one could argue
this based on the different wave types with respect to the overtopping discharge.
Plunging waves may contain a jet which positively influences the overtopping
discharge, but also lose energy while breaking (Wolters & Van Gent, 2007). Overall,
plunging waves will most likely result in lower overtopping discharges than collapsing
and surging waves, which lose less energy when reaching the dike crest and are
related to higher breaker parameter values. From both views, Figure 4.26 is in line with

the theory; lower breaker parameters seem to correspond to a higher maximum wind
effect.
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Figure 4.26: The influence of the breaker parameter on the maximum wind effect.

4.4.2 The impact of water level variations

In addition to the regular tests, a couple of test series are performed with varying water
levels, which cause variations in the relative crest freeboard for the same wave
characteristics and dike configuration. These tests were not analysed previously in this
research. The tests were performed with a crest wall of five cm and all contained non-
breaking waves. The overtopping discharge itself is in good agreement with the
gualitative relation concerning the relative crest freeboard (Figure 4.27). Because the
different sets of datapoints seem to be spread, for a qualitative comparison with current
guidelines Equation 23 is used for the tests without wind, in which the wave steepness
is added to the TAW (2002) formula. Table 4.7 indicates that adding the wave
steepness results in a better fit for these measurements as well.
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Figure 4.27: Measured overtopping discharges for different tests with variations in water level; (a) Measurements
in absence of wind; (b) Measurements in presence of wind.
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Figure 4.28: Measured overtopping discharges without wind for varied water levels compared with Equation 23.

Table 4.7: RMSLE for overtopping discharges of tests with water level variations described by TAW (2002) and
the newly proposed Equation 23 (non-breaking waves).

TAW (2002) Equation 23
Tests with water level differences 0.4231 0.1953

Nonetheless, an interesting pattern of the maximum wind effect for these experiments
can be observed (Figure 4.29). A similar overview as in Figure 4.21 is expected, but
that does not seem to be true. Instead, in general the wind effect seems to have a
maximum for a certain water level and decreases for higher relative crest freeboards.
Moreover, there is a large variety amongst the test series. This effect is most
pronounced for the 0.02 wave steepness datapoints with a significant wave height of
0.1 m. Especially the decreasing trend for decreasing water levels — hence increasing
relative crest freeboards — is remarkable. Lower water levels result in low overtopping
discharges, but the values in Figure 4.27 are not as low as being possibly inaccurate
due to dominating scale effects, which would be the case if the values are below the
lower limit of the low overtopping regime. Another observation is that two
measurements resulted in a maximum wind effect which is lower than 1.0. Therefore,
it is recommended to carry out more research to investigate the effect of water level
variations on the maximum wind effect for a wider range of water levels and wave
characteristics.
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Figure 4.29: Maximum wind effect for different tests with variations in water level.

4.4.3 Creating a wind influence factor

All parameters and influence factors related to the change of the maximum wind effect
are embedded in one all-embracing variable: the overtopping discharge itself. The
overtopping discharge contains not only wave characteristics such as the breaker
parameter, wave steepness and wave height, but also aspects of the dike configuration
such as the crest freeboard, crest wall and promenade. Figure 4.30 depicts an overall
relation between the overtopping discharge and the maximum wind effect. Low
overtopping discharges for the situation without wind result in a large wind effect, which
is in line with the theory that for low discharges there is more vertical spray. For each
dike configuration, a slightly different formula can be fitted on the data, but the basis is
the same (Figure 4.31). Physically, the maximum wind effect should not underrun 1.0
as that would imply a negative wind effect with a lower overtopping discharge for tests
with wind. Offshore blowing winds could induce this. A vertical asymptote is defined by
the overtopping discharge, which cannot be negative. In theory, one water droplet that
overtops the structure due to wind, but not in the case without wind results in an
infinitely large maximum wind effect. Hence, mathematically speaking, the equations’
range is from 1.0 till infinity and the domain is from zero to infinity, resulting in a
hyperbole.
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Figure 4.30: The influence of the overtopping discharge on the maximum wind effect; (a) Maximum wind effect on
linear scale; (b) Maximum wind effect on logarithmic scale.
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Figure 4.31: The influence of the overtopping discharge on the maximum wind effect and fitted curves (Equation
27); (a) Maximum wind effect on linear scale; (b) Maximum wind effect on logarithmic scale.

The relations shown in Figure 4.31 form the basis for a wind influence factor y,,ina,
although the definition of this factor differs from other influence factors. Where all other
influence factors are equal to or lower than 1.0, y,inq iNcreases the overtopping
discharge and is defined to be larger or equal to 1.0, hence may be called an
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amplification factor. The factor y,,;,q4, Which is illustrated in Figure 4.31, is defined in
Equation 27 for the specific dike configurations tested in this research,

Where Yywina = Quwith wina/Qwithout wind-

0.0025 q*_o-ﬁ +1 forcrestwallof 5cm

0.03¢* %% +1 forcrestwallof 8cm

ind = Equation 27
Ywind 0.005 q*_0'45 +1 forcrestwall of 5 cm and promenade of 15 cm areten

0.005q" " +1 for crest wall of 8 cm and promenade of 15 cm

A more general applicable amplification factor is constructed and defined in
Equation 28 and displayed in Figure 4.32, together with the 90 percent confidence
interval based on the relative error between the measurements and Equation 28. This
equation is based on all four dike configurations and has the advantage that upscaling
to uncalibrated structures to predict the maximum wind effect is possible as well.
Eventually, y,,inq Can be employed as amplification factor to the overtopping discharge

without wind to estimate the overtopping discharge with the maximum wind effect due
to onshore blowing winds.

Ywina = 0.011 CI*_O'43 +1 Equation 28
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Figure 4.32: The influence of the overtopping discharge on the maximum wind effect and fitted curve (Equation
28) with the 90% confidence interval based on the relative error; (a) Maximum wind effect on linear scale; (b)
Maximum wind effect on logarithmic scale.

The root-mean-squared error (RMSE) in Table 4.8 is used to define the spreading
around the proposed formulas. The RMSE for the vertical wall of eight cm with
promenade is very large due to the 0.03 wave steepness datapoint with overtopping
discharge g* around 4.8E-07. Without this datapoint, the RMSE would be roughly half
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(0.6001 instead of 1.2691). The RMSE for Equation 28 would reduce from 0.6150 to
0.4993 when not considering this datapoint.

Table 4.8: RMSE for the amplification factor y,,;,4 described by the newly proposed Equation 27 and Equation 28.

Equation 27 Equation 28
All four dike configurations with wind - 0.6150
vw5 with wind 0.4240 -
vw8 with wind 0.3897 -
vw5p with wind 0.2890 -
vw8p with wind 1.2691 -

To conclude the research, the overtopping discharges of all tests are combined in
Figure 4.33 and compared with the proposed equations throughout this chapter.
Especially the measurements related to the tests with wind show a good fit with respect
to the proposed formula. The RMSLE per category is given in Table 4.9, together with
the corresponding equation. Only for the crest element tests for breaking waves, two
formulas are applied because the tests with a crest wall and promenade are prescribed
by a different formula than the tests with a crest wall only.

‘ ® Crest element tests with wind

¢ Refererence tests non-breaking waves
Crest element tests non-breaking waves
A * Refererence tests breaking waves
A ./' Crest element tests breaking waves
Water level differences
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Figure 4.33: Measured overtopping discharges of all tests compared with the proposed equations in Table 4.9.

Table 4.9: RMSLE for overtopping discharges of all tests described by the newly proposed formulas in this thesis.

Proposed equation RMSLE value

Crest element tests with wind Equation 28 0.1002

Reference tests non-breaking waves Equation 23 0.0604

Crest element tests non-breaking waves Equation 25 0.1858

Reference tests breaking waves Equation 22 0.3409

Crest element tests breaking waves Equation 22 and 0.0357
Equation 26

Water level differences Equation 23 0.1954

Water level differences with wind

Equation 28 0.0853
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Discussion

The discussion consists of two sections. The first part is a critical reflection on the
physical model tests and the results. This contains possible inaccuracies or how the
results might have been affected by certain choices made in the measurement set-up.
Second, the limitations of the research are reported.

5.1 Physical model tests

When performing physical model tests, deviations in input parameters are reduced in
order to retrieve reliable data. In the present research, one of the sources of uncertainty
could be wave gauges, because the wave characteristics as well as the overtopping
discharge are measured through these instruments. However, this error is expected to
be negligible since the wave gauges measured with millimetre accuracy.

Several inaccuracies in the set-up of the physical model tests could have resulted in
differences in the overtopping discharges. A one-metre-wide seadike was tested in the
basin. This dike was fixed between two concrete walls that cause some friction on
incident waves and a slight reduction of wave energy. To account for wall effects, the
overtopping chute width (Figure 3.1) was 0.9 m, but it is unknown how much the side
walls affected the overtopping discharge. Regarding the overtopping chute, a smaller
chute (width of 0.5 m) was used for the tests with a large overtopping discharge to
minimize the number of pumping events. However, visual observations during the tests
showed that the wave run-up was not always evenly distributed over the dike width.
Therefore, applying a narrow chute may lead to more spreading in the results
compared to a wider chute.

Pumping events took place for a few tests. Pumping of the overtopping box negatively
impacted the measurements as the pumping time was cut out of the time series and
had to be minimised or avoided if possible. The tests with the largest wave height and
wave length (H,,, = 0.2 m;s, = 0.02) resulted in a large amount of overtopping
discharge requiring so intense pumping that the results are considered inaccurate. For
the other tests with lower pumped discharges, it did not lead to unexpected outliers.
Nevertheless, these overtopping discharges could have been influenced to some
extent. The wave characteristics at the toe of the structure were constantly measured
throughout the complete test, but when the pumping started this time interval was
removed from the overtopping discharge measurement signal. The average
overtopping discharge did not take into account waves attacking the dike during
pumping, which could either have led to a slight over- or underestimation of the
overtopping discharge.

53
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Another point of discussion regarding the set-up of the physical model tests is the
paddle wheel used to simulate wind. In theory, every water particle that exceeds the
crest wall height during vertical splashing is captured by the paddle wheel and
transported to the overtopping box. However, reality differs from this theory on two
aspects. First, during the tests, the paddle wheel was placed above the crest wall as
close as possible. The closer the paddle wheel is to the crest wall, the more vertical
splashing is included in the total overtopping volume, but some space must be left to
allow for the wheel to rotate. It is however expected that this effect is negligible,
because the space is only a few millimetres. Second, the distance between the blades
of the rotating paddle wheel created time for water droplets to land in the basin instead
of being transported to the overtopping box via the paddle wheel. Mainly low
overtopping discharges, for which scale effects might have been present, were
affected as some water droplets that were missed by the paddle wheel had more
impact on the total volume than in case of large overtopping discharges. Wolters and
Van Gent (2007) determined an optimal rotation speed of that would generate an
estimated water transport efficiency of more than 90 percent, which is used in the
present research. For lower rotation speeds, the time between the subsequent blades
becomes large enough for water droplets to land in the basin in front of the dike instead
of being hit by the blades, whereas for higher speeds the wheel would transport the
water back to the front into the basin.

Finally, for each test approximately 1,000 waves were generated to schematise a full
JONSWAP spectrum. Because each series of 1,000 waves was unique, deviations in
overtopping discharges for the same overall wave characteristics could have arisen.
One test series using the paddle wheel, but without pumping, was repeated several
times to quantify the differences. Table 5.1 displays the outcome and input variables,
where deviations were measured in overtopping discharge of almost 10 percent for
these tests, even if the input variables were the same (test numbers 2 and 4). On
logarithmic scale, however, deviations of 10 percent are relatively small. It has to be
mentioned that these tests were performed with an overtopping chute of 0.5 m, which
might have caused the deviations as described in this section. Another explanation
could be the paddle wheel as described above.

Table 5.1: One test series repeated to measure the deviations in overtopping discharge.

Test number  H,,, [M] Tm-1,0 [S] So [] q [m3/s/m]
1 0.148 1.777 0.03002 1.790E-05
2 0.148 1.782 0.02985 2.090E-05
3 0.148 1.781 0.02988 2.029E-05
4 0.148 1.782 0.02985 1.922E-05

5.2 Applicability and limitations of the research

This research focussed on smooth seadikes with a slope of tan(a) = 1: 3. A crest wall,
with and without promenade, is tested as a climate adaptation measure and the
maximum wind effect is studied for the situation of two crest wall heights and a single
value for the promenade. The results show an increase in the maximum wind effect for
increasing crest wall heights. Conversely, including a promenade does not lead to an
increase in the maximum wind effect for all crest wall heights. For lower crest walls,
the space above the promenade could be filled with water leading to less vertical
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splash when waves hit the crest wall or overshooting could occur if the ratio of the crest
wall height over the promenade width is lower than the outer dike slope. The maximum
wind effect is therefore lower than for the situation without promenade. Because this
phenomenon is less likely to occur with higher crest walls, it raises the question which
crest wall height starts the transition from a decrease to an increase in maximum wind
effect when a promenade is added. Moreover, the promenade width itself might also
have had influence on this turning point. The presented results and equations for both
the maximum wind effect, the reference tests and crest element tests may be accurate
outside the range of the test conditions, but the validity is unknown. Based on the
present research, the crest wall height for which the maximum wind effect starts to
enlarge when adding a promenade cannot be derived. Furthermore, it is advised to
validate the proposed equations to a larger database, also because the number of tests
with breaking waves was relatively limited.

Next to the dike configurations, the methodology of using a paddle wheel to
mechanically simulate wind is limited to the maximum wind effect only, whereas, in
reality, wind is highly variable in space, time and strength. Although investigating the
maximum wind effect is the governing situation for designing a seadike, wind also
influences processes such as the wave characteristics and run-up. The TAW (2002)
equations used for determining the maximum wind effect do not account for the wind
effect on the wave run-up. Consequently, the quantification of the maximum wind effect
might change due to processes that are not covered by the paddle wheel.

The water level is also of importance when the governing situation is concerned. For
seadikes, water level variations are relevant due to tides, but also due to storm set-up.
The physical model tests performed with varying water levels showed a not-expected
pattern, where for increasing relative crest freeboards the maximum wind effect did not
increase constantly but seemed to have a limit. An explanation could be that for lower
overtopping discharges the paddle wheel missed some water droplets, which did not
end up in the overtopping box, and therefore resulted in a lower overtopping discharge.
Yet, this would more likely be occasional rather than structural. Hence, the water level
differences that are inspected in subsection 4.4.2 should be subjected to further
research and reliable conclusions are limited to a water depth of 0.7 m and the tests
that have proven to be reliable in chapter 4.






Conclusions and recommendations

This chapter presents the conclusions of the research, which answer the research
guestion and sub-questions. The second section covers recommendations for further
research.

6.1 Conclusions

As defined in section 1.3, the objective of the research was to investigate the maximum
wind effect on wave overtopping at dikes. Furthermore, crest elements may influence
wave overtopping and the wind effect. To this end, the following research question was
covered in this master thesis. The sub-questions, which together answer the research
guestion, are examined in the following subsections.

What is the maximum wind effect on wave overtopping at dikes

with crest elements?

The present study was designed to determine the effect of the wind on the overtopping
discharge and the effect of adding crest elements. Physical model tests revealed that
the maximum wind effect is distributed between 1.0 and 4.0 for the combination of
wave characteristics and dike configurations tested in this research. For lower
discharges that are not tested in this study, the maximum wind effect could exceed the
value of 4.0. The main answer to the research question is presented as an equation
that defines the amplification factor between the overtopping discharge with and
without onshore blowing wind. Because this amplification factor vy,,ing
(= Qwith wind/Qwithout wina) 1S @ function of the overtopping discharge without wind,
changes in wave characteristics and dike configuration are included. Nevertheless, for
each dike configuration, a more specific formula can be fitted on the data, but the
general applicable formula (Equation 28) — thus answer to the research question — is
repeated here.

Ywina = 0.011 ¢" %% +1 Equation 28
The parameter ranges for which physical model tests were conducted, are displayed

in Table 6.1. This includes the wave characteristics, model set-up variables and
results such as the overtopping discharge and maximum wind effect.
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Table 6.1: Parameter ranges of the test programme used in the analysis and the results.

Parameter Symbol Value/Range
Seaward slope angle [-] tan(a) 1:3

Relative crest freeboard [-] R./Hpmo 1.49 — 3.98

Relative promenade width [-] B/Ho 0-1.53

Wave steepness [-] So 0.020 — 0.042
Breaker parameter [-] o 1.62 — 3.00

Crest freeboard [m] R, 0.2-0.48

Crest wall height [m] hyait 0, 0.05 & 0.08
Incident significant wave height at the toe [m]  H,,,o 0.098 — 0.202
Promenade width [m] B 0&0.15

Water depth [m] d 0.6 -0.85

Mean spectral wave period [s] Tr-10 1.248 — 2.357
Overtopping discharge (without wind) [-] q" 4.76E-07 — 1.73E-03
Overtopping discharge (with wind) [-] Quvind 1.94E-06 — 1.77E-03
Maximum wind effect [-] Ywind 1.0-4.0

6.1.1 How do wave characteristics, such as the significant wave height and wave
steepness, influence wave overtopping at dikes with and without crest
elements?

The overtopping discharge is influenced by various wave characteristics. The TAW
(2002) formulas quantify the overtopping discharge and distinguish between breaking
and non-breaking waves. For both type of waves, the significant wave height H,,,, plays
an important role. Increasing the significant wave height results in an increase in
overtopping discharge. The opposite is true for the wave steepness s,, where a rise in
wave steepness results in less overtopping discharge. This dependency on the wave
steepness is seen directly in the data, but also via the breaker parameter &,. A high
wave steepness corresponds to a low breaker parameter. Plunging breakers with a
lower breaker parameter lose energy while breaking and result in less overtopping
discharge compared to collapsing or surging breakers with higher breaker parameters.
Van Gent et al. (2022) also concluded that the wave steepness affects the overtopping
discharge for breakwaters, but it is not uniformly included in the TAW (2002) formulas.
For breaking waves, the breaker parameter is incorporated. Yet, for non-breaking
waves this wave steepness dependency is absent.

The investigation of seadikes with and without crest elements, but without wind,
resulted in several formulas, categorised by wave type. The formulas for tests with
crest elements are presented in the next subsections, but Equation 22 and
Equation 23 are proposed for breaking and non-breaking waves, respectively, that
overtop at dikes without crest elements. Therefore, y,, equals 1.0 in this situation.

q 0.067 ¢ ( 47 R, 1 >
= Vb "So " €Xp| —4. Equation 22
JgHE, +Jtan(a) Himo o Yo" Ve Vg Vo
R 1
1 - 1.1-107*-s5% - exp (—2.3 - ) Equation 23
g H3, Hino Y- g
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6.1.2 What is the influence of the height of crest elements on the overtopping
discharge?

The influence of crest elements, such as a vertical crest wall, promenade, parapet and
combinations between those were investigated previously by Van Doorslaer et al.
(2015). However, their research focussed on non-breaking waves only. The outcome
was a definition of influence factors for crest elements applied on the TAW (2002)
equation. The findings of the present research complement those of earlier studies by
employing the wave steepness dependency in Equation 25 and do not only incorporate
non-breaking waves, but breaking waves as well. The same expression of the influence
factor for non-breaking waves is applied here to breaking waves.

Regarding non-breaking waves, the proposed influence factors for both crest wall with
promenade and crest wall solely are a good fit and are incorporated as follows:

q
g Hao

R 1
=1.1-10"*-s5%-exp <—2.3 < *> Equation 25
HmoYr-YvpY

where y* is v, Of ¥prom,» @S defined in subsection 2.3.4.

Regarding the sub-question, a higher crest wall causes less overtopping discharge,
which is in line with the theory that the influence factor becomes lower. Hence there is
further reduction on the overtopping discharge for higher crest walls. Moreover, the
crest wall height is embedded in the crest freeboard R, as well, leading to the same
result. This study demonstrates that this concept is generally applicable for non-
breaking as well as for breaking waves. For breaking waves, the exponential coefficient
of the TAW (2002) formula is modified, which results in Equation 26 for a crest wall
only although this formula is based on very little data.

g 0067
JgHE, +Jtan(a)

; ( cc R, 1 >
Yp S0 €Xp| —o. Equation 26
vl Himo §0 " Vo " Vs Vg " Yo

6.1.3 What is the influence of the position of crest elements on the overtopping
discharge?

According to the data analysis, the theory behind adding a promenade in front of the
crest wall is in line with previous research. Overall, this study strengthens the idea that
the promenade has a reducing effect on the overtopping discharge. For the promenade
with a width of 0.15 m tested, the overtopping formula for non-breaking waves is
Equation 25 from the previous subsection. Nonetheless, different formulas apply for
breaking waves depending on the crest element. For a crest wall with promenade,
Equation 22 fits the measurement, where the influence factor y,.,n,,, Should be added
in the exponent.
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6.1.4 How do wave characteristics, such as the significant wave height and wave
steepness, influence the maximum wind effect on wave overtopping at dikes
with crest elements?

From the overtopping discharge, which is compared with previous research, the focus
is shifted towards the maximum wind effect. It is expected for low overtopping
discharges to have more vertical splash when waves hit the crest element, hence the
maximum wind effect is large. The results from the physical model tests indeed identify
this behaviour. Both an increase in significant wave height and decrease in wave
steepness are related to a decrease in maximum wind effect due to large overtopping
discharges. The type of breaker indicated by the breaker parameter is also in line with
this concept and visual observations during the tests match as well. Surging or
collapsing waves with a low wave steepness (thus high breaker parameter) seem to
overflow the crest element more easily than waves that tend to be more plunging,
hence causing significantly less vertical splash.

6.1.5 What is the influence of the height of crest elements on the maximum wind
effect on wave overtopping at dikes with crest elements?

Raising the crest wall height alters the maximum wind effect more than adding a
promenade. For the dike configuration without a promenade, the maximum wind effect
almost doubles when the crest wall height is raised from five to eight cm. In the case
that a promenade is present, and the crest wall height is increased, the maximum wind
effect could even enhance with a factor 3.1. Therefore, in general a positive correlation
exists between raising the crest wall height and the maximum wind effect. This finding
is in line with previous research, stating that the maximum wind effect increases for
lower overtopping discharges, hence higher crest walls.

6.1.6 What is the influence of the position of crest elements on the maximum wind
effect on wave overtopping at dikes with crest elements?

The influence of a promenade on the maximum wind effect showed interesting results.
Following the same line of reasoning as for the crest wall height and wave
characteristics, it is expected that adding a promenade enhances the maximum wind
effect since it reduces the overtopping discharge. The experiments revealed that this
is only true for high crest walls, where introducing a promenade extends the maximum
wind effect with a factor up to 1.8. Lower crest walls create an area above the
promenade from the seaward slope towards the crest element that may be filled with
water from the front part of a wave. If this is the case, the remaining part of the wave
will more easily overflow the crest element without creating any vertical splash. The
maximum wind effect will therefore be lower.

6.2 Recommendations

There are multiple directions for future research. Future research could be conducted
to determine the effectiveness of variations of crest element geometries. Van
Doorslaer et al. (2015) proposed an influence factor for a parapet as well, which can
be combined with a crest wall with promenade. For the situation without wind, these
influence factors need further validation on breaking waves, for instance, since they
were initially derived for non-breaking waves only and the dataset on breaking waves
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was relatively small in this research. Additionally, as shown in this study, adding a
promenade to reduce the overtopping discharge does not always result in a higher
maximum wind effect. Therefore, it is recommended to examine more variations in
crest element geometries focussing on the influence on the maximum wind effect. Also,
the proposed equations are valid for the tested conditions, so it is recommended to
validate these against a larger dataset.

Furthermore, experiments using a broader range of seaward slope angles could shed
more light on the applicability of the influence factor for the maximum wind effect. This
research focussed on seadikes with an outer slope angle of tan(a) = 1: 3, but for less
steep dikes the maximum wind effect might significantly differ. The reason is that,
although the slope is included in the TAW (2002) overtopping formulas, the waves
break differently on gentler slopes, which affects the overtopping discharge and the
vertical splash when waves hit the crest element. Also, the wave steepness is included
in the newly proposed equations in this study, but to account for different slope angles,
it has to be researched if the breaker parameter would be a better choice. Investigating
multiple slope angles widens the applicability of the wind influence factor.

As explained in subsection 4.4.2, water level differences may lead to unexpected
changes in the maximum wind effect. This behaviour in itself is already a reason to
carry out more research, but from a practical point of view it is also relevant. In reality,
the water level at the seaside of the dike is constantly changing. Not only the tide
creates water level variations, but storms and wind in general do so as well. In addition
to the water level variations, an increasing amount of studies is performed to
investigate the effect of different climate adaptation measures and combinations of
those. The contribution of these measures to the overtopping discharge influences the
maximum wind effect.

The present study focussed on wave overtopping for specific wave conditions at the
toe, not on the effect of wind on the wave conditions itself. Moreover, this research only
focussed on the maximum wind effect, which is a case valid for very strong onshore
winds only. However, wind scaling might be difficult if the maximum wind effect is not
researched (De Waal et al., 1996). Therefore, field measurements could be performed
to validate the small-scale physical model test results. The advantage of these field
measurements is that the variability of wind can be considered. The wind direction and
strength are out of the scope for this research, but future studies regarding the role of
the variability of wind would be worthwhile.

Throughout the research, the overtopping discharge is used. It describes the average
volume of water overtopping a dike during a certain time period. However, in order to
determine the strength of the dike, hence the resistance against dike failures, individual
overtopping waves are important as well. Individual waves may result in excessively
large overtopping volumes exceeding the average discharge. Although for large
overtopping discharges this study proves that the maximum wind effect is low, the
functionality of different crest elements might need to be further explored.
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Appendices






Technical drawing model set-up

The physical model set-up is schematically presented in section 3.1, but a more
detailed picture is given in this appendix. A front, side and top view with dimensions (in
millimetres) drawn to scale illustrate the structure in Figure A.1, Figure A.2 and
Figure A.3, respectively. The colours indicate the different elements, where the paddle
wheel is shown in blue, the dike slope and crest elements in green, the overtopping
chute in olive-green and the overtopping box in red. Components such as concrete
wall on both sides of the dike and the construction for keeping the paddle wheel in
place are displayed in black.

1410 ]]:

1080 1050 1000

Figure A.1: Front view of the model set-up, which contains the dimensions of the paddle wheel (blue) and the
seadike (green) with and without the two crest walls (W. Stet, personal communication, March, 2022).
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Figure A.2: Side view of the model set-up, which contains dimensions of the promenade, the concrete walls on
both sides of the dike and the dike length (W. Stet, personal communication, March, 2022).
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Figure A.3: Top view of the model set-up, which contains the dimensions of the dike width, the width of the paddle
wheel and the two different overtopping chutes (W. Stet, personal communication, March, 2022).






Pictures from the test facility

To get a more complete overview of the Pacific Basin as a test facility and the model
set-up, multiple pictures are added to this appendix.

Figure B.1: Side view; dike configuration with a crest wall and promenade with paddle wheel.
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Figure B.2: Front view; dike configuration with a crest wall and promenade withpaddle wheel.

Figure B.3: Side view; dike configuration with a crest wall with paddle wheel.
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Figure B.4: Side view; dike configuration with a crest wall with paddle wheel.
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Figure B.5: General overview of the basin with the machines
with a crest wall.
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Figure B.7: Side view; dike configuration with a crest wall.
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Figure B.8: General overview of the basin from behind the dike; at the top, the wave generator is visible; at the
bottom, the overtopping box behind the dike is visible.






Measurement programme

Appendix C contains the quantitative details on the measurement programme and
defines which wave characteristics were employed for the experiments. Also, the
calculated dimensionless overtopping discharges are given for both tests with crest
elements and the reference tests.

The different wave characteristics for which the tests were performed are mentioned
in Table C.1 and the expected values for the dimensionless overtopping discharge for
tests without wind are included in Table C.2. The influence factors in subsection 2.3.4
proposed by Van Doorslaer et al. (2015) for non-breaking waves are used to calculate
the overtopping discharges. Besides the tests with crest elements, the reference tests
are considered as well.

Table C.1: Wave characteristics for each test series as defined in chapter 2.

Index Hpyo [M] Tin-1,0 [S] T, [s] So [-] Duration of
number 1,000 waves
[min]

1 0.1 1.790 1.968 0.02 33

2 0.125 2.001 2.201 0.02 37

3 0.15 2.192 2.411 0.02 40

4 0.1 1.461 1.607 0.03 27

5 0.125 1.634 1.797 0.03 30

6 0.15 1.790 1.968 0.03 33

7 0.1 1.265 1.392 0.04 23

8 0.125 1.415 1.556 0.04 26

9 0.15 1.550 1.705 0.04 28

10 0.175 2.367 2.604 0.02 44

11 0.2 2.530 2.783 0.02 47

12 0.175 1.932 2.126 0.03 36

13 0.2 2.066 2.273 0.03 38

14 0.175 1.673 1.841 0.04 31

15 0.2 1.789 1.968 0.04 33
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Table C.2: Expected dimensionless overtopping discharges for tests without wind based on equations from TAW
(2002) and Van Doorslaer et al. (2015).

Index q° [-] q" [] q" [] q° [] q* []
number reference crest wall crest wall crest wall crest wall
tests 5cm 8cm 5 cm with 8 cm with
promenade promenade
1 1.75E-04 2.73E-05 8.77E-06 6.00E-06 1.59E-06
2 7.66E-04 2.08E-04 8.16E-05 6.20E-05 2.21E-05
3 1.89E-03 5.97E-04 2.84E-04 2.08E-04 8.22E-05
4 2.02E-04 3.26E-05 1.07E-05 3.50E-05 1.62E-05
5 8.01E-04 1.77E-04 7.66E-05 5.21E-05 1.82E-05
6 2.07E-03 5.52E-04 2.49E-04 1.93E-04 8.40E-05
7 3.82E-03 9.55E-04 3.23E-04 4.29E-04 1.07E-04
8 3.94E-04 3.24E-04 1.89E-04 1.14E-04 6.03E-05
9 1.08E-03 6.45E-04 3.23E-04 9.34E-04 5.76E-04
10 1.04E-03 1.37E-03 7.49E-04 5.47E-04 2.57E-04
11 1.87E-03 7.89E-04 4.67E-04 3.29E-04 1.73E-04
12 3.71E-03 1.37E-03 7.26E-04 5.93E-04 2.82E-04
13 2.10E-03 2.50E-03 1.43E-03 1.17E-03 6.09E-04
14 2.37E-03 1.41E-03 7.73E-04 6.01E-04 2.87E-04
15 4.,18E-03 2.50E-03 1.43E-03 1.19E-03 6.17E-04

Information about the tests with water level variations is provided in Table C.3, which
includes the corresponding water level, wave characteristics and expected overtopping
discharge. These tests were performed only with a crest wall height of five cm.

Table C.3: Wave characteristics and expected dimensionless overtopping discharges for tests with different water
levels.

Index Hypo [m] Tin-1,0 [S] so [1] d [m] q* [-]
number crest wall
5cm

1 0.1 1.790 0.02 0.66 1.07E-05
1 0.1 1.790 0.02 0.68 1.71E-05
1 0.1 1.790 0.02 0.70 2.73E-05
1 0.1 1.790 0.02 0.72 5.16E-05
1 0.1 1.790 0.02 0.74 8.16E-05
3 0.15 2.192 0.02 0.66 3.10E-04
3 0.15 2.192 0.02 0.68 4.40E-04
3 0.15 2.192 0.02 0.70 5.97E-04
3 0.15 2.192 0.02 0.72 8.72E-04
3 0.15 2.192 0.02 0.74 1.06E-03
6 0.15 1.790 0.03 0.66 2.84E-04
6 0.15 1.790 0.03 0.68 3.88E-04
6 0.15 1.790 0.03 0.70 5.52E-04
6 0.15 1.790 0.03 0.72 8.11E-04
6 0.15 1.790 0.03 0.74 1.03E-03
9 0.15 1.550 0.04 0.66 3.10E-04
9 0.15 1.550 0.04 0.68 4.40E-04
9 0.15 1.550 0.04 0.70 6.45E-04
9 0.15 1.550 0.04 0.72 8.11E-04
9 0.15 1.550 0.04 0.74 1.03E-03




Overtopping discharges with wind

The main parameters determining the overtopping discharge related to this research
are analysed in section 4.2. Both tests with and without wind show approximately
similar results, hence the results for the tests with wind are situated in this appendix to
avoid extensive repetition in the main report. For the complete analysis, the reader is
referred to section 4.2, but in short, the figures in this appendix illustrate the following.
Increasing the crest wall height or adding a promenade results in lower overtopping
discharges (Figure D.1). There is a negative correlation between the wave steepness
as well as the relative crest freeboard and overtopping discharge (Figure D.2), whereas
the correlation between the overtopping discharge and the breaker parameter is
positive (Figure D.3).
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Figure D.1: Measured overtopping discharges with wind sorted on wave steepness; (a) Measurements with wave

steepness of 0.02; (b) Measurements with wave steepness of 0.03; (c) Measurements with wave steepness of
0.04.
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D Overtopping discharges with wind
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Figure D.2: Measured overtopping discharges with wind sorted on dike configuration; (a) Measurements with
crest wall of 5 cm; (b) Measurements with crest wall of 8 cm; (c) Measurements with crest wall of 5 cm and
promenade; (d) Measurements with crest wall of 8 cm and promenade.
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Figure D.3: Measured overtopping discharge with wind versus breaker parameter; (a) Measurements for non-

breaking waves; (b) Measurements for breaking waves.



