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Summary

Vertical breakwaters are structures usually built in deep water and their main goal is reducing the wave ag-
itation and overtopping volume of water reaching its port side. A pretty common tactic to further reduce
overtopping is to apply crownwalls on top of the vertical breakwater, which is a superstructure that usually
forms seaward extensions. There is a very large number of different shapes of crownwalls that have been ap-
plied over the years e.g. bullnoses with different exit angles, curved parapets, crownwalls with a fully curved
face. The latter, is a very new design and research on the effect of this shape on the performance of a break-
water is very limited. This shape is most commonly applied for seawalls and not breakwater crownwalls and
is commonly found in UK coasts (Penrhyn Bay, Guernsey, Scarborough), usually designed for breaking wave
conditions. It is quite interesting though to explore the possibility of applying this type of crownwall in deep
water and compare its behavior with a typical vertical breakwater. For this reason, the research question has
been formulated as follows:

“How does a crownwall with a fully curved face perform in comparison with a vertical wall, in non–breaking
wave conditions and in terms of loading and overtopping?”

Which can further be broken down in two sub-questions.

“What equations can be used to predict overtopping and loading on a crownwall?”

“How can the results from these equations be compared to a vertical wall?”

In order to give an answer to these questions, small scale experiments of the two structures are carried in
a flume with a flat bottom. A setup is installed in a flume, which consists of a flat vertical wall model, on top of
which the crownwalls are screwed. In order to provide stability to the system, the wall model is mounted on a
1.5 ton concrete block. The front seaside of the structure is positioned 33.33m away from the wave generator.
Two different superstructures are used during the tests, a flat crownwall which mimics a standard vertical
wall and a crownwall with a fully curved face. The crest freeboard Rc is 0.20 m for both shapes, while the
water depth for all experiments is set to 0.50 m with a horizontal bottom. An overtopping box is positioned
behind the superstructures which collects overtopping volumes. A total of nine gauges are used to record
water elevation in the flume and in the overtopping box, while eight pressure sensors are used to measure
pressure on the surface of the superstructures. The experiments consist of 21 regular wave states, applied for
7 different values of target wave height (H = 0.10m−0.22m) and for 3 values of wave steepness (s = 3%−4%).

Although crownwalls manage to reduce overtopping volumes, this comes at the cost of increased loads.
During experiments with large wave heights, the water column reaches the top of the recurve, gets blocked
and deflected offshore, leading to very high impulsive pressures on the structure. For this reason, the vari-
ables considered for both shapes are the wave characteristics, overtopping (V ), maximum pressure (P ), force
(F ), force angle (θ) and force point of application (ζ). While for the wave states impacts occurred for the
crownwall, the impulse (I ) and its duration (ti mp ) are considered as well.

A reflection analysis followed by a zero-down crossing analysis are performed in order to obtain wave
period (T ) and wave height (H) for each individual wave event. The linear dispersion relationship is used to
calculate wave length (L). A reflection coefficient is calculated for each pair of aligned incident and reflected

waves as the fraction of the incoming to reflected wave height, Kr,i = Hr e f ,i

Hi n,i
. The crownwall barely has an

effect on the reflection coefficient for high relative freeboard values (Rc /H), as for the cases the water column
does not reach the tip of the recurve, the mean values Kr,S1 ≈ 0.94 for the vertical wall and Kr,S2 ≈ 0.92 for
the crownwall almost coincide. Lower Rc /H values lead to reduced reflection coefficient values as a result of
overtopping.

This is calculated by using the signal from the wave gauge that is positioned in the overtopping box. A
moving median is applied on this signal in order to remove noise and results in a modified signal with iden-
tifiable overtopping steps. As this phenomenon is found to be dominated by wave length and wave height,

vii



viii 0. Summary

the fraction of the Ursell number (U ) and relative freeboard (Rc /H), U
Rc /H = H 2L2

Rc d 3 is used to express it. The

effectiveness of the crownwall in reducing overtopping volumes is found to be 100% for 15 < U
Rc /H < 25, while

higher values result in decreased values of this effectiveness.
The pressure analysis deals with the removal of thermal shock from the pressure signal and the calculation

of maximum pressure, impulse and impulse duration for each single wave event. A smoothing function is
applied on the pressure signals for both shapes in order to identify the quasi-static parts of the loading. The
results of the vertical wall are found to show a great agreement with the results of God a at still water level.
Pressure for the case of the vertical wall is found to be dominated by wave height, as steepness is of minor
importance. The results of the crownwall show a great agreement with the vertical wall for U

Rc /H < 15, while
higher waves that reach the top of the crownwall generate impacts near the outer seaward edge, leading to
an increase of the mean value of maximum pressure up to 1100%. Pressure distribution on the crownwall is
found to be dominated by wave height, while for 15 ≤ U

Rc /H ≤ 60 steepness is also highly relevant. The values
of impulse and its duration are calculated manually for each wave assuming that all pressure sensors record
impulses with duration equal to the one recorded by the highest pressure sensor. The results of impulses
show a similar trend to pressure results and are found to be less uncertain. The duration of the impulse is
found to become shorter for increased wave loads.

The pressure signal is integrated on the surface of the crownwall in order to generate signals of force (F ),
angle relative to the ground (θ) and point of application (ζ) of the force. θ and ζ are found to be dominated by
the relative freeboard Rc /H and acquire a stable mean value for Rc /H ≤ 1.17, around θ = 25.1◦ and ζ= 0.55Rc .
Force is found to follow a similar trend to pressure, as the distributions of the two variables have a very similar
shape. The Goda formula underestimates F or ζ as obtained from the integration of P .

Corresponding equations are derived by curve fitting for each of the mentioned variables. These are over-
topping (V ), maximum pressure (P ), impulse (I ), impulse duration (ti mp ), force (F ), force angle (θ) and point
of application (ζ). These variables are mostly expressed through U

Rc /H , while their range of application is
expressed in terms of relative freeboard Rc /H , relative water depth d/L and wave steepness s.

In order to provide comparison tools between the two shapes, an equation is derived for the prediction
of overtopping on a vertical wall. The formula of God a is also evaluated, which is found to predict loads
accurately at still water level, but underestimate pressure at higher positions. Nevertheless, the employment
of this formula to estimate loading on a vertical wall is suggested due to its range of applicability and high
accuracy at SW L.



1
Introduction

Vertical breakwaters are structures usually built in deep water and their main goal is reducing the wave agita-
tion and overtopping volume of water reaching its port side. Modern design guidelines (e.g. EurOtop; van der
Meer et al.,2016) prose the solution of a vertical wall with extensions in the seaward direction, crownwalls,
which help to further reduce the overtopping volume of water, leading to lower visual impact and eventually
a more economical design. An example of the Dover, UK breakwater is shown in Figure 1.1.

(a) Plan view. (b) Cross section.

Figure 1.1: Vertical breakwater in Dover, UK. Image taken from Takahashi (2002).

Although these structures manage to reduce overtopping volumes, this comes at the cost of increased
loads, as waves hit the front of the wall, reach its top, get blocked and deflected offshore, leading to very high
impulsive pressures on the structure. This phenomenon was firstly highlighted by Castellino et al. (2018) for
recurved parapets and called confined crest impact (C-CI). Parapets are rather stiff structures as they are usu-
ally made of reinforced concrete, rendering them quite sensitive to the exerted impulsive loads. Many failures
of hydralic structures have been observed in the past as a result of wave impacts. More specifically, Allsop et al.
(1997) report failures addressed to impacts in Wick (Scotland,1863), Catania (Italy,1930), Genoa (Italy,1955),
Ventotene (Italy,1966), Palermo (Italy,1973), Sakata (Japan,1973), Bari (Italy,1974), Naples (Italy,1987), Mutsu-
Ogawara (Japan,1991) Amlwch (Wales,1990) Porthcawl (Wales,1966), Schoonees (2014) and Roux (2013) re-
port damage on the recurves in Strand (Africa) and Martinelli et al. (2018) report damages for parapets in
Pico Island (Portugal) and Civitavecchia (Italy). The latter failure was demonstrated in Dermentzoglou et al.
(2021) where through an offline coupling of computational fluid dynamics and finite element analysis, it was
shown how impulsive forces lead to very high tensile stresses in the vertical direction and eventually to the
failure of the crownwall e.g. Civitavecchia’s one. Allsop and Bruce (2020a,b) performed stability analyses of
historic breakwaters in Wick (failed between 1870-1877), Alderney (damaged even during construction, lost
its outer length 1865–1889) by making use of the empirical formulas for wave impacts derived during the
PROVERBS project for caisson breakwaters without overhangs (Oumeraci et al., 2001). The aforementioned
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2 1. Introduction

failures of breakwaters highlight the importance of taking impulsive wave forcing into account during design,
in addition to the performance of the crownwall regarding overtopping.

1.1. Literature review
Wave forces on vertical walls have been investigated extensively in the past. The first attempt to measure
wave impacts on a marine structure took place 150 years ago by Stevenson (1886) in Scerryvore Rocks. Hiroi
(1920) suggested a formula for the average pressure from non-breaking waves, while later Sainflou (1928) de-
veloped a method for predicting wave pressure on a vertical wall. Neither of the formulas could be used for
the prediction of impacts, as until 1935, no high-frequency instruments were available and impulsive forces
could not be measured properly. The first high-frequency measurements that were able to capture this phe-
nomenon were made in Dieppe by de Rouville et al. (1938). Bagnold (1939) a year later was able to capture
the impulsive phenomenon in a laboratory, when he found that the maximum pressure occurred when there
was air trapped by the wave. Based on Bagnold’s piston model, Minikin (1963) developed a method for pre-
dicting impact forces caused by waves breaking directly on a vertical wall based on Bagnold’s piston model
and Ramkema (1978) described wave impacts caused by standing waves in front of a coastal structure, stat-
ing that most mathematical wave impact models originate from the Von Karman (1929) model. Goda (1974)
developed a formula for predicting wave loads on a vertical wall, and determined the empirical parameters of
the formula by making use of laboratory data and evaluating the performance of existing breakwaters. This
method is given in Appendix B.1. This approach was extended further by Tanimoto et al. (1976) and Takahashi
et al. (1994) by taking into account the effect of incident wave angle, berm, wave breaking and a sloping top.
To this day, the Goda method with its extension for wave impacts by Takahashi (1993) is the main prediction
method of wave forces on a vertical breakwater. Blackmore and Hewson (1984) later derived a formula for the
prediction of impact pressures on coastal structures in shallow water based on measurements of full-scale
wave impact pressures on a seawall in West England. The authors reached to the conclusion that the im-
pact pressures measured in the field are generally lower than those measured by scaled experiments due to
the high percentage of air trapped between the incident waves and the structure, while Cuomo et al. (2010b)
investigated this phenomenon. The authors confirmed that the use of Froude’s scaling law may lead to signif-
icant over-estimation of impact pressures at prototype scale, and derived correction factors. Kirkgöz (1990,
1991, 1992, 1995) investigated the impact pressures with experiments of regular waves breaking on a vertical
wall. He found that the impulsive pressures on the wall can differ significantly for small changes in the water
depth. The effect of the trapped air was also studied, highlighting that the pressure can reduce significantly
if an air pocket is trapped between the wave and the structure. Marinski and Oumeraci (1993) evaluated
modern design guidelines for composite breakwaters with experimental results, reaching to the conclusion
that the Goda (1974) method is more conservative than other dynamic approaches. Pedersen and Burcharth
(1993) studied the forces and overtopping rates for a rubble mound breakwater with crownwall, developed an
overtopping formula and stated that the Jensen (1984) formula can be used as a first estimate for wave loads
on rubble mound breakwaters with a crownwall . Allsop et al. (1996) studied the magnitude and probability of
occurence of impact loadings on vertical walls reaching to the conclusion that the Goda (1974) method does
not describe impact loads well. Allsop et al. (1997) performed an experimental study of impact loadings on
vertical and composite breakwaters without a parapet, where an evaluation of existing force prediction meth-
ods based on experimental results took place. The effect of wave direction on wave impact was investigated
by Allsop and Calabrese (1998). More recently, Chiu et al. (2007) performed an experimental study trying to
evaluate the Goda (1974) method. The authors suggest that Goda’s wave force theories underestimate the
wave forces acting on a caisson for small wave height and overestimate for large wave heights. Cuomo et al.
(2010a) proposes a formula for wave impact loads on a vertical breakwater without a crownwall. Valdecantos
et al. (2014) evaluates existing methods for prediction of forces on vertical breakwaters with breaking waves.
Castellino et al. (2021) performed a numerical study on a recurved parapet by testing numerous exit angles,
reaching to the conclusion that a 90o exit angle for a parapet can increase the loads significantly. The product
of this study was an extension of the Goda formula that can be used to predict impulsive pressure of a C-CI
on a recurved parapet for various exit angles and recurve radii. More information on this method is given in
Appendix B.3. de Almeida and Hofland (2020b) performed a series of experiments studying the wave impacts
caused by standing waves on structures with a short overhang, validating the pressure impulse theory for this
case, while the same group of authors study the same type of structure in terms of velocity and trapped air
area (de Almeida and Hofland, 2020a).

In the same way, overtopping of vertical walls has been investigated extensively in the past as well e.g.
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Besley (1998), while usually modern guidelines refer to EurOtop (van der Meer et al., 2016). Although the
methodologies proposed by EurOtop include the effect of a bullnose (Cornett et al., 1999; Kortenhaus et al.,
2004; Pearson et al., 2005), the effect of different shapes has not been investigated as much, as parapets is a
relatively new design. Some early guidelines can be found in Owen and Steele (1993) for recurved parapets.
Kortenhaus et al. (2002), studies the influence of a parapet attached on a vertical wall on top of a steep em-
bankment while later Kortenhaus et al. (2004) performed an extensive study on recurves in which results from
various laboratory tests were retrieved, deriving reducing overtopping factors for the use of parapets. Stago-
nas et al. (2014) during the HYDRALAB IV project, performed an experimental analysis of recurves in break-
ing wave conditions, investigating overtopping and wave forcing. More recent investigation can be found in
Martinelli et al. (2018), who performed an experimental study of a recurved parapet for different exit angles
in terms of overtopping and wave forces, where the authors found an underestimation of the overtopping as
predicted by EurOtop (van der Meer et al., 2016).

1.2. Scope of the study
There is a very large number of different shapes of crownwalls that have been constructed over the years e.g.
bullnoses with different exit angles, curved parapets, crownwalls with a fully curved face. A first classifica-
tion of vertical breakwater crownwalls mainly distinguishes two categories, see Figure 1.2. As highlighted
by EurOtop (van der Meer et al., 2016), the type shown in Figure 1.2a with Br > 0 is characterized by lower
overtopping rates with respect to the type shown in Figure 1.2b.

Assuming Br > 0, three shapes can roughly be distinguished for a crownwall, as shown in Figure 1.3. The
mentioned literature highlights that while the first two shapes have been applied and studied widely in recent
past (Dermentzoglou et al., 2021; Martinelli et al., 2018; Molines et al., 2020), crownwalls with a fully curved
face are a very new design and research on the effect of this shape on the performance of the breakwater
is very limited. This shape is usually applied for seawalls and not breakwater crownwalls and is commonly
found in UK coasts (Penrhyn Bay, Guernsey, Scarborough), usually designed for breaking wave conditions.
Examples of this application is shown in Figure 1.4. It is quite interesting though to explore the possibility of
applying this type of crownwall in deep water and compare its behavior against wave loading with a typical
vertical breakwater.

(a) Crownwall vertically aligned with the
breakwater.

(b) Crownwall inward shifted with respect to
breakwater.

Figure 1.2: Classification of crownwalls based on Br .

This work explores this potential and its main aim is to study a crownwall with a fully curved face in non-
breaking wave conditions and provide tools that can be used to compare its performance with a vertical wall.
For this reason, the research question has been formulated as follows:
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“How does a crownwall with a fully curved face perform in comparison with a vertical wall, in non–breaking
wave conditions and in terms of loading and overtopping?”

Which can further be broken down in two sub-questions.

“What equations can be used to predict overtopping and loading on a crownwall?”

“How can the results from these equations be compared to a vertical wall?”

(a) Rectilinear parapet. (b) Recurved parapet. (c) Crownwall with fully curved face.

Figure 1.3: Classification of crownwalls vertically aligned with the breakwater, based on shape.

Figure 1.4: Left panel: Wave return wall located in Penrhyn Bay, Great Britain.Right panel: Recurved seawall at Scarborough. Image
taken from Castellino et al. (2019)

In order to give an answer to these questions, small scale experiments of the two structures are carried
in a flume with a flat bottom. Regular wave trains are used in the experiments, as single waves are a more
fundamental approach that can later help study and understand whole wave spectra. Vertical breakwaters are
usually built in intermediate water depths, as deep water depths are usually avoided due to increased costs.
Thus, the experiments are performed with intermediate water depth to wave length ratios (d/L = 0.07−0.20)
and a moderate wave steepness (s = 3− 4%). A flat bottom for the experiments is used in order to avoid
shoaling and breaking of the waves. Lastly, in order to carry these experiments, small scale structures that
mimic the vertical wall and the crownwall were materially built and provided by University of L’Aquila under
the original design idea coming from Sapienza University of Rome.

In terms of engineering, there are two primary concerns when designing such a structure; its effectiveness
against overtopping and the increased load on the superstructure due to the impact. Overtopping is the vari-
able that is most commonly used to define the crest freeboard (Rc ). A proper description of the overtopping
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performance can be done in terms of discharge over time, q [m3/s] or the individual overtopping volume per
wave V [m3]. On the contrary, loading on the cross section of the structure has a specific distribution and the
load varies at different positions, meaning that more variables are needed to properly describe it. This is fur-
ther enhanced by the various failure mechanisms of crownwalls, which require the use of different variables
to properly describe them. For example, a proper description of the maximum force applied on the crown-
wall is necessary to design against shear sliding and overturning, while a proper description of the pressure
field on the surface of the crownwall is much more useful for designing against structural failure in general.
The importance of impacts was already highlighted above, and how they should always be considered, as
they may lead to partial or total failure of a crownwall (Allsop and Bruce, 2020a,b; Dermentzoglou et al., 2021;
Schoonees, 2014). Impacts are defined as very abrupt changes in the pressure signal, and impulse theory
suggests that the area of impacts in the pressure-time diagram (impulses) is much more stable compared to
the maximum pressure occuring (Bagnold, 1939). Their study on the other side though requires a very fine
time-step, as their time duration is very small, O < 0.1s. For these reasons, the studied variables are individual
overtopping (V [m3]), pressure (P [Pa]), impulse (I [Pa × s]), impulse duration (ti mp [s]), force (F [N ]), force
angle (θ [◦]) and force vertical point of application (ζ [m]).

This study is structured as follows. Chapter 2 is a description of the laboratory setup, the performed tests
and the post processing methods applied to retrieve wave characteristics, overtopping volumes, maximum
pressure, impulse and force variables; Chapter 3 presents the experimental results of the aforementioned
variables and their corresponding derived equations; Chapter 4 is a discussion on the findings and the derived
equations; lastly, Chapter 5 is a sum up of the results and their applicability range.





2
Tools and Methods

2.1. Description of experiments
2.1.1. Laboratory set-up
The experiments took place at the wave flume of the Hydraulic Engineering Laboratory of Delft University of
Technology. The flume is 0.80 m wide, 1 m tall and 42 m long and is equipped with a piston type wavemaker,
able to generate regular and irregular waves. The piston-type wave generation system includes second order
steering and active reflection compensation (ARC). The bottom of the flume is made of a thick plastic layer,
fixed over a metal structure while the sides are made of glass. The setup (Figures 2.1, 2.2) consists of a support
structure made of aluminium beams (see Section A.4), on top of which the superstructures are screwed, while
a plexiglass front (Figures 2.1 and 2.2, yellow) is fixed on the sea side of the support structure and is aligned
with the edge of the crownwall. In order to provide stability to the system, the support structure is mounted
on a 1.5 ton concrete block (Figures 2.1 and 2.2, grey color), 0.80 m wide, 0.80 m long and 1.00 m high. The
front seaside of the structure is positioned 33.33 m away from the wave generator.

Figure 2.1: Bottom panel: Longitutional cross section of experimental set-up. Top left panel: Dimensions of superstructures. Top
middle panel: Zoom of cross section at the position of the crownwall.

7



8 2. Tools and Methods

Figure 2.2: Bottom panel: Top view of experimental set-up. Top left panel: positioning of pressure sensors. Top middle panel: Cross
section A-A’ of S1.

Two different superstructures are used during the tests whose cross section is shown in Figure 2.1, a flat
crownwall which mimics a standard vertical wall (S1), and a crownwall with a fully curved face (S2). The crest
freeboard Rc is 0.20 m, while the total width of the crownwall setup is 0.795m, barely fitting in the flume. The
water depth d for all cases is set to 0.50m with a horizontal bottom. The gaps created between the crownwalls,
the sides of the flume and the vertical front are sealed with silicone and tape.

A total of nine wave gauges (W G) are employed, the position of which is shown in Figures 2.1 and 2.2.
W G1 is used to record water elevation close to the wave generator, W G2-5 are used to record water elevation
in the flume and perform a reflection analysis, W G7 is used to identify overtopping events and W G8 and
W G9 are recording water elevation in the overtopping box. The latter, is positioned behind the superstructure
(Figure 2.3) and is used to collect overtopping water volumes during the tests. The mouth of the overtopping
box is 0.112m wide while more information about its geometry is provided in Appendix A.3.

(a) S1, side view of the structure. (b) S2, side view of the structure

Figure 2.3: Setup of the experiments. W G7, the overtopping box and cables of the pressure sensors are visible in both pictures in front
and behind of the superstructure.

Eight Kulite HKM-375(M) pressure sensors with a 2 bar measurement range and sealed gauge are used in
this study, screwed through metal threads and glued in the superstructures. Similarly to recurves, impacts
are expected to occur at the outer seaward edge of the recurve (Martinelli et al., 2018); therefore, the pressure
sensors (PS) are positioned in a way to cover the widest range of the crownwall face possible. More specifically,
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PS1 and PS8 are positioned, within the limitations of the geometry of the superstructures, at the lowest and
highest possible points respectively. They are placed with an interval of approximately 2 cm between them,
while their exact position relative to SW L is shown in Figure 2.2, top left panel.

Lastly, the sampling frequency for all instruments is fs = 2 kH z. Instrument calibration functions before
and after the execution of the experiments showed a variation of approximately 1%, which is considered
acceptable in this study. More information about the selection of instruments is found in Appendix A.1,
about the calibration of instruments in Appendix A.2 and the selection of the positioning of the wave gauges
in Appendix B.2.

2.1.2. Test description
A summary of the performed tests and their target wave characteristics is presented in Table 2.1. Both shapes
are tested for regular wave trains of 20 waves and 3 different target values of wave steepness (s), s = 4%,
s = 3.5% and s = 3%. For each of the 3 values of wave steepness, 7 different wave heights (H) are applied
ranging from 0.10m to 0.22m, resulting in a total of 21 different regular wave states. All the tests are performed
in intermediate waters with a ratio of water depth to wave length 0.07 ≤ d/L ≤ 0.20.

Table 2.1: Test ID and target values of wave height (H), wave period (T), wave length(L), wave steepness (s), water depth to wave length
ratio (d/L) and Ursell number (U) of regular wave tests.

ID H [m] T [s] L[m] s[−] d/L[−] U [−]
R11 0.10 1.37 2.50 4.0% 0.20 5.00
R12 0.12 1.57 3.00 4.0% 0.17 8.60
R13 0.14 1.77 3.50 4.0% 0.14 13.72
R14 0.16 1.98 4.00 4.0% 0.13 20.48
R15 0.18 2.19 4.50 4.0% 0.11 29.16
R16 0.20 2.40 5.00 4.0% 0.10 40.00
R17 0.22 2.61 5.50 4.0% 0.09 53.24
R21 0.10 1.90 2.86 3.5% 0.18 6.53
R22 0.12 2.00 3.43 3.5% 0.15 11.28
R23 0.14 2.10 4.00 3.5% 0.13 17.92
R24 0.16 2.20 4.57 3.5% 0.11 26.75
R25 0.18 2.30 5.14 3.5% 0.10 38.08
R26 0.20 2.40 5.71 3.5% 0.09 52.24
R27 0.22 2.95 6.29 3.5% 0.08 69.54
R31 0.10 2.00 3.33 3.0% 0.15 8.88
R32 0.12 2.15 4.00 3.0% 0.13 15.36
R33 0.14 2.25 4.67 3.0% 0.11 24.39
R34 0.16 2.40 5.33 3.0% 0.09 36.41
R35 0.18 2.50 6.00 3.0% 0.08 51.84
R36 0.20 2.60 6.67 3.0% 0.08 71.11
R37 0.22 2.70 7.33 3.0% 0.07 94.65

2.2. Post-processing
2.2.1. Wave characteristics
This subsection presents the analyses performed in order to retrieve the wave characteristics and reflection
coefficients. Firstly, the signals of WG2-5 are used to perform a reflection analysis with the method proposed
by Zelt and Skjelbreia (1993), and retrieve the incident (ηi n) and reflected (ηr e f ) water elevation signals. More
information on this method is provided in Appendix B.2.

The two signals are retrieved 3 m away from the structure, which creates a time lag between them. Fig-
ure 2.4 presents the methodology followed in order to remove it. The initial signal (Figure 2.4, top left panel)
is split into two components (Figure 2.4, top right panel) following the method of Zelt and Skjelbreia (1993).
The time lag between the two signals is removed by shifting ηr e f (Figure 2.4, top right panel) by time intervals
of 1/ fs = 1/2000 = 5×10−4 s and calculating the normalized cross correlation for each time shift (Figure 2.4,
bottom left panel). The time lag is defined as the time shift with the maximum cross correlation and ηr e f is
shifted accordingly. The resulting aligned ηi n and ηr e f are shown in the bottom right panel of Figure 2.4.
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Figure 2.4: Methodology for removing time lag. Top left panel: W G2 signal; Top right panel: Results of reflection analysis; Bottom left
panel: Cross correlation function; Bottom right panel: Aligned signals.

Figure 2.5: Zero-down crossing analysis. Incident ηi n and reflected ηr e f water elevation signals are shown as blue and red lines; green
dots are the zero-down crossing moments of the selected waves; maximum and minimum values of ηi n for each time interval are
shown as yellow and purple dots; maximum and minimum values of ηr e f for each time interval are shown as cyan and black dots.

The aligned incident and reflected signals are used in a zero-down crossing analysis, as demonstrated
in Figure 2.5. The zero-down crossing moments are identified (Figure 2.5, green dots) for ηi n , at which the
initiation of each wave event tw,i is defined. In other words, the time domain is divided in time intervals
tw,i − tw,i+1 which show the beginning and ending of the wave event i . Hereinafter, the index i refers to wave
event i and is used to highlight that a variable is referring to individual waves. The indexes S1 and S2 are also
used in order to distinguish between the vertical wall and the crownwall with a fully curved face.

The incident wave period Ti n,i is calculated as the difference tw,i+1 − tw,i for each wave event. While
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the incident wave height Hi n,i as the difference of the maximum (Figure 2.5, yellow dots) and minimum
(Figure 2.5, black dots) value of ηi n for the time interval tw,i − tw,i+1. A similar time domain is created for ηr e f

and the according wave characteristics Hr e f ,i and Tr e f ,i of single wave events are calculated in the same way.
Wave length Li n,i is calculated through Ti n,i and by using the linear dispersion relationship.

An example result of a zero-down crossing analysis is shown in Figure 2.6. The wave paddle needs an
approximate 5 waves to steer up and reach the target wave height (Figure 2.6, top left panel) and an approxi-
mate 5 to steer down; notice the gradually increasing and decreasing values of Hi n . In addition, experiments
R16, R26, R36 result in light breaking of some individual waves, while experiments R17, R27 and R37 result
in total breaking of most waves. Wave breaking occurs for all experiments right after their generation and
before W G1. In order to overcome these issues, breaking, steer-up and steer-down waves are excluded from
the results by taking into account waves whose wave height is larger than 90% of the experiment’s target wave
height H (Table 2.1). This is the reason the time domain in Figure 2.5 is divided only for the higher waves of
the record, as lower peaks before tw,i=1 and after tw,i=14 are much smaller. The results regarding R17, R27 and
R37 are completely excluded from this study.

Figure 2.6: Results of zero down analysis of R12 and S1. Top left panel: Incident wave height Hi n,i . Bottom left panel: Incident wave
period Ti n,i . Top right panel: Reflected wave height Hr e f ,i . Bottom right panel: Reflected wave period Tr e f ,i . Selected waves are

highlighted in red.

Finally, a reflection coefficient is calculated for each single wave event, as the fraction between the re-

flected and incident wave height, Kr,i = Hr e f ,i

Hi n,i
, while the total reflection coefficient Kr per wave state is calcu-

lated as the mean value of the corresponding Kr,i .

2.2.2. Overtopping
Individual overtopping volumes (Vi ) are determined by making use of the signal from WG9 (Figure 2.7, black
line). The time domain is divided similarly as described in Subsection 2.2.1. For each time interval tw,i−tw,i+1,
an overtopping event (Figure 2.7, red dots, denoted as OEi ) is identified when the W G7 signal (Figure 2.7,blue
line) has an abrupt change, while time intervals with no change are automatically assigned a zero overtopping
volume. A moving median is applied on W G9 signal (Figure 2.7, black line) to remove noise, which results in a
modified signal with distinguishable steps(Figure 2.7, brown line). These steps correspond to the overtopping
volumes Vi of OEi , and are identified automatically at the point of maximum derivative of the smoothed
signal. The identified points are highlighted in green, and the individual overtopping volume (Vi ) for each
wave event is calculated as the difference between the two subsequent identified steps in the W G9 signal.
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Figure 2.7: Determination of overtopping volumes for experiment R36 and S1. Blue line is W G7 signal; red dots are the identified
overtopping events (OEi ); black line is the original W G9 signal; brown line is the W G9 signal filtered with a moving median; green dots

are the identified steps in the signal. The difference between two subsequent steps results equals to the overtopping volume Vi .

2.2.3. Pressure and impacts
The main goal of this analysis is the calculation of maximum pressure (Pi , j ), impulse (Ii , j ) and duration of
impulse (ti mp,i ) of single wave events from the pressure signal. As the signal from 8 different pressure sensors
is used, the index j is used to distinguish between them in addition to the already introduced indexes. For
example, Pi=3, j=7 refers to the pressure signal of the 3r d of the selected waves (Figure 2.5) from PS7.

Figure 2.8: Removal of thermal expansion from pressure signal for experiment R12 and PS1.

One of the issues encountered during this analysis is the thermal shock of pressure sensors. In order to
address it, the time domain is divided similarly as described in Subsection 2.2.1 and each wave is treated
seperately. For each time interval tw,i − tw,i+1, the minimum value of the pressure signal is determined (Fig-
ure 2.8, green dots). These points are connected to create a function (Figure 2.8, yellow line) that is subtracted
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from the PS signal (Figure 2.8, blue line). Obviously, cases without thermal expansion result in a subtraction
line y = 0, having no effect on the signal. Thermal shock happens randomly, mostly for S1 and for around 25%
of the total experiments. Waves for which thermal shock is removed are also checked from the camera videos
to ensure there is no water on the pressure sensor at the moment of local minimum pressure (Figure 2.8,
green dots). Further references to "pressure signal" below refer to this modified signal (Figure 2.8, red line).

It was firstly observed experimentally by Bagnold (1939) that peak impulsive pressures exhibit a large vari-
ation. Although these variations were partially induced by scaled effects during his experiments, the nature
of impacts is also quite variable, as identical waves can give variable impacts (Bagnold, 1939; Hofland et al.,
2010; Losada et al., 1995). On the other hand, it has been observed that although the shape of an impulse
might show a great variance, the integral of the impulsive load in the pressure time diagram is very stable
and predictable (Cooker and Peregrine, 1991; Cuomo et al., 2010b; Hofland et al., 2010). In addition, although
most structural methods make use of the maximum forcing, recent research (Chen et al., 2019) highlights the
possibility of using impulses to calculate reaction forces. As a consequence of the above, the determination
of impulses is considered necessary for this study.

Indeed, for all wave events for which an impulsive load occurs, not only the shape and intensity varies for
identical waves, but for the different pressure sensors as well. The impulse on the other hand is considerably
more stable, which is shown below in Subsection 3.3.2.

(a) Experiment R13, PS1 (b) Experiment R13, PS4 (c) Experiment R13, PS8

(d) Experiment R14, PS1 (e) Experiment R14, PS4 (f) Experiment R14, PS8

(g) Experiment R15, PS1 (h) Experiment R15, PS4 (i) Experiment R15, PS8

(j) Experiment R16, PS1 (k) Experiment R16, PS4 (l) Experiment R16, PS8

Figure 2.9: Plot of maximum Pi , j for S2, wave states R13, R14, R15 and R16 and PS1, PS4 and PS8

Figure 2.9 presents the pressure signal of S2 during the wave event with maximum pressure, for experi-
ments R13, R14, R15 and R16 and for PS1, PS4 and PS8. It is quite obvious that for R13 the water column
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barely reaches PS8 (Figure 2.9c) and creates a small perturbation in the signal. This though cannot be con-
sidered an impulsive load, as the water column does not fill the area below the recurve completely. This
perturbation is also detected by PS1 (Figure 2.9a) as a small peak during the uprising of pressure, while it is
not recorded by PS4 (Figure 2.9b). In general, a lot of these waves create a large uncertainty in the results.
For this reason the experiments that are considered in the results regarding the impulsive load are R14−R16,
R23−R26 and R33−R36, which are the cases the area below the recurve fills up and a distinguishable impul-
sive peak occurs in the pressure signal.

It is also notable that for the experiments for which impacts are identified, there is a considerable time
lag of the impulse between different sensors. For example, at PS8 (Figure 2.9f) the impulse happens instanta-
neously while at PS1 (e.g. Figure 2.9d) there is a smoother rise first. This is a result of the fact that the impact
occurs at the outer edge of the recurve. PS1 receives a quasi-static load at the moment a wave reaches the
recurve; the load slowly rises until the water column reaches the outer edge of the recurve. Then, a violent
rise of the pressure signal occurs instantaneously at all pressure sensors as a result of the impact.

Figure 2.10: Left panel: Calculation of maximum pressure Pi , j for experiment R12 and PS1. Right panel: Calculation of maximum
pressure Pi , j for experiment R16 and PS1.

In addition, it may be noticed that for higher wave heights (e.g.Figure 2.9j- Figure 2.9l) the impulse gets
shorter and its shape changes as lower peaks appear after the first highest peak. This variety in shape be-
tween experiments and sensors create the demand for a homogeneous way of calculating the impulse and
its time duration. In order to address these issues, the impulse duration for each wave event ti mp,i is defined
only at PS8, while it is assumed the same for the rest of the pressure sensors. Consequently, the variables
that are considered for S2 are the maximum pressure Pi , j and impulse Ii , j per wave per sensor, and the im-
pulse duration ti mp,i only for the signal of PS8. While for S1 no impulsive loading occurs and only Pi , j is
considered.

The procedure showing the retrieving of pressure for S1 is demonstrated in Figure 2.10. Each wave is
treated separately, by splitting up the signal according to the tw,i − tw,i+1 intervals. During experiments with
highest wave heights (e.g. R16, R26, R36), large water volumes overtop the crownwalls, hit the back of the sen-
sors and create noise in the signal (Figure 2.10, right panel). As a result, experiments with low wave heights
like R12 (Figure 2.10, left panel)) and no overtopping result in a quasi static shape with no noise, while ex-
periments like R16 result in high frequency noise near the downfall of the quasi static pressure (Figure 2.10,
right panel). In order to remove this noise, the function smooth along with the method rloess are employed in
Matlab 2020a. This is a function which performs a local regression using linear least squares and a 2nd degree
polynomial model, while assigning lower weights to outliers. More information on this method is provided in
Appendix B.4. The maximum pressure for the wave event Pi , j is calculated as the maximum of the smoothed
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signal in the time interval tw,i − tw,i+1 (Figure 2.10).

Figure 2.11: Definition of maximum pressure Pi , j , impulse Ii , j and impulse duration ti mp,i . Left panel: Experiment R14 and PS1.
Right panel: Experiment R14 and PS8.

The procedure showing the retrieving of data from the pressure signals for S2 is presented in Figure 2.11.
The time domain is divided by using the time intervals tw,i − tw,i+1 as described in Subsection 2.2.1. For each
individual wave event, the maximum pressure per wave per sensor Pi , j is calculated as the maximum value
of the corresponding pressure signal (Figure 2.11, blue dots). The quasi-static pressure (Figure 2.11, yellow)
is approximated by applying the same smooth function as described in the case of S1.

As already mentioned, the duration of the impulse is defined at PS8. For that PS, the beginning of the
impulse is defined as the first point of the time interval tw,i − tw,i+1 with a pressure larger than zero (Fig-
ure 2.11, right panel, t ≈ 70.35s). While the end of the impulse is defined manually and graphically as the first
point after the peak with a value lower than the approximated quasi-static pressure (Figure 2.11, right panel,
t ≈ 70.45 s). The two points are connected with a straight line, defining the impulse (Figure 2.11, green). The
impulse duration (ti mp,i ) per wave is defined as the difference on the x axis between these two points. In this
case for example, ti mp,i ≈ 70.45−70.35 = 0.1 s.

For lower sensors (e.g. Figure 2.11, left panel), the ending moment of the impulse is defined at the point
after the peak pressure when the pressure signal becomes lower than the quasi-static pressure (Figure 2.11,
left panel, t ≈ 70.42 s). The beginning of the impulse is calculated by subtracting ti mp,i from the ending
moment of the impulse (Figure 2.11, left panel, t ≈ 70.42−0.1 = 70.32 s).

The impulse Ii , j is approximated for all sensors by connecting the starting and ending points with a
straight line and subtracting any possible overlapping parts with the quasi-static pressure. The core idea of
this method stems from (de Almeida and Hofland, 2020a) and has the advantage of offering a homogeneous
way of analyzing signals from different pressure sensors.

2.2.4. Wave forces
Forces can be very useful as they can serve as a first estimate to calculate the stability of a crownwall against
typical failures e.g. shear sliding and overturning. In this study, wave forces (F ), their angle of application
relative to the ground (θ) and their point of application in the vertical direction (ζ) are also calculated by
integrating the pressure signal on the surface of the crownwall.

The front faces of S1 and S2 are divided in eight areas for each of the pressure sensors, as shown in Fig-
ure 2.12, left panel. The different areas are distinguished by switching color between white and black and the
margins between adjacent pressure sensors are set in the middle of their distance. The length of the cross
section of each area (A j ) is given in Table A.5.
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S2 has two additional areas for which data is not available, which are the bottom (Figure 2.12, named EX0)
and top flat face areas. A pressure signal for the centre point of the bottom flat part (E X 0) is approximated
by performing a linear extrapolation and using the pressure signals from PS1 and PS2, while the top part
is considered irrelevant to the loading of the structure. Hereinafter, the pressure signal of the area EX0 is
denoted with the index j = 0.

Five signals, Ftot , Fx , Fz , θ and ζ, referring to total force, force in the the x and y directions, angle of
application of the force relative to the ground and point of application of Fx relative to still water level (SWL)
respectively, are composed by making use of the pressure signals P j=0-P j=8 as shown in Equations 2.2-2.5.
The definition of these variables is shown in Figure 2.12.

Fx =
j=8∑
j=0

P j A j cos(φ j ) (2.1)

Fz =
j=8∑
j=0

P j A j si n(φ j ) (2.2)

Ftot =
√

F 2
x +F 2

z (2.3)

θ = Fz

Fx
(2.4)

ζ=
∑ j=8

j=0 P j z j cos(φ j )∑ j=8
j=0 P j cos(φ j )

(2.5)

Where A j is the length of the cross section of each area attributed to pressure sensor j , and z j is the
distance of pressure sensor j from SWL, (Figure 2.12, shown for PS4). The angle φ is the orientation of each
pressure sensor relative to the ground and is used to decompose the total force to its tangential components
(Equations 2.2, 2.3). Its values for each pressure sensor are given in Table A.5.

Similarly as above, the Ftot signal is split up according to the tw,i − tw,i+1 time intervals. The maximum
total force of individual waves Ftot ,i is calculated for each time interval, while Fx,i , Fz,i , θi and ζi are identified
as the values of these signals at the moment maximum Ftot ,i occurs.

Figure 2.12: Integration areas of pressure sensors and definition of Fx , Fz , Ftot , θ, φ and ζ. Left panel: Vertical wall. Right panel:
Crownwall with a fully curved face.
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Results

3.1. Wave characteristics
This section presents the results regarding the wave characteristics of incident and reflected waves. The mean
values of incoming wave characteristics H , L, T and dimensionless numbers d/L, U and Kr are given in Tables
3.1 and 3.2 for S1 and S2 respectively. The measured generated wave height is very similar to the target wave
height (Table 2.1), as for all experiments the deviation between them is 0−6%, while only for experiment R21
the mean wave height is 10% smaller than the target value. The period (T ) of the generated waves is also very
similar to the target value, as the largest deviation occurs for R16 and S1 with a value of 1.5%.

Table 3.1: Mean values of wave height (H), wave period (T ), wave length (L), wave steepness (s), water depth to wave length ratio (d/L),
Ursell number (U ) and reflection coefficient (Kr ) for S1.

Wave state H [cm] T [s] L [m] s [%] d/L [−] U [−] Kr [−]
R11 9.44 1.37 2.50 3.77 0.20 4.73 0.93
R12 11.42 1.57 3.01 3.80 0.17 8.26 0.92
R13 13.92 1.78 3.53 3.95 0.14 13.84 0.94
R14 17.00 1.99 4.03 4.22 0.12 22.12 0.94
R15 18.85 2.20 4.54 4.16 0.11 31.04 0.92
R16 20.10 2.44 5.10 3.94 0.10 41.82 0.86
R21 9.45 1.52 2.88 3.28 0.17 6.26 0.93
R22 11.63 1.73 3.40 3.42 0.15 10.77 0.93
R23 14.71 1.99 4.04 3.65 0.12 19.16 0.91
R24 16.36 2.23 4.61 3.55 0.11 27.77 0.95
R25 18.86 2.48 5.20 3.63 0.10 40.75 0.87
R26 19.79 2.71 5.73 3.45 0.09 52.03 0.83
R31 9.75 1.70 3.33 2.93 0.15 8.64 0.94
R32 12.30 1.98 4.01 3.07 0.12 15.82 0.94
R33 14.08 2.25 4.65 3.03 0.11 24.39 0.94
R34 16.34 2.55 5.36 3.05 0.09 37.57 0.94
R35 17.56 2.85 6.05 2.90 0.08 51.47 0.87
R36 19.53 3.24 6.71 2.91 0.07 70.34 0.85

Figure 3.1 shows the mean values of the reflection coefficient (Kr ) per wave state against the dimension-
less freeboard (Rc /H). Experiments with Rc /H > 1.20 (Figure 3.1, light hues) have a constant value of Kr

for both shapes, and the mean value is calculated as Kr,S1 = 0.94 and Kr,S2 = 0.92. The deviation from the
ideal Kr = 1 is addressed to friction energy loss between the water column and the crownwalls. The fact that
Kr,S2 < Kr,S1 is addressed to the fact that S2 has a longer contact surface, and thus more energy loss occurs for
its case.

For roughly Rc /H < 1.20 the values of Kr start to drop, which is attributed to large overtopping volumes.
For higher wave heights, large overtopping masses cause energy loss leading to much lower energy content
in the reflected wave and eventually lower Kr values.

17
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Table 3.2: Mean values of wave height (H), wave period (T ), wave length (L), wave steepness (s), water depth to wave length ratio (d/L),
Ursell number (U ) and reflection coefficient (Kr ) for S2.

Wave state H [cm] T [s] L [m] s [%] d/L [−] U [−] Kr [−]
R11 9.52 1.37 2.49 3.82 0.20 4.74 0.92
R12 11.48 1.57 3.00 3.82 0.17 8.28 0.92
R13 13.74 1.78 3.53 3.90 0.14 13.67 0.95
R14 16.8 1.99 4.04 4.16 0.12 21.89 0.95
R15 18.37 2.19 4.51 4.07 0.11 29.90 0.89
R16 20.21 2.43 5.08 3.98 0.10 41.71 0.77
R21 9.01 1.51 2.85 3.16 0.18 5.87 0.93
R22 11.63 1.75 3.45 3.37 0.14 11.08 0.92
R23 14.44 1.98 4.01 3.60 0.12 18.57 0.93
R24 16.26 2.22 4.58 3.55 0.11 27.32 0.92
R25 18.79 2.48 5.20 3.62 0.10 40.60 0.85
R26 20.12 2.7 5.71 3.53 0.09 52.42 0.77
R31 9.36 1.7 3.33 2.81 0.15 8.26 0.93
R32 11.95 1.98 4.01 2.98 0.12 15.37 0.95
R33 13.72 2.26 4.68 2.93 0.11 24.02 0.94
R34 16.07 2.55 5.36 3.00 0.09 36.95 0.93
R35 18.18 2.84 6.03 3.01 0.08 52.88 0.83
R36 19.81 3.14 6.72 2.95 0.07 71.57 0.79

Figure 3.1: Scatter plot of mean values of reflection coefficient Kr against Rc /H per experiment; blue spectrum colors symbolize
experiments performed with S1 and red spectrum colors for S2; light and dark hues distinguish between different wave target heights

(H = 10cm −H = 20cm respectively); wave target steepness of 4%, 3.5% and 3% is symbolized with circles, diamonds and squares
respectively.

For the area Rc /H < 1.20, the values of Kr,S2 are lower compared to Kr,S1, especially for the highest wave
height experiments with H = 20cm (Figure 3.1, Rc /H ≈ 1). As overtopping in the case of a vertical wall is
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larger, this would logically lead to Kr,S1 being much lower than Kr,S2. This difference can be explained by the
additional energy loss from the impact.

Consequently, it looks like the factor that decides if the value of Kr is steady, is the wave run-up. Energy
loss from overtopping and the impact have solely to do with how high a wave can reach, while none of these
occur if the water column does not reach the tip of the crownwall. For vertical walls, wave run-up is known to
be a function of wave height and not wave period (Goda, 1974). It is logical though to express the reflection
coefficient Kr in Figure 3.1 through the relative freeboard Rc /H . This is further enhanced by the fact that
wave states of same wave height tend to have similar Kr (e.g. Figure 3.1 markers with same color and hue).
For Rc /H > 1.20, all mean values with the same target wave height (and thus Rc /H) are more or less grouped
up in the vertical. While for Rc /H < 1.20, a similar grouping of Kr occurs, which is a little more scattered as a
result of the random nature of overtopping. This indeed shows that steepness, and thus wave period, do not
have a large effect on the reflection coefficient.

3.2. Overtopping
It is pretty common to present scaled experimental results in a dimensionless way, as in this way it is easier
to generalize and interpret them. The tests are performed with regular waves and therefore it is reasonable to
express the resulting individual overtopping volumes Vi (Subsection 2.2.2) as the dimensionless volume per
wave Vi /(B H 2), where B is the mouth width.

Figure 3.2: Validity of several theories for periodic water waves, according to Le Méhauté (2013). The different wave steepness of s = 4%,
s = 3.5% and s = 3% is distinguished with red, blue and green spectrum colors while lights and dark hues distinguish between low and

large wave heights respectively.

Figure 3.2 presents the experiments performed on a diagram showing the validity of wave theories by
Le Méhauté (2013). This figure shows on the y axis the ratio H

g T 2 ∼ H
L , which represents the wave steepness,

while the x axis shows shows the ratio of d
g T 2 ∼ d

L , which represents the relative water depth. This figure

indicates that the experimental results presented in this Chapter have a certain applicability range, which
should be expressed through wave steepness s and relative water depth d/L, which will be discussed further
in Chapter 5.

It is quite obvious that larger wave heights are closer to the solitary wave limit, meaning that the presence
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of non-linearities will be more evident for these cases. Indeed, these are the cases which result in breaking,
as described in Subsection 2.2.1. A way to estimate the degree of non-linearity of waves is the Ursell number

U = HL2

d 3 (Dingemans, 1997; Dingemans et al., 1987). For non-breaking waves, higher waves (H) can run-
up higher on the crownwalls resulting in larger overtopping volumes, while longer waves (L) contain more
water mass, resulting in larger overtopping volumes as well. This means, that with increasing U and for a
standard water depth, the Ur sel l number can be used to express overtopping. The problem with its use is
that it does not provide any information regarding the crest freeboard, which is one of the dominant factors of
overtopping. Naturally, low crests lead to higher overtopping volumes compared to higher crests for the same
wave height. It is pretty common in hydraulic engineering to address this issue by expressing overtopping as
a function of the relative freeboard Rc /H . For a standard crest freeboard, increasing Rc /H should result in

decreasing overtopping volumes. The above lead to expressing V
B H 2 as a function of U

Rc /H = H 2L2

Rc d 3 .

Figure 3.3: Scatter plot of dimensionless overtopping volume V
B H2 against U

Rc /H for single wave events (small markers) and mean values

per experiment (larger markers); blue spectrum colors symbolize experiments performed with S1, red spectrum colors for S2; light and
dark colors distinguish between different wave heights; wave target steepness of 4%, 3.5% and 3% is symbolized with circles, diamonds
and squares respectively; fit results are presented as solid lines with their 95% confidence intervals as light shaded blue and red areas.

Results from all waves regarding the overtopping volumes are presented in Figure 3.3. In this plot, the
dimensionless overtopping volume ( V

B H 2 ) is used on the y axis and U
Rc /H is used on the x axis. Single wave

events are plotted with small markers, while the mean value per wave state is plotted with larger markers
(e.g. Table 2.1). Blue spectrum colors represent experiments performed with S1, while red spectrum colors
with S2. Hues of the spectra distinguish between wave heights, with light hues symbolizing low and dark
hues higher wave heights. The circle (R11-R16), diamond (R21-R26) and square (R31-R36) shapes are used to
distinguish between different steepness (4%, 3.5%, 3% respectively).

Wave height is the obvious variable that affects overtopping volumes, as higher wave heights (darker hues
of blue and red spectra) are located on the top right of the plot, while lower wave heights (light hues of blue
and red spectra) are located at the bottom.

Wave steepness is also found to greatly affect the overtopping volumes, as for waves with lower steepness
(e.g. squares for s = 3%), overtopping volumes are considerably higher. This can also be observed for same
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wave height experiments; notice markers of same color and different shape on the graph. This confirms the
initial assumption that both H and L are relevant to this phenomenon.

The effect of the parapet on the overtopping volumes is evident mainly for low wave height experiments
for which the water column is blocked completely, or a large part of it is deflected. For the experiments with
the largest overtopping volumes (e.g. R36, U

Rc /H ≈ 75), the results for the two shapes almost coincide, which
implies that a blocking threshold of the parapet exists. For a relatively large wave height, part of the wave
can simply overtop the crownwall without interacting with it. The solid lines in Figure 3.3 are results of curve
fitting the values of Vi

B H 2
i

and Ui
Rc /Hi

. Both lines can be described as shown in Equation 3.1.

V

(B H 2)
=αq1

( U

Rc /H

)αq2

+αq3 (3.1)

Whereαq1 [−],αq2 [−] andαq3 [−] are fit coefficients as given in Table 3.3, V [m3/m] is the individual overtop-
ping volume of the wave , H [m] is the wave height, U [−] the Ursell number and Rc [m] the crest freeboard.

Table 3.3: Mean values µ(αq ) and standard deviation σ(αq ) of fit coefficients of overtopping.

Coefficient µ(αq,S1) [−] σ(αq,S2) [−] µ(αq,S2) [−] σ(αq,S1) [−]
αq1 1.47×10−3 4.57×10−4 9.10×10−6 3.47×10−6

αq2 1.47 7.04×10−2 2.55 8.72×10−2

αq3 −1.15×10−1 1.61×10−2 −2.60×10−2 1.11×10−2

3.3. Pressure and impacts

3.3.1. Pressure

Figures 3.4 and 3.5 present the pressure profiles on the two superstructures at the moment of maximum
pressure per wave state (Table 2.1). The pressure profiles (Figures 3.4, 3.5, blue line) are produced by plotting
these readings on the x axis and connecting them with a straight line. In these figures, experiments with the
same target wave steepness are presented in same columns, while experiments with same target wave height
are shown in same rows. Each of the black dashed lines indicate the position of a pressure sensor. Note
that the x axis limits are identical for the cases of Figure 3.4 and Figure 3.5a-Figure 3.5i, and for the cases of
3.5j-3.5r.

Pressure distribution for S1 is trapezoidal and the maximum pressure occurs near SW L at PS1, which
comes in line with the findings of Goda (1974). The effect of wave height is also evident; notice how the
peak pressure evolves for experiments of waves with same steepness and different wave height e.g. compare
subfigures vertically on the graph. On the other hand, there seems to be an effect of the wave steepness
on pressure as well, especially for the highest wave states e.g. compare subfigures of the same row. While
the peak pressures of R11 (Figure 3.4a) and R21 (Figure 3.4b) are just a little lower than R31 (Figure 3.4c), for
higher wave states this difference becomes much larger. For example, the maximum pressure for experiments
R16 (Figure 3.4p), R26 (Figure 3.4q) and R36 (Figure 3.4r) is approximately 1.75 kPa, 1.9kPa and 2.4 kPa
respectively. As a result, there seems to be some correlation between wave steepness and maximum pressure.
This is not the case for wave run-up though. Although the number of points is small, these pressure profiles
can give an indication regarding wave run-up. With only the exemption of R33, same pressure sensors are
triggered for experiments of same wave height e.g. compare subfigures horizontally. Notice for example the
lowest point of the crownwall at each subfigure for which pressure is 0. It can be concluded though, that wave
run-up is mostly dominated by wave height rather than wave steepness. This comes in agreement with the
formulas of Goda (1974) ( Equation B.1) for the vertical wall.



22 3. Results

(a) Experiment R11 (b) Experiment R21 (c) Experiment R31

(d) Experiment R12 (e) Experiment R22 (f) Experiment R32

(g) Experiment R13 (h) Experiment R23 (i) Experiment R33

(j) Experiment R14 (k) Experiment R24 (l) Experiment R34

(m) Experiment R15 (n) Experiment R25 (o) Experiment R35

(p) Experiment R16 (q) Experiment R26 (r) Experiment R36

Figure 3.4: Plots of pressure distribution on S1 per wave state at the moment of maximum pressure.
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(a) Experiment R11 (b) Experiment R21 (c) Experiment R31

(d) Experiment R12 (e) Experiment R22 (f) Experiment R32

(g) Experiment R13 (h) Experiment R23 (i) Experiment R33

(j) Experiment R14 (k) Experiment R24 (l) Experiment R34

(m) Experiment R15 (n) Experiment R25 (o) Experiment R35

(p) Experiment R16 (q) Experiment R26 (r) Experiment R36

Figure 3.5: Plots of pressure distribution on S2 per wave state at the moment of maximum pressure.

The case of S2 in Figure 3.5 is completely different. For Figures 3.4a-3.4f there is a remarkable similarity
between the trapezoidal distributions of S1 and S2, but in this case there is an evident spike at the bottom.
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This difference is attributed to the orientation of the recurve, as the two superstructures receive loads in a dif-
ferent way. The vertical wall receives horizontal loads, while the crownwall receives loads in both directions.
The maximum pressure for these cases occurs at PS1, and these cases are very similar to the vertical wall, as
impacts do not occur and the load is quasi-static. Maximum pressure for these cases is very similar for differ-
ent values of wave steepness (e.g. compare subfigures of the same row), as waves with lower steepness have
slightly more pressure. For the wave states of Figures 3.4g-3.4i, the water column triggers PS8 and almost fills
the entire area below the recurve. Experiments R13 and R23 have a trapezoidal distribution, while the longer
wave of R33 applies a larger pressure on the crownwall, and a spike is evident (Figure 3.5i). For all of these
cases, maximum pressure occurs again at PS1, while as already mentioned (Subsection 2.2.3) only the cases
of R23 and R33 are considered in the results of impacts. For larger wave states (Figures 3.5j-3.5r), large impul-
sive load occurs and the distribution changes considerably, as the largest pressure for these cases occurs at
PS8. This confirms the fact that impacts occur at the outer edge of the recurve, similarly to recurved parapets
(Castellino et al., 2018). The effect of wave steepness is higher for increasing wave height, as for these longer
waves pressure is evidently larger. Lastly, for all experiments of same wave height, the same pressure sensors
are triggered. This leads to the same conclusion as for the vertical wall that wave run-up is not dominated
from wave steepness, and results in similarly shaped distributions for same wave heights.

As a result of the above, similar arguments as in Section 3.2 can be made for pressure. The effect of wave
steepness becomes important for higher waves that generate impacts, as longer (L) and higher (H) waves ap-
ply a larger load. For the same water depth, high U numbers translate to long, high waves and eventually high

pressure (Figures 3.4,3.5). It is reasonable though to express pressure through U = HL2

d . On the other hand,
the nature of the load, quasi-static or impulsive, is directly related to the wave run-up, and consequently the
relative freeboard. Waves with low Rc /H reach the tip of the parapet and generate impulsive loads, while
waves with high Rc /h apply a quasi static load. As a result, both of these dimensionless numbers are used
and dimensionless pressure P

ρg H is expressed as a function of U
Rc /H .

Figure 3.6: Scatter plot of dimensionless peak pressure P
ρg H from all pressure sensors against U

Rc /H for single wave events (small

markers) and mean values per experiment (larger markers); blue spectrum colors symbolize experiments performed with S1, red
spectrum colors for S2; light and dark hues distinguish the signal used from different pressure sensors; wave target steepness of 4%,

3.5% and 3% is symbolized with circles, diamonds and squares respectively; fit result is presented as a solid red line with its 95%
confidence intervals as a light shaded red area.

Results of the experiments regarding the maximum pressure are shown in Figure 3.6. In this plot, the di-



3.3. Pressure and impacts 25

mensionless pressure ( P
ρg h ) is used on the y axis and U

Rc /H is used on the x axis. Single wave events are plotted
with small markers, while the mean values of each wave state are shown with large markers. The correspond-
ing U

Rc /H number of these mean values is calculated by using the mean values of wave characteristics (Tables
3.1 and 3.2). Blue spectrum colors represent experiments performed with S1, while red spectrum colors with
S2. Hues are used to identify maximum pressure from different pressure sensors, with PS1 having the lightest
hue and PS8 the darkest. The circle (R11-R16), diamond (R21-R26) and square (R31-R36) shapes are used to
distinguish between different wave steepness (4%, 3.5%, and 3% respectively). The dashed black line is calcu-
lated from the Goda (1974) formula (Equations B.1-B.9) for S1, by using the mean values of H and L per wave
state (Tables 3.1 and 3.2). The wave propagation angle relative to the crownwall is 0 and the wall is vertical,
therefore the variables β = 0,λ1 = 0, λ2 = 0 and λ3 = 0 are used in the application of the Goda formula. The
green line is calculated by using the methodology of Castellino et al. (2021), as described in Appendix B.3. For
this method, pressure at PS8 is calculated by using the mean values of wave characteristics per wave state for
S2 (Table 3.2) and the overhang length l = 4 cm.

Pressure developed on S1 is described very well by the Goda formula for s = 4% (circles) and s = 3.5%
(diamonds), while it is slightly underestimated for experiments with s = 3% (squares). Notice for example
for U

Rc /H ≥ 14.9, the mean values of PS1 for S1 and s = 3% (large, light blue squares) lie above the Goda
approximation. On the other hand, the application of Goda formula for the position of PS8 (Figure 3.3, dotted
line) is lower compared to the calculated mean values per experiment; notice the relative position of this line
and dark blue markers. It is evident that for the vertical wall, the highest pressure occurs for PS1 (Equation 3.2,
light hue, blue spectrum), and the lowest on the top PS8 which comes in line with the findings by Goda (1974).
Thus, the Goda (1974) formula predicts fairly well maximum pressure at SWL, but it underestimates pressure
at higher positions of the wall.

The crownwall receives very similar loads to the vertical wall for U
Rc /H ≤ 14.9 and maximum pressures

are well described by the Goda formula. Maximum pressure for these cases occurs for the lowest pressure
sensor PS1 (Equation 3.2,dark red color) while after the transition point, waves completely fill the area below
the recurve and impacts cause a rapid increase of the pressure and deviation from the Goda formula. The
formula of Castellino et al. (2021) is positioned mostly below the experimental results of PS8 (Figure 3.6,
dark red hues), showing possibly that a crownwall with a fully curved face receives larger loads compared to
recurved parapets. For U

Rc /H ≈ 70, the red fit line of the crownwall results is approximately 45% larger than
the application of Castellino et al. (2021). The highest pressure for these results occurs for PS8 (Figure 3.6,
dark red color), and the trend plotted against U

Rc /H can be approximated with a tanh function, as shown
in Equation 3.2. This function with its confidence bounds are highlighted in red and transparent red color
respectively in Figure 3.6.

P

ρg H
=αp1t anh(αp2

U

Rc /H
−αp3) f or

U

Rc /H
≥ 14.9 (3.2)

Where αp1 [−], αp2 [−] and αp3 [−] are fit coefficients as given in Table 3.4, P [N /m2] is the maximum
pressure at the outer edge of the recurve, H [m] is the wave height, U [−] the Ursell number and Rc [m] the
crest freeboard. The mean values and standard deviations of the fit coefficients are given in Table 3.4. The
limit of U

Rc /H = 14.9 is defined at the crossing point of the Goda formula application and the fitline.

Table 3.4: Mean values µ(αp1) and standard deviation σ(αp2) of fit coefficients of pressure.

Coefficient µ(αp ) [−] σ(αp ) [−]
αp1 8.42×101 3.53×10−1

αp2 3.46×10−2 7.78×10−3

αp3 4.42×10−1 7.47×10−2

These results show that a threshold for this equation exists; for very large U
Rc /H , water positioned higher

in the water column would simply overtop the structure without causing any additional impulsive load, simi-
larly as explained in Section 3.2. This threshold value for the 95% confidence interval can be approximated by
considering t anh(αp2

U
Rc /H −αp3) = 1 for large U

Rc /H values and using αp1,95% = µ(αp1)+1.96σ(αp1) = 9.1, as

shown in Equation 3.3. This equation shows that P/ρg H tends to become constant for large values of U
Rc /H .

This means that steepness is relevant mainly for U
Rc

≈ 15−60, while wave height is dominating for all wave
states. The results of S1 show a similar type of distribution, as the trends of all sensors tend to attain a steady
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P/ρg H mean value. This shows the dominancy of wave height on this phenomenon. Higher sensors like PS7
or PS8 have an increasing trend for the lowest U

Rc /H values, showing that wave length, thus wave steepness, is
relevant in this interval.

P = 9.1ρg H f or
U

Rc /H
≥ 60 (3.3)

3.3.2. Impulse
As impulses are derived from the pressure signal, both the impulse I j and impulse duration ti mp are ex-
pressed through U

Rc /H , similarly as described in Subsection 3.3.1. Figure 3.7 presents collective results of I .

Similarly as the case of pressure, the dimensionless impulse ( I
ρg hT ) is used on the y axis and U

Rc /H is used on
the x axis. Individual impulses are plotted with small markers for the experiments which impacts occur. The
larger markers represent the mean values of of Ii , j=8 and are shown only for PS8. This plot naturally presents
only results from S2, as for S1 impacts do not occur (Subsection 2.2.3). Hues in this case are used to distin-
guish different pressure sensors, with PS1 having the lightest hue and PS8 the darkest. The circle (R14-R16),
diamond (R23-R26) and square (R33-R36) shapes are used to distinguish between different steepness (4%,
3.5%, 3% respectively).

Figure 3.7: Scatter plot of dimensionless impulse I
ρg HT against U

Rc /H for single wave events (small markers) and mean values per

experiment (larger markers); red-yellow spectrum colors symbolizes experiments performed with S2; light and dark hues distinguish
the signal used from different pressure sensors; wave target steepness of 4%, 3.5% and 3% is symbolized with circles, diamonds and

squares respectively; the fit result is presented as a solid line with its 95% confidence intervals as a light shaded red area.

Impulsive loading occurs for waves who reach the outermost crownwall edge, which is for experiments
R14−R16, R23−R26 and R33−R36 (Subsection 2.2.3). For experiments with U

Rc /H ≥ 20, impulses look rela-
tively constant, but comparing with Figure 3.6, maximum pressure attains a constant value for approximately

U
Rc /H ≈ 60. This is because the increase of the peak pressure is compensated by the reduction of the impulse
duration, which is demonstrated below in Subsection 3.3.3.

The largest values of impulse occur for PS8, as the value I /ρg HT is lower for lower parts of the crown-
wall. This furthermore confirms the statement that impacts occurs at the outer edge of the crownwall. These
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impulses can be described similarly to the case of pressure by a t anh function, which is given for PS8 in
Equation 3.4.

I

ρg HT
=αI 1t anh

(
αI 2

U

Rc /H
−αI 3

)
(3.4)

Where αI 1 [−], αI 2 [−] and αI 3 [−] are fit coefficients as given in Table 3.5, I [N s/m2] is the impulse, H
[m] is the wave height , U [−] the Ursell number and Rc [m] the crest freeboard. Interestingly, the coeffi-
cients of variation (v = σ/µ) of the fit coefficients of impulse v(ai 1) = 1.38× 10−2, v(ai 2) = 1.33× 10−1 and
v(ai 3) = 1.88×10−1 are smaller than the corresponding coefficients of variation of the fit coefficients of pres-
sure ( Equation 3.2) v(ap1) = 4.23×10−2, v(ap2) = 1.75×10−1 and v(ap3) = 2.05. This indicates that indeed
impulses are more stable and predictable compared to peak pressure. For U

Rc /H ≈ 20, this equation attains a

relatively constant value and can be approximated by setting t anh

(
αI 2

U
Rc /H −αI 3

)
= 1. Then, the 95% confi-

dence bound of this equation can be approximated by using αI 1,95% = µ(αI 1)+1.96σ(αI 1) ≈ 1.9, as shown in
Equation 3.5.

Table 3.5: Mean values µ(αI ) and standard deviation σ(αI ) of fit coefficients of impulse.

Coefficient µ(αI ) [−] σ(αI ) [−]
αI 1 1.84×10−2 2.55×10−4

αI 2 1.46×10−1 1.95×10−2

αI 3 1.48 2.78×10−1

I = 1.9ρg HT for
U

Rc /H
> 20 (3.5)

3.3.3. Impulse duration
Impulse duration on the other hand follows a hyperbolic trend as shown in Figure 3.8. This plot presents
the impact duration formulated in a dimensionless way by dividing with the corresponding wave period
(ti mp /T ), as a function of U

Rc /H . Obviously, the wave events contained in Equation 3.6 correspond to the ones
in Figure 3.7 for impulse, meaning that this graph contains results from R14−R16,R23−R26 and R33−R36,
as for lower wave height impacts do not occur. The symbolism of the markers is the same as the one used in
Figure 3.7.

The hyperbolic trend means that the impulse duration ti mp gets shorter with an increasing U
Rc /H ratio,

which makes sense for two reasons.

As already explained, high U
Rc /H ratio can mean a high U , which translates to higher pressure and higher

run up. These waves produce more violent impacts, resulting in a more rapid peak in the pressure signal.

Alternatively, it can mean low Rc /H . According to linear wave theory, orbital velocities are proportional
to the wave amplitude α, and thus H . This means that a low Rc /H ratio can be translated to high H , and
thus high orbital velocities, with a low crest freeboard Rc . Because the maximum vertical orbital velocities
occur at SW L, a low Rc /H also means small distance between SW L and the outer edge of the recurve, and a
theoretically larger velocity at the outer edge of the crownwall.

Eventually, both of these aspects affect the duration of the impulse, as waves with a low Rc /H and high
U cause more violent and quick impacts. The function for approximating the impulse duration is given in
Equation 3.6.

ti mp

T
= αt1

U
Rc /H +αt2

(3.6)

Where αt1 [−] and αt2 [−] are fit coefficients as given in Table 3.6, ti mp [s] is the impulse duration, H [m]
is the wave height, U [−] the Ursell number and Rc [m] the crest freeboard.
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Table 3.6: Mean values µ(αt ) and standard deviation σ(αt ) of fit coefficients of impulse duration.

Coefficient µ(αt ) σ(αt )
αt1 8.49×10−1 4.45×10−2

αt2 6.32×10−1 7.78×10−1

Figure 3.8: Scatter plot of dimensionless impulse duration
ti mp

T against U
Rc /H for single wave events (small markers) and mean values

per experiment (larger markers); red-yellow spectrum colors symbolizes experiments performed with S2; light and dark colors
distinguish between different wave heights; wave target steepness of 4%, 3.5% and 3% is symbolized with circles, diamonds and squares

respectively; the fit result is presented as a solid line with its 95% confidence intervals as a light shaded red area.

3.4. Wave forces
3.4.1. Loading
Results regarding wave forces are summarized in Figure 3.9, with the same symbolism as the one described
for pressure. As force is derived by integrating the pressure signal on the contact surface A j , it is logical to
express dimensionless force F /(ρg H 2) against the same variable U

Rc /H , and naturally this plot follows a similar
trend as pressure (Equation 3.2). The Goda formula is applied for the case of S1 by making use of the mean
values of H and T (Tables 3.1 and 3.2), while mean L is calculated from the linear dispersion relationship.
Pressure distribution is assumed trapezoidal in this formula, therefore pressure is calculated at SW L and at
the highest point of the crownwall on which the wave runs up. These values of pressure are integrated on
the surface of the crownwall with the methodology described in Subsection 2.2.4 resulting in the dashed line
shown in Figure 3.9.

In this plot, two areas can be distinguished as U
Rc /H = 14.7 separates them. For U

Rc /H < 14.7, the low wave
states result in a quasi static forcing for both shapes, which is pretty similar for S1 and S2. This is logical
though since the pressure distributions are very similar for these cases (Figure 3.4, Figure 3.5), while the forces
of S2 are slightly larger as a result of the larger integration surface of the recurve. The Goda formula slightly
underestimates the pressure for S1, which is anticipated since it is shown in Section 3.3 that the formula
underestimates pressure at higher positions of the crownwall. For values larger than U

Rc /H = 14.7, the results of
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S1 follow the trend of the Goda formula approximation, (Figure 3.9, black dashed line) but have a considerably
larger value.

For S2, the function showing the trend of the results for U
Rc /H > 14.7 is given in Equation 3.7. The limit

U
Rc /H = 14.7 is the point around which roughly impacts start to occur, and differs slightly from U

Rc /H = 14.9
which is the margin for pressure (Equation 3.2). This is logical though, as both points are calculated as the
crossing point of the Goda approximation and the fit function, while the integration and uncertainty in the
fitting make them differ slightly.

Figure 3.9: Scatter plot of dimensionless peak force F
ρg HL against U

Rc /H of single wave events (small markers) and mean values per

experiment (larger markers); blue spectrum colors symbolize experiments performed with S1 and red spectrum colors for S2; light and
dark colors distinguish between different target wave heights; wave target steepness of 4%, 3.5% and 3% is symbolized with circles,

diamonds and squares respectively; fit results are presented as solid lines with their 95% confidence intervals as light shaded red areas.

F

ρg H 2 =α f 1t anh

(
α f 2

U

Rc /H
−α f 3

)
for

U

Rc /H
≥ 14.9 (3.7)

Where α f 1 [−], α f 2 [−] and α f 3 [−] are fit coefficients as given in Table 3.7, F [N ] is the force, H [m] is the
wave height, A [m] is the contact surface of water and crownwall, U [−] the Ursell number and Rc [m] the
crest freeboard. A similar asymptote can be calculated for the 95% confidence bound and for approximately

U
Rc /H ≥ 60 by using α f 1,95% =µ(α f 1)+1.96σ(α f 1) = 6.9, as shown in Equation 3.8.

F = 6.9ρg H 2 for
U

Rc /H
≥ 60 (3.8)

Table 3.7: Mean values µ(α f ) and standard deviation σ(α f ) of fit coefficients of force.

Coefficient µ(α f ) σ(α f )
α f 1 6.05 4.27×10−1

α f 2 3.16×10−2 3.22×10−3

α f 3 1.86 4.94×10−1
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3.4.2. Point of application
This section presents the results regarding the point of application of the force in the vertical direction relative
to SW L (ζ), following the methodology described in Subsection 2.2.4. ζ is formulated in a dimensionless form
as ζ/Rc , as this gives an instant indication of the vertical position of the force relative to the crownwall. When
integrating on a surface, the point of application of the force is affected by two things; the wave run-up and the
pressure distribution. Wave states with similar pressure distribution shape but different magnitudes result in
the same ζ. Both of these aspects are discussed in Subsection 3.3.1, in which it is shown that the wave load
is affected by wave steepness, but the latter is not highly relevant to the shape of the distribution and wave
run-up . For example, assuming two cases of same wave height and different wave length (e.g. Figures 3.4m
and 3.4o) the two distributions have the same shape but different maximum values. Integrating the pressure
distribution results in a difference in the point of application of 2%. This indicates that there is no evident
effect of wave steepness, and thus wave length, on ζ. Consequently, z/Rc is expressed through Rc /H as shown
in Figure 3.10, and the Ursell number is not used.

Figure 3.10: Scatter plot of dimensionless vertical coordinate of peak force application point (z/Rc ) against Rc
H for single wave events

(small markers) and mean values per experiment (larger markers); red spectrum colors symbolize experiments performed with S2; light
and dark hues distinguish between different wave heights; wave target steepness of 4%, 3.5% and 3% is symbolized with circles,

diamonds and squares respectively; fit results are presented as solid lines with their 95% confidence intervals as light shaded blue and
red areas.

In this figure, similar symbolism as the one described in Figure 3.9 is used. The Goda formula (Figure 3.10,
dashed line) is applied by making use of the mean values of H and L of each wave state. Pressure is calculated
at the SW L and at the highest run-up point of the crownwall. ζ for Goda is then calculated by integrating the
trapezoidal distribution following the methodology described in Subsection 2.2.4.

For high Rc /H , the point of application is almost identical for the two lines and ζ is predicted very well by
the Goda formula. The pressure applied is quasi-static and the point of application is totally defined by the
wave run-up. The point of application ζ increases for decreasing Rc /H as a result of the higher run-up and
the orientation of the recurve. For Rc /H ≈ 1.16, the results of the two experiments start to deviate a lot, while
the Goda formula predicts fairly well ζ for S1. The wave states shown around this point are R13 (Figure 3.4g),
R23 (Figure 3.4h), R33 (Figure 3.4i), with R23 and R33 being the lowest wave height experiments in which
waves reach PS8. The results of pressure show that the highest load occurs at the highest outer edge of the
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crownwall(e.g. Figure 3.5r), which explains why the point of application for S2 is higher compared to S1. The
function describing ζ for Rc /H > 1.16 is a hyperbola, as given in Equation 3.9b.

For Rc < 1.16, the mean value of the application point is steady, as a result of the similarly shaped distribu-
tions (Figure 3.5) of experiments. The function describing ζ for this interval as given in Equation 3.9a, is cal-
culated as the mean value of ζi for wave states with Rc /H ≤ 0.2/0.18 = 1.11. The transition point Rc /H = 1.16
is defined at the crossing of the two lines, and corresponds to the U

Rc /H = 14.9 limit found in Equation 3.2.
Using the mean values of H and L of an experiment around this point (e.g. R23) and d = 0.5, Rc /H can be
modified as U

Rc /H = 15.1, showing its relation with the limit U
Rc /H = 14.9 that was derived for pressure.

ζ=
αζ1 Rc /H < 1.16

αζ2

(
Rc /H

)αζ3 +αζ4 Rc /H ≥ 1.16

(3.9a)

(3.9b)

Where ζ is the vertical point of application of the force, H the wave height, U [−] the Ursell number and Rc

[m] the crest freeboard. αζ1 [−] and αζ2 [−] are fit coefficients as given in Table 3.8.

Table 3.8: Mean values µ(αζ) and standard deviation σ(αζ) of fit coefficients of force angle.

Coefficient µ(αζ1) σ(αζ1)
αζ1 5.55×10−1 3.5×10−2

αζ2 5.19×10−1 7.78×10−2

αζ3 −9.54×10−1 2.42×10−1

αζ4 −9.59×10−3 8.56×10−2

3.4.3. Force angle
This section presents the results regarding the angle of force θ relative to the flat bottom following the method-
ology described in Subsection 2.2.4. These results are presented in Figure 3.11, while the symbolism is the
same as the one described in Subsection 3.4.1. Naturally, only results for S2 are presented as the angle of
application for the vertical wall is always 0. In this plot, θ is expressed through Rc /H because the angle of
application of the force is totally defined by the point of application of the force. Waves which run-up higher
on the superstructure apply load with different angle as a result of the orientation of the recurve. In addition,
as shown in Subsection 3.4.2, wave steepness does not dominate ζ, as the mean values of experiments with
same Rc /H and different wave steepness group up in the vertical. This means that waves of similar wave
height are expected to have similar ζ and thus similar θ. As a result, the expression of θ through Rc /H is
logical.

Very low wave heights (large Rc /H for constant Rc ) result in a negative angle around θ =−20◦, as a result
of the curvature. For higher waves, the increased run up causes an increase of θ. This is logical, as the lowest
parts of the recurve have a negative φ (angle of PS relative to ground), while φ gradually increases for higher
pressure sensors (Table A.5).

The angle θ gradually increases for decreasing Rc /H , till the point Rc /H = 1.17, after which impacts occur
and θ has an approximately steady mean value of 25.14◦. Interestingly, experiments with Rc /H ≈ 1.4 are
located around zero, which are the experiments R13,R23,R33 during which the area under the recurve is
mostly filled up (Figures 3.5g, 3.5h, 3.5i). The fit functions in this graph are provided in Equations 3.10a and
3.10b, and the transition point U

Rc /H = 1.17 is defined as the crossing point of these to equations.

θ =
αθ1 Rc /H < 1.17

αθ1

(
Rc /H

)αθ2 +αθ3 Rc /H ≥ 1.17

(3.10a)

(3.10b)

Where αθ1 [−], αθ2 [−] and αθ3 [−] are fit coefficients as given in Table 3.7, F [N ] is the force, H [m] is the
wave height, U [−] the Ursell number and Rc [m] the crest freeboard.
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Table 3.9: Mean values µ(αθ) and standard deviation σ(αθ) of fit coefficients of force angle.

Coefficient µ(αθ) σ(αθ)
αθ1 25.14 6.94
αθ2 82.14 5.00
αθ3 −3.78 0.42
αθ4 −21.20 1.76

Figure 3.11: Scatter plot of force angle θ against U
Rc /H for single wave events (small markers) and mean values per experiment (larger

markers); red-yellow spectrum colors symzolize experiments performed with S2; light and dark colors distinguish between different
wave heights (H = 10cm −H = 20cm respectively); wave target steepness of 4%, 3.5% and 3% is symbolized with circles, diamonds and

squares respectively; the fit results are presented as solid lines with their 95% confidence intervals as light shaded red areas.



4
Discussion

In order to give a better sense of how the two shapes compare, Figure 4.1 presents the results regarding mean
values of maximum pressure and overtopping per wave for S1 and S2. The left y axis shows the rate of mean
overtopping decrease per wave state, VS1−VS2

VS1
[−], while the right y axis shows the rate of increase of mean

maximum pressure per wave state, PS2−PS1
PS1

[−]. VS1,VS2,PS1 and PS2 are the mean values of single wave events
of overtopping and maximum pressure per wave state, for the vertical wall and the crownwall.

Figure 4.1: Scatter plot showing the rate of overtopping decrease
VS1−VS2

VS1
[−] on the left axis and rate of pressure increase

PS2−PS1
PS1

[−]

on the right axis, as a result of the crownwall. Blue spectrum colors symbolize the decrease of overtopping volume, while red spectrum
colors the increase of pressure; light and dark hues distinguish between different wave heights; wave target steepness of 4%, 3.5% and

3% is symbolized with circles, diamonds and squares respectively;

The domain is roughly divided in three sections. The first one for U
Rc /H < 15 includes low wave states which

apply low quasi-static loads and overtopping occurs for neither S1 or S2. The second one for 15 < U
Rc /H < 25

includes the intermediate wave states which barely reach the edge of the recurve. These wave states result in
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overtopping for S1, while for S2 no overtopping occurs and a peak appears in the pressure signal. The third
area for U

Rc /H > 25 includes higher wave states for which impacts and overtopping occur for S2.

Figure 4.1 shows that for U
Rc /H < 15, no overtopping occurs for either S1 or S2. The design of a crownwall

for extreme conditions in this interval does not make sense, since the purpose of a crownwall by definition
is to further reduce overtopping. Higher values between 15 < U

Rc /H < 25 [−] result in 100% reduction of the
overtopping volume, meaning that for the specific wave states, overtopping occurs only for S1. On the other
side, for U

Rc /H > 25 [−] the rate of overtopping reduction gradually becomes smaller as the crownwall loses

its effectiveness to block high waves. This means that designing a crownwall to operate for U
Rc /H < 25 [−] is

optimal in terms of overtopping. Regarding the rate of pressure increase, the quasi-static loading for U
Rc /H <

15[−] leads to almost no change in the mean maximum pressure. For 15 < U
Rc /H < 25 [−] this changes as there

is an increase of the mean maximum pressure of the wave states belonging in this interval up to a factor of
3. The magnitude and the quasi-trapezoidal pressure distribution of these wave states (Figures Figure 3.5g,
Figure 3.5h and Figure 3.5i) shows that these wave states are a transitional state between impulsive and quasi-
static loading. Therefore, this interval is not considered a threat to the stability of the structure. For U

Rc /H >
25[−], the most severe wave loading results in an increase of the mean maximum pressure by a factor of 11
as a result of the impacts. Taking both aspects into account, a crownwall of this type should be designed to
operate in the interval 0 < U

Rc /H < 25[−], while higher values should be reached only during extreme wave
conditions.

In order to properly apply the equations of pressure (Equation 3.2) and overtopping (Equation 3.1) for
these values, certain limitations should firstly be defined. The expression of these variables through U

Rc /H
is convenient because it combines the effect of the different applied values of wave steepness s = H/L and
wave height H , while it includes the effect of relative freeboard Rc /H as well. For example, using the variables
s or Rc /H or d/L or U alone to express either V or P does not provide complete information regarding the
characteristics of a wave (H ,L) and their relation to the crest freeboard (Rc ). At this point, it should be men-
tioned that the application range of these equations does not identify with their limits expressed through

U
Rc /H . The Ur sel l number can be broken down into U = H/L

(d/L)3 = s
(d/L)3 , leading to the dimensionless num-

ber U
Rc /H = s

(d/L)3(Rc /H)
. This means that all these three dimensionless numbers with their examined ranges

s = 3−4%, d/L = 0.07−0.20 and Rc /H = 1−2 should be considered in order to properly describe the applica-
bility range of these equations.

The extreme example of a tidal wave (s = 0%) with a low wave height e.g. H = 4cm, L = 15330km is as-
sumed. For the specific case of Rc = 20cm and d = 50cm, U

Rc /H ≈ 1011 which leads to unreasonably high
overtopping volume and pressure if applied in Equation 3.1 and Equation 3.2. The wave though is not ex-
pected to even reach the tip of the structure because Rc /H = 0.2/0.04 = 5, which highlights the need to set
a limit for the relative freeboard. The value of the lowest overtopping wave is Rc /H ≈ 1.40 for both shapes,
which is suggested as the limit for the application of these equations. This ensures that only waves that reach
the tip of the recurve are considered. On the other side, take the example of a wave with a large wave height
and short wave length e.g. s = 14%, H = 25cm, L = 1.79m, leading to Rc /H = 20/25 = 0.8 < 1.40. This ratio
shows that this wave is expected to generate impacts and overtopping, but using these values with U

Rc /H ≈ 7.91
leads to extremely low overtopping and pressure. As a conclusion, these formulas can not be applied outside
the experimental limits of steepness s = 3− 4%. In addition, these equations are highly sensitive to water
depth changes as V ∼ 1/d 3 and P ∼ t anh(1/d 3). This means that application of these formulas outside the
experimental range d/L = 0.07− 0.20 leads to large errors; waves with d/L < 0.07 are almost broken waves
which are not part of this study, while increasing values of d/L > 0.20 lead to decreasing overtopping volumes
and pressure, which does not make sense.

These equations are derived and meant to be used for individual waves. Nevertheless, they can be used
for irregular wave fields as well by using the largest wave height of the spectrum. This is known to be approx-
imately Hmax = 1.89Hs for a Rayleigh distributed irregular wave spectrum. Using Hmax as an input in these
equations can estimate the load or overtopping volume of the highest wave.

As an example, an imaginary vertical breakwater is assumed, with d = 10m, which is designed for an Ulti-
mate Limit State (U LS) with Hs,U LS = 2.5m and a Serviceability Limit State (SLS) of Hs,SLS = 1m. This means
that the maximum expected wave is Hmax,SLS ≈ 1.89Hs,SLS = 1.89m and Hmax,U LS = 4.72m respectively. A
peak steepness of s = 2% is assumed for both states, which translates to a steepness of the maximum wave
approximately s = 3.78%. The values of this imaginary setup are picked so that the maximum wave corre-
sponds to the limits of s = 3−4% and d/L = 0.07−0.20. For maximum efficiency, the SLS can be defined at
the limit which impact and overtopping occur for S2, or Rc /H = 1.40 ⇒ Rc = 2.68m. For an acceptable over-
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topping volume of 5m3/m, the Rc for U LS can be defined by using the formula for overtopping, leading to
Rc,S1 = 8.62m and Rc,S2 = 6.61m. The U

Rc /H values for these cases are 42.4 and 52.75 respectively. The selection
of S2 and Rc,S2 = 6.61m leads to Pmax,U LS ≈ 400kPa and Rc /Hmax,SLS = 3.5, meaning that no overtopping is
anticipated for the SLS.

Failure of hydraulic concrete structures most often happens abruptly, meaning that the approach of using
the single maximum expected wave is convenient. A crownwall usually fails as a result of an individual wave
event applying a large load on the structure and happens momentarily, not over time. On the other hand, the
overtopping phenomenon is usually studied over time and the overtopping volume of the single maximum
wave cannot properly describe this process. Actual sea states are irregular, and the individual overtopping
volume of the maximum wave cannot properly express the effectiveness of the crownwall during a storm that
may last several hours. As a result, further research is suggested to be done primarily on irregular waves. The
importance of overtopping in defining the crest freeboard was already highlighted above, while an irregular
wave approach can give results that resemble much better actual sea states. As Hmax ≈ 1.89Hs , it is suggested
that irregular tests are carried for the same wave steepness and a significant wave height half of the regular
wave heights applied in this study. The aforementioned application ranges of the equations highlight the
need of investigation of different ranges of wave steepness (e.g. s < 2% or s > 4%), relative water depth ratios
(e.g. d/L > 0.20) and relative freeboard (Rc /H < 1). In addition, a very specific shape of crownwall is studied,
meaning that possible derivation from this geometry may affect the load magnitude and distribution. The
comparison of the equation by Castellino et al. (2021) with the results of pressure, shows a maximum 45%
increase of the load on the crownwall compared to a recurved parapet. Thus, the investigation of different
recurve radius or overhang length that can lead to a more effective shape could be interesting. Lastly, the
effect of directional waves is not considered in this manuscript. Extension of this study to this aspect that
exists in real sea states can help in a more complete understanding of the associated phenomena.





5
Conclusion

This thesis presents the experimental results of a crownwall with a fully curved face and a vertical wall sub-
jected to non-breaking wave loading. Several analyses are performed in order to describe the behavior of
this type of crownwall in terms of overtopping and loading. The final aim of this manuscript is to gain better
understanding of this type of crownwall and provide tools to calculate the studied variables. The research
question that was set in Chapter 1 is:

“How does a crownwall with a fully curved face perform in comparison with a vertical wall, in non–breaking
wave conditions and in terms of loading and overtopping?”

Which can further be broken down in two sub-questions.

“What equations can be used to predict overtopping and loading on a crownwall with a fully curved face?”

Several equations are derived for the crownwall that can be employed to calculate the individual overtop-
ping volume V , maximum pressure P , impulse I , impulse duration ti mp , force F , force angle θ and point of
application ζ.

The reflection coefficient Kr of the crownwall is found to have an approximately constant value of Kr ≈
0.92. For Rc /H < 1.20, there is a gradual reduction of Kr as a result of overtopping. As this variable drops only
in cases of overtopping, it means that it is dominated by wave run-up and wave height. This means that the
dimensionless numbers d/L and s are not relevant, and the value Kr = 0.92 can be applied for d/L > 0.07 and
irregardless of s.

The overtopping analysis shows that the effectiveness of the crownwall in blocking overtopping volumes
is limited, as the results of the two shapes tend to align for high U

Rc /H values (Figure 3.3). Equation 3.1 can be
used to estimate the expected overtopping volume of an individual wave, within the ranges of Rc /H < 1.40,
0.07 < d/L < 0.20 and s = 3−4%.

The results of pressure (P ) regarding S2 and for U
Rc /H < 14.9 lead to quasi-static loads that can be predicted

very well by the Goda formula. For U
Rc /H > 14.9, the equation for recurved parapets by Castellino et al. (2021) is

evaluated, showing that pressures generated on a crownwall with a fully curved face are up to 45% larger. For
this interval, impacts occur and the trend of results can be described by Equation 3.2, which approximates the
maximum pressure of a wave near the outer edge of the recurve for waves with Rc /H < 1.40, 0.07 < d/L < 0.20
and s = 3−4%. Alternatively, the upper limit of this equation, P =αp1ρg H can be used as an approximation
of maximum pressure, as it only depends on H . This constant value is reached for U

Rc /H > 60,which is the
case with H = 20cm and s = 3%. As a consequence, this equation is suggested to be used for Rc /H < 1, while
values of s < 3% can be applied. Values of s > 3% are expected to give reasonable results and lead in a slight
overestimation of pressure. This equation is not dependent on water depth, meaning that values of d/L > 0.20
can be applied as well.

For the cases where impacts occurred, impulses I are derived from the pressure signal and are found to
follow a very similar trend to pressure results. Equation 3.4 can be used to describe this trend, which reaches
a constant value of I = αI 1ρg HT at U

Rc /H ≈ 20 (Figure 3.7), which is considerably smaller than U
Rc /H ≈ 60

mentioned above for pressure. This comes as a result of the shortening of the duration of the impulse for
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increasing U
Rc /H (Figure 3.8). In addition, the rising part of this equation for U

Rc /H < 20 refers to experiments
that do not exhibit a fully impulsive pressure profile. The constant value is reached around a mean effective
relative freeboard Rc /H = 1.21 ≈ 1.20, which is suggested as a limit to use the equation I = αI 1ρg HT . This
equation indicates that both wave height and wave period, thus wave steepness, influence impulses for the
entire interval. Taking into account the linear dependency of I with H and T and the small scatter of the
impulse results, these are strong indications that the formula I = αI 1ρg HT can be used outside the experi-
mental limit s = 3−4%. This equation is independent of d 3, meaning that different non-breaking d/L ratios
can be used as well. The results of impulses are found to be more stable compared to peak pressures. This
shows the potential of using impulses to calculate loading (e.g. Chen et al., 2019), as their estimation is less
uncertain compared to peak pressure.

The impulse duration ti mp is found to follow a hyperbolic trend (Equation 3.6), while ti mp gets shorter for
increasing values of U

Rc /H . As ti mp is expressed through this variable and no constant value is reached, similar
arguments as the case of overtopping can be made. This means that the limits of d/L = 0.07−0.2, Rc /H < 1.40
and s = 3−4% can not be violated.

The results of force F regarding the crownwall can be approximated by Equation 3.7 for U
Rc /H > 14.7, which

reaches a constant value of F (Equation 3.7) for U
Rc /H > 60. As the force signal is derived by integration of the

pressure signal, the same trend is followed and the same arguments can be made regarding s, d/L and Rc /H .
Consequently, this equation can be used for Rc /H < 1.40, while the steady value of F =αFρg H 2 can be used
for Rc /H < 1 as an upper limit estimation of the impulsive force . No equation is provided for cases without
impacts, as this interval is irrelevant to design.

Table 5.1: Derived equations for crownwall with a fully curved face and application range. Valid application ranges are denoted with
green while not valid ranges are denoted with red.

Rc /H s d/L
Variable Equation

1 1.20 1.40 3% 4% 0.07 0.20
Reflection
coefficient

Kr = 0.92

Overtopping V
(B H 2)

=αq1

(
U

Rc /H

)αq2

+αq3

P
ρg H =αp1t anh(αp2

U
Rc /H −αp3)

Pressure
P =αp1ρg H

I
ρg HT =αI 1t anh

(
αI 2

U
Rc /H −αI 3

)
Impulse

I =αI 1ρg HT

Impulse
duration

ti mp

T = αt1
U

Rc /H +αt2

F
ρg H 2 =α f 2t anh

(
α f 3

U
Rc /H −α f 3

)
Force

F =α f 2ρg H 2

ζ=αζ1Force
point of

application
ζ=αζ2

(
Rc /H

)αζ3 +αζ4

θ =αθ1
Force angle

θ =αθ1

(
Rc /H

)αθ2 +αθ3

The point of application of the force ζ for S2 can be approximated by Equation 3.9a and 3.9b , which show
that ζ tends to attain a constant mean value for decreasing Rc /H , around ζ≈ 0.55Rc . The angle of application
of the force relative to SW L (Figure 2.12) is found to be θ = −19◦ upward from horizontal for Rc /H ≈ 2.2,
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which increases and reaches a steady mean value, around θ ≈ 25.1◦. Equations 3.10a and 3.10b can be used
to calculate θ and decompose the total force acting on the crownwall to its tangential components, Fx and
Fz . These equations show that the point and angle of application have a steady value for very high wave loads
(Rc /H < 1.17 ≈ 1.20) and are suggested to be used for non-breaking waves regardless of s and d/L. The com-
bination of these equations can give a complete description of the total applied force and be used to predict
the behavior of the crownwall against typical failures such as overturning. An overview of the equations with
the suggested limitations is given in Table 5.1.

“How can the results from these equations be compared to a vertical wall?”

In order to provide tools for comparison, experimental results of a vertical wall regarding the variables Kr ,
V , P , F and ζ are presented in this study.

The analysis of the wave characteristics shows a steady mean reflection coefficient for Rc /H > 1.20, with
a value of Kr = 0.94. Lower values lead to a gradual reduction of the reflection coefficient while the lowest
measured mean value is Kr = 0.83.

Equation 3.1 can be used to calculate overtopping on a vertical wall and compare it to a crownwall with a
fully curved face. The results of overtopping follow a very similar trend to S2, meaning that the same limita-
tions regarding s, Rc /H and d/L hold here as well.

Regarding loading, the formula of God a is evaluated, which is found to predict accurately pressure at
SW L. Application of this formula for higher positions of the wall leads to an underestimation of pressure up
to 25% for the worst loading case. The results of pressure tend to acquire a constant P/ρg H value (Figure 3.6),
which shows again the dominance of wave height in this phenomenon. The employment of this formula to
calculate F and ζ results in a slight underestimation of both variables, which is related to the aforementioned
underestimation of pressure at higher positions. Nevertheless, taking into account its range of applicability,
the use of the Goda formula is suggested to estimate loading on a vertical wall. ζ is found to acquire a constant
mean value for Rc /H < 1.17, ζS1 ≈ 0.46. This is considerably lower than the value calculated for S2, ζS2 =
0.55Rc , and leads to a larger overturning moment on the structure. An overview of the derived an evaluated
equations is presented in Table 5.2.

Table 5.2: Derived and evaluated tools for calculating the load and overtopping on a vertical wall.

Variable Equation Comments
Reflection coefficient Kr = 0.94 see Table 5.1

Overtopping V
(B H 2)

=αq1

(
U

Rc /H

)αq2

+αq3 see Table 5.1

Pressure Goda Accurate at SWL.
Accuracy decreases
for higher positions.

Force Application of Underestimates forces.
Goda formula

Force point Application of Slightly underestimates
of application Goda formula for Rc /H < 1.17

Force angle 0 -





A
Lab set-up

A.1. Force, Moment and Pressure Transducers
Initially, the superstructure was divided into three parts with widths of 0.32 m, 0.15 m and 0.32 m and a force
and a moment sensor were mounted under the superstructure. Eventually it was not possible to retrieve
results from them, but the procedure for selecting the sensors and the rest of equipment is also a part of this
study and is explained below.

Numerical simulation experiments similar to the performed experiments were performed by Rome Uni-
versity of Sapienza. Table A.1 shows the provided maximum force generated on the crownwall calculated from
these numerical simulations. qy,max [N /m] is the vertical component of the force, qx,max [N /m] is the hori-
zontal component while xG and ζG are the coordinates of the point of application of the force with a reference
point the outer, lowest seaward point of the crownwall (Figure A.1, blue dot).

Table A.1: Maximum forces and coordinates of point of application of the force.

Geometry qx,max [N /m] xG [cm] qH ,max [N/m] ζG [cm]
Shape A 0 0 358 8.8
Shape B 770.1 5.4 2173.4 12

Figure A.1: Calculation of expected maximum force and moment

The maximum expected total horizontal Fx,max [N ] and vertical Fz,max [N ] force are calculated by multi-
plying qx,max [N /m] and qy,max [N /m] with the crownwall middle section width, equal to 0.15 m. The maxi-
mum expected moment Mmax is calculated as shown in Equation A.1.

Mmax = Fz,max ×8.05/100+Fx,max ×12/100 (A.1)
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The results of the above procedure are shown in Table A.2.

Table A.2: Expected maximum force and moment.

Geometry FV ,max [N /m] Fh,max [N ] Mmax [N m]
Shape A 0 53.7 4.73
Shape B 115.51 330 48.90

Taking into account that Fx,max = 330 N and Mmax = 48.90 N m, K3D120-500N and TQ-D2553 force and
moment transducers are selected, as their 500 N and 50 N m limit is reasonably higher.

In addition to the above, initially a hammer impact test was planned, which was not performed in the end.
For the middle section of the crownwall, it has to be ensured that there would be a large numerical difference
between the natural frequency of the superstructure and the frequency of the impulse. For this reason, the
frequency of the impulses was provided from Rome university of Sapienza as well. The values of the impulse
duration are shown in Table A.3 .

Table A.3: Numerical simulation results of impulse duration for wave steepness s = 3% and s = 4% and H = 0.18 m, H = 0.20 m and
H = 0.22 m.

Wave Height [m] fs=3%[H z] fs=4%[H z]
0.18 5.03 7.1
0.2 4.74 5.68

0.22 4.63 4.90

The stiffness (k) of the force and moment transducers is calculated by dividing the instruments rated force
Fx and Mx by the rated displacement εx and εz .

kx = Fx

εx
= 500N

0.06mm
= 8.3×106N /m (A.2)

kr ot = Mz

εz
= 200N m

0.0010r ad
= 1.97×105N m/r ad (A.3)

Lastly, in order to calculate the natural frequencies of the crownwall, the total mass of the structure is calcu-
lated. This is done by calculating the crownwalls cross section area ACr and contributing water mass cross
section area Aw (Figure A.2). ACr and Aw are multiplied with the middle sections width 0.15 m to calculate
the volume of the crownwall’s middle section VCr and contributing water mass volume Vw . Multiplying these
values with their respective densities ρCr = 1400 kg /m3 and ρw = 1000 kg /m3 results in the masses mCr and
mw . The two masses are added to calculate the total mass of the middle section mtot . This is demonstrated
in Table A.4.

Figure A.2: Graphical representation of Acr and Aw

Table A.4: Calculation of total mass mtot . A is the cross section surface, V is the middle section volume, m is the mass while the indexes
Cr , w and tot mean "crownwall", "water" and "total" respectively

Geometry ACr [m2/m] Aw [m2/m] VCr [m3 ×1000] Vw [m3 ×1000] mCr [kg ] mw [kg ] mtot [kg ]
A 0.028 0 4.26 0.00 5.75 0.00 5.75
B 0.030 0.011 4.46 1.65 6.01 1.65 7.66
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The natural frequency of the structure is calculated as shown in Equations A.4 and A.5.

fn,x = 1

2
π

√
kx

mtot
= 2055.5H z (A.4)

fn,r ot = 1

2
π

√
kr ot

mtot
= 251H z (A.5)

As the difference between fn,r ot = 251H z and the maximum expected impulse frequency fi mp,max = 7.1H z
is around 251−7.1 ≈ 244H z, the selection of the instruments is considered acceptable.

Eight HKM-375(M) pressure transducers are used in total, the positioning of which is shown in Figure A.3.
Their orientation relative to the ground (φ) and the integration areas used for the calculation of forces (A) are
given in Table A.5.

Figure A.3: Back view of the crownwall and cross sections showing the positioning of HKM-375(M) pressure transducers for Shapes A
and B

Table A.5: Orientation of and length of integratιon areas.

Instrument φS1, j [o] AS1, j [cm] φS2, j [o] AS2, j [cm]
EX0 - - 0 4.3
PS1 0 5.0 318.49 2.3
PS2 0 2.0 327.78 2.3
PS3 0 2.0 344.81 1.9
PS4 0 2.0 358.75 1.9
PS5 0 2.0 13.46 2.0
PS6 0 2.0 28.94 2.2
PS7 0 2.0 47.53 2.5
PS8 0 3.0 67.66 3.9
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A.2. Calibration of instruments
The force and moment transducers calibration functions are retrieved by hanging a basket on the force sensor
(Figure A.4a), and on an arm attached on the moment sensor (Figure A.4b). The maximum anticipated hori-
zontal force and moment are Fx,max = 330N and Mmax = 48.9 N m respectively. Therefore, the calibration is
performed by slowly loading the sensors in 8 equally sized steps, for a maximum load of 35kg×9.81m/s2 ≈ 350
N and 10kg ×9.81m/s2 ×0.9m ≈ 91N m. The volt indication V for each of the steps is retrieved, and the cal-
ibration function of each loading step is defined as cF = ∆F

∆V . The total calibration function of the instrument
is defined as the mean value of the calibration function of each individual loading step.

(a) Force sensor calibration. (b) Moment sensor calibration.

Figure A.4: Setup of calibration of instruments.

The calibration functions of the wave gauges are derived by repositioning them vertically in water in 10
different vertical positions, covering all the allowable wave gauge range. The indication on the scale of the
wave gauge is retrieved for each repositioning step. The calibration function for each step between the 10
positions is then calculated as cW G = ∆x/∆V , where ∆x is the vertical displacement of the W G and ∆V the
difference in volt indication. The calibration function of the W G is defined as the mean value of the calibra-
tion functions of the individual steps.

The calibration function of the pressure sensors is retrieved from the manufacturer. Lastly, the calibration
of the wave pedal is performed similarly as the wave gauges, by placing a scale on the pedal, repositioning it
and retrieving the vold indication for each repositioning step. The calibration functions of all instruments are
shown below in Table A.6.

Table A.6: Callibration functions of instruments.

Instrument Callibration Units
W G1 2.31 [cm/V ]
W G2 2.25 [cm/V ]
W G3 2.24 [cm/V ]
W G4 2.62 [cm/V ]
W G5 2.38 [cm/V ]
W G6 2.27 [cm/V ]
W G7 - [−]
W G8 2.66 [cm/V ]
W G9 -4.38 [cm/V ]
PS1 7471.43 [Pa/V ]
PS2 7445.75 [Pa/V ]
PS3 7456.62 [Pa/V ]
PS4 7476.51 [Pa/V ]
PS5 7441.55 [Pa/V ]
PS6 7407.35 [Pa/V ]
PS7 7450.94 [Pa/V ]
PS8 7440.58 [Pa/V ]

Wave Pedal 1.16 [cm/V ]
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A.3. Overtopping box
The overtopping box is made of wood and has a mouth width of B = 0.112m. A cross section of the overtop-
ping box is shown in Figure A.5.

Figure A.5: Cross section of overtopping box, dimensions in cm.

The function converting the reading of W G9 in m to m3 is given in Equations A.6a, A.6b and A.6c.

V =


0.216×0.128×dot d < 0.47m

0.012995+0.296×0.128× (dot −0.47) 0.47 ≤ d < 0.48m

0.013373+0.19097× (dot −0.48)2 + (dot −0.48)×0.52)×0.28 d ≥ 0.48m

(A.6a)

(A.6b)

(A.6c)

Where dot is the reading of the water depth as shown in Figure A.5. The functions are retrieved theoret-
ically and confirmed by slowly filling the box with water in steps. For each of the steps, the water volume is
weighted and the indication of a scale in the box is applied in Equations A.6a, A.6b, A.6c. The measured weight
is formulated to volume by multiplying it with ρ = 1000kg /m3, while the results of these two measurement
procedures show a good agreement, as presented in Figure A.6.

Figure A.6: Confirmation of overtopping box formula.
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A.4. Design of Framework
As demonstrated in Chapter 2, an aluminium beams framework is used in order to support the superstruc-
ture. This structure is designed by taking into account the following:

• The superstructure is divided into 3 parts, therefore the framework is designed to be able to support all
of them;

• A force transducer is mounted under the middle part of the superstructure, creating a gap of between
the superstructure and the vertical wall;

• The maximum allowed displacement of the force and moment transducers is 0.06 mm and 0.01 mm
respectively. Thus, the safety gap between flat vertical wall and the bottom part of superstructure is set
to 0.5mm.

• A water tank is placed behind the crownwall in order to collect overtopping volumes, thus it is ensured
that enough space is available on the back of the superstructure to fit the water tank;

• More beams than required to fix the crownwalls are used in order to increase the stiffness of the frame-
work in order to ensure that small vibrations of the support structure do not have an evident effect on
the sensor signals;

Figures A.7-A.20 present analytical drawings of the support structure.

Figure A.7: Top view from z=15cm
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Figure A.8: Top view from z=30cm

Figure A.9: Top view from z=45cm
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Figure A.10: Top view from z=50cm

Figure A.11: Top view from z=52cm
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Figure A.12: Top view from z=70cm

Figure A.13: Cross section A-A’
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Figure A.14: Cross section B-B’

Figure A.15: Cross section C-C’
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Figure A.16: Cross section D-D’

Figure A.17: Cross section E-E’



52 A. Lab set-up

Figure A.18: Cross section F-F’

Figure A.19: Cross section G-G’
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Figure A.20: Cross section H-H’





B
Methodologies

B.1. Goda method
The methodology for calculating pressures on a vertical wall by Goda (1974) is given below through Equations
B.1-B.9.

η∗ = 0.75(1+ cosβ)λ1Hd (B.1)

p1 = 1

2
(1+ cosβ)(λ1α1 +λ2a∗cos2β)ρg Hd (B.2)

p3 =α3p1 (B.3)

p4 =α4p1 (B.4)

pu = 0.5(1+ cosβ)λ3α1α3ρg Hd (B.5)

α∗ =α2 for non breaking waves (B.6)

α1 = 0.6+ 1

2

[
4πh

si nh(4πh)

]2

(B.7)

α2 = mi n

{
hb −d

3hb

(
Hd

d

)2

,
2d

Hd

}
(B.8)

α3 = 1− h′

h

[
1− 1

cosh(2πh/Ld )

]
(B.9)

α4 =


(
1− hc

η∗
)

η∗ > hc

0 η∗ ≤ hc

(B.10a)

(B.10b)

Where:
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η∗ =Elevation to which the wave pressure is exerted [m]
β =Angle between wave propagation line and a normal to the breakwater line [r ad ]
Hd =Unreflected design wave height [m]
Ld =Design wave length [m]
p1 =Wave pressure at still water level [Pa]
p3 =Wave pressure at sea bed level [Pa]
p4 =Wave pressure at η∗ [Pa]
pu =Uplift pressure at front of structure [Pa]
α∗ =Pressure coefficient that accounts for wave impact [−]
α1 =Pressure coefficient that accounts for wave length of design wave [−]
α2 =Pressure coefficient that accounts for wave steepness [−]
α3 =Pressure coefficient that accounts for the decrease in wave pressure over depth [−]
λ1,2,3 =Modification factors that account for the geometry of the structure [−]
hb =Water depth in front of the structure, 5 wave lengths away front the wall [m]
hc =Height between SWL and top of caisson [m]
h =Depth in front of the rubble mound [m]
h′ =Height of vertical breakwater [m]
d =Depth in front of the structure [m]

Figure B.1: Wave pressure distribution according to Goda (1974). Image taken from Veendorp and Niemijer (2003)

.

Goda (1974) uses the significant wave height Hd = H1/3 and peak period Td = T1/3 as design parameters,
and assumes a trapezoidal pressure distribution as shown in Figure B.1.

B.2. Reflection Analysis
The reflection analysis of the obtained signal is done according to Zelt and Skjelbreia (1993). In this paper, a
method based on linear wave theory is presented which is used to decompose a one dimensional wave signal
in left and right wave travelling components for an arbitrary number of wave gauges. Using standard Fourier
analysis techniques, the right and left wave components can be calculated as shown in Equations B.11, B.12
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and B.13.

αL j =
[

S j

P∑
p=1

W j ,p A j ,p e−i∆φ j ,p −
P∑

p=1
W j ,p A j ,p e i∆φ j ,p

P∑
q=1

W j ,q e−2i∆φ j ,q

]
e−iφ j ,1

D
(B.11)

αR j =
[

S j

P∑
p=1

W j ,p A j ,p e i∆φ j ,p −
P∑

p=1
W j ,p A j ,p e−i∆φ j ,p

P∑
q=1

W j ,q e2i∆φ j ,q

]
e iφ j ,1

D
(B.12)

D = S2
j −

P∑
p=1

W j ,p e2i∆φ j ,p e−2i∆φ j ,q = 4
P∑

p=1

∑
q≤P

W j ,pW j ,q si n2∆φ j ,pq (B.13)

where

∆φ j ,pq =∆φ j ,p −∆φ j ,q =φ j ,p −φ j ,q = k j (xp −xq ) (B.14)

In the equations above, ω j = 2π j /T , T is the length of the time series, k j = 2π/λ j is the wave number
which can be related to ω j by using the dispersion relation ω2

j = g k j t anh(kd), d is the water depth, g is

the gravitational acceleration and S j ≡ ∑P
p=1 Wk,p . The time t is discrete for a sampled signal (t → m∆t , for

m = 0,1,2..., N −1, with ∆t = T /N . Lastly, W j ,p are weighting factors for the different wave gauges.
The sensitivity of the above formulas to errors in measuring the Fourier coefficients (A j ,p ) at a given frequency
ω j depends on the choice of the weighting coefficients W j ,p as well as the spacing of the wave gauges relative
to the wave length associated with ω j . For this reason, the selection of the positioning of the wave gauges is
of major importance for the reflection analysis.
The largest amplification of errors for an arbitrary number of wave gauges occurs if the number si n∆φ j ,pq =
n

xp−xq

λ j
is an integer for each combination of p and q , where p and q denote wave gauge number (p = 1,2, ...,P

and q = 1,2, ...,P ). This validation is shown in Tables B.1 and B.2 for the four wave gauges W.G .2,W.G .3W.G .4
and W.G .5 that were used for the reflection analysis. It may be noticed in B.2 that the fraction

xp−xq

λ j
is never

an integer or equal to 0.5.

Table B.1: Positioning of wave gauges

Wave Gauge Position [m]
W.G. 1 3.35
W.G. 2 16.2
W.G. 3 16.9
W.G. 4 17.3
W.G. 5 17.6
W.G. 6 33.33
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Table B.2: Validation of positioning of wave gauges. On the left column λρ is the different wave lengths used during the experiments.

x3 −x2 x4 −x2 x5 −x2 x4 −x3 x5 −x3 x5 −x4

0.65 1.10 1.35 0.45 0.65 0.25
Lp [m] (xp −xq )/Lp [−]

7.33 0.10 0.15 0.18 0.05 0.09 0.03
6.67 0.11 0.17 0.20 0.06 0.10 0.04
6.29 0.11 0.18 0.21 0.06 0.10 0.04
6.00 0.12 0.18 0.23 0.07 0.11 0.04
5.71 0.12 0.19 0.24 0.07 0.11 0.04
5.50 0.13 0.20 0.25 0.07 0.12 0.05
5.33 0.13 0.21 0.25 0.08 0.12 0.05
5.14 0.14 0.21 0.26 0.08 0.13 0.05
5.00 0.14 0.22 0.27 0.08 0.13 0.05
4.67 0.15 0.24 0.29 0.09 0.14 0.05
4.57 0.15 0.24 0.30 0.09 0.14 0.05
4.50 0.16 0.24 0.30 0.09 0.14 0.06
4.00 0.18 0.28 0.34 0.10 0.16 0.06
3.50 0.20 0.31 0.39 0.11 0.19 0.07
3.43 0.20 0.32 0.39 0.12 0.19 0.07
3.33 0.21 0.33 0.41 0.12 0.20 0.08
3.00 0.23 0.37 0.45 0.13 0.22 0.08
2.86 0.25 0.39 0.47 0.14 0.23 0.09
2.50 0.28 0.44 0.54 0.16 0.26 0.10

B.3. Recurved parapet pressure
This section presents the methodology by Castellino et al. (2018) that is followed in Section 2.2 to estimate
pressures on a recurved parapet. This study performs various numerical experiments of recurved parapets
with various exit angles and recurve radius. An extension of the Goda (1974) is suggested that can be used in
order to calculate pressure on a recurve parapet as a result of a wave impact. This formula reads as shown in
Equation B.15.

Figure B.2: Dependence of p̃3 on the non-dimensional parameter Hl /L2 and the linear fitting line. l , H and L represent the overhang,
the regular wave height and the wavelength respectively. Image taken from Castellino et al. (2021)

.
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Figure B.3: Scatter plot between p̃2 and p̃3 pressure values and the linear fitting line. Image taken from Castellino et al. (2021)

.

Figure B.4: Impulsive pressure distribution and dimensionless pressure values of p̃1, p̃2 and p̃3. Image taken from ?

.

PR = PV + p̃PV = Pv (1+ p̃) (B.15)

Where PR is the pressure on the recurved parapet, PV is the pressure on the vertical wall according to
Goda formula, p̃ = PR /PV is the non-dimensional parametric pressure distribution acting on the recurved
parapet (above the SWL). This extension can be used to calculate pressure on three points of the parapet as
shown in Figure B.4, at SW L (p̃1), at the starting point of the recurve (p̃2) and at the outer top edge of the
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recurve (p̃3). This study assumes that p̃1 = 1, while the values of p̃2 and p̃3 can be calculated by using Figures
B.2 and B.3 .

B.4. Smooth function
The Matlab function smooth is used in order to approximate the quasi-static part of the pressure signals, as
demonstrated in Subsection 2.2.3. This funtions smooths the response data by using a moving average filter.
For example, the first few elements of the pressure signal vector p is modified to pp = smooth(p) as follows.

pp(1) = p(1) (B.16)

pp(2) = (p(1)+p(2)+p(3))/3 (B.17)

pp(3) = (p(1)+p(2)+p(3)+p(4)+p(5))/5 (B.18)

pp(4) = (p(2)+p(3)+p(4)+p(5)+p(6))/5 (B.19)

The advantage of this method is that the option "rloess" can be employed. This command performs a
local regression using weighted linear least squares and a 2nd degree polynomial model. This method assigns
lower weight to outliers in the regression, while it assigns zero weight to data outside six mean absolute de-
viation. Applying this command on the impulsive pressure signals results in a smooth quasi static signal, as
the outlying peak impulsive pressure moments are assigned a zero weight value.



Abbreviations

Abbreviation Description

ARC Active reflection compensation
C −C I Confined crest impact
OE Overtopping event
PS Pressure sensor
SW L Still water level
S1 Vertical wall
S2 Crownwall with a fully curved face
W E Wave event
W G Wave gauge
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