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Abstract

Living Breakwaters have evolved from traditional breakwaters to create multi-purpose structures that
provide environmental and social benefits. These breakwaters promote a healthy habitat for flora and
fauna, while achieving the same structural capabilities as conventional structures. Reefy has developed
a modular living breakwater that can serve both as an artificial reef and a stable breakwater. This study
aims to model the impact of a Reefy breakwater on the transmitted wave height, using a process-based
numerical model, namely XBeach.

This study builds upon a previous one conducted by van den Brekel [2021], where scaled experiments
were performed in a physical wave flume, to investigate the hydrodynamic and ecological function-
alities of the Reefy breakwater. In the wave flume experiments a total of 15 structure configurations
together with 35 wave conditions, both regular and irregular, were tested. The first 7 of the config-
urations were 2D structures with a relatively simple shape and a porosity of 20%, and the rest were
complex 3D structures with a porosity above 20%. The wave flume was recreated within the numerical
model. The influence of the breakwaters on the wave heights are examined through the comparison
between the calculated transmission coefficient of the wave flume and the numerical model. How-
ever, XBeach, and more specifically XBeach non hydrostatic+ mode which was used, does not resolve
the complex interaction between waves, friction and porosity of the structures. As a result, a simple
method had to be found to compensate for the loss of these phenomena, while successfully calculating
the transmission coefficient.

The findings of this analysis demonstrate that treating the breakwater as an impermeable change in
bathymetry, coupled with a 15% reduction in structure height, produces the desired outcomes. From
the 35 wave conditions only the 8 irregular wave conditions were chosen to be of interest due to time
constraints. Among these 8 wave conditions that were used as an input in XBeach, only 5 of them were
satisfying the criterion that describes the range for which the numerical model should produce accurate
results (kd<2). The transmission coefficient was defined as the ratio of the transmitted wave height
behind the breakwater, and incident wave height in front of the structure. The wave decomposition
method used was a modified Guza split method. In pursuit of finding a valid solution, the breakwaters
were modeled firstly as impermeable structures with a decreased height, secondly as impermeable
structures with a decreased width, thirdly as vegetation with the help of the vegetation module,and
lastly the maximum wave steepness criterion as applied in the model was increased (maxbrsteep up to
1.4), without modifying the structure height.

Among the suggested solutions and after being validated for 13 experiments with both simple and com-
plex structures, decreasing the width did not achieve the desired results while the vegetation module
failed to produce consistent outcomes. As far as transmission coefficient is of interest, a 15% decrease
in the structure height had the smallest mean absolute percentage error of almost 10% and a root mean
square error of 8.2%. On the other hand, choosing to increase the maximum wave steepness (to a value
of 1.4) is not a valid option for the complex 3D structures, but illustrates even better behavior than a
change in the structure height when simple structures with 20% porosity are concerned. To summarize,
this thesis provides alternatives to replicate in a simplified way the impact of porous structures, such as
Reefy breakwaters, without the need of an extensive and time expensive numerical model.
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1.1. Background

In December of 2015, the Paris Agreement was signed by 175 parties, including the countries of the
European Union. According to the Paris agreement, the parties agreed, based on Article 2, to adopt
measures to maintain the increase of the global average temperature by 1.5 degrees Celsius above pre-
industrial level, in a way to minimize the possible climate change impacts [UNFCCC, 2016]. Contrary
to temperature, within the agreement there is no reference to sea level rise. Even if the Paris Agreement
targets are full filled, sea levels will continue to rise steadily [Toimil et al., 2020]. For the scenario of
maintaining the temperature rise between 1,5 °C and 2 °C, the global sea level is expected to rise
between 0,74 and 0,80 meters [Brown et al., 2021]. Based on a study of 5 different coastal areas in
the East USA coast, it was found out that the magnitude of coastal erosion is two times bigger than
the rate of the increase of sea level rise [P.Leatherman, 2000]. This means that the existing problems
humanity is facing at the moment regarding coastal safety and erosion will only be exacerbated in the
not so distant future.

The common practice (e.g. Salman et al. [2004]; Airoldi et al. [2005]) to facilitate the coastal de-
velopment around the globe for many years has been to construct hard structures, such as sea walls,
groins, breakwaters, revetments etc. However, these structures come along with many negative effects,
such as alteration of the coast’s natural system or detrimental visual effects on the landscape. Such
an alteration could be the change of flow acceleration (e.g a shore normal structure) that may prevent
sessile creatures from attaching at the inter tidal zone or block the along shore movement of fauna and
sand [Schoonees et al., 2019]. Through the years, the use of such structures has been highly challenged
by both governmental institutions and the public opinion (e.g. Singhvi et al. [2022]; European Com-
mission and Directorate-General for Research and Innovation [2015]; Spalding et al. [2014]). Given
the need to act pro-actively and under public pressure for a more sustainable future, the solutions that
coastal engineers have to provide must be flexible, long-lasting, multi-functional, and financially fea-
sible. For these reasons, engineers have focused on the use of ecosystems and their role in coastal
management. The utilization of the ecosystems provide natural alternatives to support coastal com-
munities, while offering even more considerable benefits than the traditional hard structures, including
preservation of nature, development of recreational areas,capture of carbon,enhancement of water qual-
ity, the production of fisheries, etc. [Gracia et al., 2018]. Restoration of mangroves and salt marshes
can be up to five times less expensive than a breakwater, and they may even prove to be more cost-
effective than a series of groynes, according to a study that examined the costs and advantages of 52
ecosystem-based coastal erosion management projects from around the world [Narayan et al., 2016].
Beck et al. [2022] suggest that over the lifetime of a project, restored natural infrastructure can offer
flood protection benefits of $100,000 per hectare, under conservative estimations and utilizing risk-
industry methods for the area of the Caribbean Sea (20 countries). At they same time, they provided
valuable information regarding funding options to decrease flood risk through habitat restoration.

One of the most important natural coastal ecosystems are coral reefs. They are the equivalent of a
rainforest, providing high structural complexity, high species diversity and are an important source of
protein for the human population that inhabit the tropical latitudes. These tropical regions are also the



1. Introduction

ones that experiencing rapid population growth, adding to the need for a sustainable managing plan
for the reef ecosystems [Reaka-Kudla, 1997]. Coral reefs, comprising of fore reef, reef crest and coral
flat, can help with the wave attenuation, by reducing the incoming wave energy up by an average of
up to 97% [Ferrario et al., 2014]. Moreover, coral reefs have the ability of natural vertical accretion,
even though with the current rate, sea level rise is expected to exceed new reef flat accretion [Quataert
et al., 2015]. Coral reefs are in danger of increased and repeated events of extreme temperatures. The
frequency of these events, render the reefs incapable of significant recovery [Sheppard et al., 2005].
When the corals die, the reef then starts to degrade and erosion takes place. Additionally, apart from
the resulting deepening of the reef, it also loses its natural surface roughness. In the coral reef of Roi-
Namur, the decrease of the roughness together with an increase of higher offshore water level resulted
in an astonishing 200% increase of the wave runup (Figure 1.1 [Quataert et al., 2015].

Based on the aforementioned information and in the wake of the need to not only protect, but also
enhance the natural ecosystems, focus has shifted from armoring the coastlines with hard structures to
a holistic approach that includes ecosystem services that are being provided by nature. Such solutions
are referred as Living Shorelines that incorporate coastal natural habitats and provide opportunities
for restoration of the ecosystem and at the same time protect the shore from erosion [Bilkovic et al.,
2016]. These solutions apart from their ability to counter coastal erosion and secure coastal security,
can also survive sea level rise by natural accretion, as long as they are not overtaken by the accelerating
rate of sea level rise. One should note though that introducing structures to create such shoreline may
induce some trade-offs which can induce loss or transformation of local fauna [Bilkovic and Mitchell,
2013].

For the Living Shorelines to exist, traditional design of breakwaters had to be evolved to accommodate
the needs of the community that pursues of a sustainable management of the coasts. That is how
the creation of Multi-purpose or Living-Breakwaters has come to existence. Traditional breakwaters
usually mimic stone shorelines and have detrimental effects to aesthetics and water quality [Diplarakos,
2016]. On the contrary, living breakwaters display environmental (by providing habitat for the marine
environment), social (e.g better water quality near shore,tourism) benefits while achieving the same
structural capabilities of conventional structures. A successful instalment of living breakwater took
place in Brooklyn, New York, where after a 3-year monitoring program, Manson et al. [2018] observed
that the artificial reefs that were installed there provided the expected rehabilitation results, despite the
lack of initial natural environment (Figure 1.2). It is very important for these kind of breakwaters to
promote a healthy and complex coral growth, by considering their location on the shore, their material,
texture and structural characteristics. Harris et al. [2018] has reported findings which indicate that even
in an increased sea water level, healthy and complex coral reefs decreased the wave height of the back
reef by three times. Such Living breakwaters could be put in front of existing breakwaters or dikes to
lessen the impact on the structures. Submerged and permeable breakwaters have been proven to work,
without the need of modifying the height of existing infrastructure [Liang et al., 2015]. An example of
a living breakwater that offer opportunities for corals establishment is Reefy Living Breakwater.
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Figure 1.2.: Example of the installation of
the units used for the creation of Living
Figure 1.1.: How the change from healthy to eroded Breakwaters in New York at the start of the
corals affects the shore. [Gracia et al., 2018] project. [Manson et al., 2018]

1.2. Reefy

The start up Reefy has come up with a design of a modular living breakwater. A breakwater made by
Reefy modules is shown in Figure 1.3. Due to its architecture, the unit based on which the breakwater
is built, allows the creation of necessary cavities where fish can nest or be protected from predators
and extreme hydrodynamic conditions. The empty spaces help to achieve high porosity of the structure
and ensure the flow of nutrients through it. Reefy blocks have a coarse texture and can be manufac-
tured with geopolymer or circular (recycled) concrete based on the requirements of the project. These
characteristics help with the establishment of organisms that need a hard substrate, such as corals or
oysters. What makes Reefy unique is the combination of creating an artificial reef and creating a stable
breakwater that can survive wave induced loading during storms.

Figure 1.4.: An example of a Reefy module
scaled to actual size.

Figure 1.3.: Scaled (n; = 15) Breakwater con-
structed of Reefy blocks.
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1.3. Prior Study & Scope

Reefy has already done tests with the blocks and the breakwater at the facilities of Deltares. In the
Eastern Scheldt wave flume, the Reefy team conducted a number of experiments where 15 differ-
ent configurations of the Reefy breakwater were tested, with the purpose of testing its hydrodynamic
performance under daily conditions [van den Brekel, 2021]. Likewise, ecological performance was
evaluated through the study of the velocities near the structures, since the flow velocities around the
structure determine whether or not different organisms could grow on the breakwater. By doing so,
they manage to formulate some initial guidelines and provide knowledge about the relevant physical
processes that govern wave attenuation by the structure. A more detailed description of the flume
experiment will be given in Chapter 2.

The next phase of the study would be to recreate the physical experiments in a numerical model. A
numerical model is needed to achieve a better understating of the hydrodynamics around the proposed
breakwater. For example, a numerical model can will provide information that would be useful to
access the wave impact on the shore and the possible fauna and flora that would inhabit the area. Having
this information will help to design breakwaters that are site-specific and cost-effective. The model is
already chosen to be XBeach [Roelvink et al., 2009] and specifically the XBeach Non-Hydrostatic+
(XB-NH+) version of the model [Smit et al., 2014b]. The focus of this thesis is to access the effect
of the breakwater on the transmitted wave field through the examination of the wave transmission
coefficient. To do so, a way must be found for the breakwater to be successfully simulated within the
domain, even though XBeach offers no possible option to simulate a porous submerged structure.

1.4. Objectives and Research questions

The main purpose of this thesis is to show the applicability of XBeach numerical model in modeling
the Reefy breakwater with the intention of providing insight into the effect of the breakwater on wave
transmission. Understanding the influence that design configurations of the breakwater have on the
transmitted flow field is critical for determining the quality of the results. Thus, the study is aiming to
answer the following question:

In what way and how accurately can we simulate the impact on wave transmission of a Reefy
breakwater using the process-based numerical model (XBeach Non hydrostatic+)?
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The research question is subdivided into 2 subquestions that will help with answering the main ques-
tion:

1. How does the physical geometry of the breakwater affect the accuracy of XBeach Non hydro-
static+ simulation results?

2. In what ways can the breakwater and the impact on the transmitted wave heights be simulated
within XBeach and how accurate are these other strategies?

1.5. Thesis outline

The thesis is divided in 7 Sections. So far in Section 1 the motivation behind the thesis together with the
scope has been defined. The following chapters will be aimed to develop a better understanding of the
theoretical background, set up of the XBeach simulations, and then provide the necessary explanation
to answer the research questions. Section 2 will provide a more thorough explanation of the wave
flume experiment that was conducted before the current thesis. An overview of the relevant literature
will be given that will help with understanding the effects of porous breakwaters on the wave field,
the modeling of a porous breakwater and the inner workings of XBeach. In Section 3, the data that
will be used together with the parameters and tools that are needed for the analysis will be provided.
Furthermore, the model set up, both of the wave flume and the breakwater, will take place. Following
that, in Section 4, the results of different simulations along with the validation of different structures
from the experiment will take place. Section 5 an application of XBeach to verify the behavior of the
model. Finally, Section 6 provides a discussion of the results, Section 7 the conclusion, and Section 8
recommendations.
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An overview of the available literature is given in this Section. Insight and background information
will be provided that is needed to comprehend the knowledge of previous studies. This knowledge
is required to evaluate and understand the findings of the current thesis. In Section 2.1 the layout of
the wave flume experiment and the main key observations are given. In Section 2.2 the hydrodynamic
behavior of a porous structure and an analysis of the main methods that are being used to model porous
breakwaters are explained. Lastly, Section 2.3 describes the formulation and applicability of XBeach
and lastly

2.1. Preceding research and physical model

This section provides a summary of the previous thesis and introduces the data that will be used in the
present study. The prior research conducted by van den Brekel [2021] serves as the foundation for the
current thesis, as it lays the groundwork for the research to be conducted

2.1.1. Scaled Model

van den Brekel [2021] executed a scaled wave flume experiment with a total of 15 configurations and
36 wave conditions. The law of scaling that was used is based on a constant Froude number:

Fr=—— 2.1)

For the test, a scale factor of n; = 15 was chosen, which translates to a model whose lengths are 15
times smaller compared to reality. The set up of the model is given in the Figure 2.1.

| e S— |

® ——FX - v - - -

Om 1:11.97m hi =0.44m  a:22.40m 7:27.46m  s5m
2:12.96m 5:22.79m 8: 27.86m
3:13.13m 6:22.98m 9: 28.05m

Figure 2.1.: A figure of the cross-section where the set up is visible. An explanation of the symbols is
given in the following paragraphs. The flume can be divided in 3 parts: the deep part that is located
at the left side of the flume and ranges from x=0m to x=19.5m, the foreshore located between
x=19.5m to x=22m, and finally the shallow part until x=55m. At x=55m a parabolic wave damper
was installed.

The following notations were used, which will be used again in this thesis with the same meaning:
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e H=the wave height (m)

* d,= deep water depth (m)

* hy= the foreshore height (m)

* dy= depth at the toe of the structure (m)

* h.= height of the breakwater

* R. = dy — h.=relative freeboard which will be positive for submerged structures
* WG = Wave gauges to record waves characteristics

* EVM = Electromagnetic liquid velocity meter to measure water velocities

The total length of the set up was 55 meters, the width was 1 meter and the total height 1.2 meters. The
wave maker was installed at the left side (x=0m). It was a piston type wave generator with reflection
compensation activated throughout the study and was also able to produce second order waves. At
the end of the flume a parabolic wave damper was situated (x=55m). The deepest area in front of
the foreshore had a varied depth of 0.61m, 0.68m and 0.75m (based on a pilot project) and where the
first 3 wave gauges are located. The foreshore had a height of 0.44m with a slope of 1:10 to recreate
the non-linear phenomena, namely due to shoaling and the breaking of the waves. This results in the
generation of shorter, smaller waves which are phase-locked with the primary wave and are released
during breaking. The wave spectrum also experiences changes, with energy transferring from peak
frequencies to lower frequencies and higher harmonics [Lamberti and Burcharth, 2004] . In each test,
the breakwater was constructed between gauges 6 (wave gauge group of 4-5-6) and 7 (wave gauge
group of 7-8-9), with the front located about x=25.1m, changing among the experiments about 10cm.
The extra wave gauge, namely WG 10, was only present for structures 4,5,6 and 7 to measure set up,
with position 26.93m and 26.16m.

The waves conditions varied between regular and irregular. For the regular wave tests the target steep-
ness s$(0.02-0.04), wave height H(m) and period T(s) had to be defined. On the other hand, for the
irregular wave test the target steepness s(0.02-0.04) significant wave height Hs(m) and peak period
Tp(s) were used to create a JONSWAP spectrum with a peak enhancement factor y=3.30. A descrip-
tion of the non-linearity of the tests at wave gauges 4 to 6 is given at Figure 2.2. For every combination
of s and d, the wave height was increased until just under the point of breaking. The goal was to have
tests where the waves did not break at all before they reach the structure. The regular waves that were
breaking before the structure where of no interested for the study. An overview of the wave conditions
are given in Appendix A Table A.1

The first 6 structures were 2D structures, in which there is no change in the structure width-wise, and
the rest are 3D structures where the block-void composition and/or the orientation change along the
width. Structures 8 to 12 are actually comprised of 2 structures with a channel between them. This
channel had a varied length among the different experiments. An overview of all design is given in
Figure 2.3. For the description of the different configurations the following abbreviations were used:

e h.= crest of the breakwater (m)
¢ B= width of the crest (m)

* o= front slope (°)

* L.;,= Channel length (m)

* Scn= Spacing between the middle of front - back crest width (m)
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Figure 2.2.: In this figure the steepness of the waves against the relative water depth is plotted for
the incoming waves at wave gauges 4,5,6 (in front of the location of the breakwater). The points
are plotted above the diagram of [Méhauté, 1976] that describes the applicability of different wave
theories. The red marks depict regular wave condition whereas blue marks depict the irregular wave
conditions. [van den Brekel, 2021].

o A= total surface area of cross section (m?)

Vioi Viotai—V, i .
voids — mmlv material hey, s assumed equal t0 Agrq * 3
total total

* $= Porosity, estimated as

Furthermore, the effect of coral growth was simulated by either adding 3D printed corals or PVC pipes.
This structures are the 8-1-3D and 8-1-PVC, with ”T” meaning that the channel length is equal to 1m (in
a full scaled model). Likewise, ”II” means that the channel length is 2m etc. Lastly, in structure 2-BH,
the effect of the blockage of the holes due to growth of vegetation was simulated. In Appendix A, and
in Table A.2, Table A.3, the details of the characteristics of each structure are given.

2.1.2. Data Processing

Both for regular and irregular wave tests the significant wave height H,,o (based on the total variance)
was used to measure the transmission and reflection coefficients (as per, Zanuttigh and van der Meer
[2008]). The following equations were used for the transmission and reflection coefficient:

* Firstly, tests were done without the structure and measurements were taken at the position of the
wave gauges. These tests are symbolized with an f. Afterwards, the tests were repeated with
the structure, and measurements were taken at the same positions. These tests are symbolized
with s,f. The transmission coefficient is estimated as the the transmitted wave height behind
the structure relative to the test without the structure. Both measurements were taken at Wave
Gauges 7,8,9 (Figure 2.1).

H .
K (S) _ m0,i,WG789(s.f) 2.2)

H,0.iwG789( )
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Figure 2.3.: Simplified illustrations of all the side views of all the configurations. Above each structure,
the corresponding number is given. The holes of the modules are not shown here. Lighter shades
of grey mean change of the orientation width wise, meaning shark-tooth/zigzag orientation [van den
Brekel, 2021].

* For the wave reflection the coefficient was defined by measuring the reflected and the incoming
wave height at the Wave Gauges 4,5,6 (Figure 2.1), assuming that the wave damper located at
the end of flume is not influencing the results.

HmO,r,WG456(s,f)

Hy0.wG4s6(s.1)

Ki(s) = (2.3)

For the wave decomposition method, Zelt&Skjelbreia (Z&S) [Zelt and Skjelbreia, 1992] method was
used. With the help of Z&S method the reflected time signal was identified and subtracted from the total
wave signal, resulting in the incoming wave signal. Subsequently the mean of the variances (incoming
and reflected) were used to estimate the H,,,0 » and H,,0 ;. It is worth noting that this method is used based
on the fact that the reflection wave is small enough to be consider linear. If the reflected and incident
wave heights were non-linear, for example during extreme conditions, the results would be unreliable.
In consequence, only the cnoidals and stokes waves were into consideration during the optimization
process of the empirical equations (Section 2.1.3) and not the breaking ones. The optimization was
mainly performed with the regular wave tests because they were more than the irregular tests.

van den Brekel [2021] did an extensive literature review on the existing formulae on wave transmission
and reflection of submerged breakwaters, based on which the following design variables were used to
evaluate their impact the hydrodynamic performance (the parameters are defined at Section 2.1.1):

* Relative structure height
i

* Relative freeboard HR—;_
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¢ Relative crest width %
* Porosity ®

o .. . lan(u/mm)
Surf similarity parameter Vo=

* Relative channel spacing ng

* Surface roughness

2.1.3. Hydrodynamic performance

Following the tests, van den Brekel [2021] compared the results to the existing formulae to find out the
best fit. The best fit was achieved with the formula of van der Meer et al. [2005], which subsequently
was optimized using a non linear regression analysis to get a smaller relative error. The resulting
equations are:

e for§ >3
R. B —-0.24
K, = 0.325-% +0.679 ( ) (1 —e(*1°-5“>*¢0,m7130) (2.4)
S0 S0
o for & <3
R. h —0.358
K, = 0.189—~< 1 0.498 [ ¢ (1 fe(—1-919)*¢0,m71,0) 2.5)
Hg,; dy

Equation 2.4 was created from both regular and irregular wave conditions, but Equation 2.5 was based
only on regular wave conditions, due to the fact that only four tests had & < 3 of the irregular wave
tests, while more were needed. In both equations, the freeboard relatively to the incoming wave height
has the largest impact on the transmission coefficient. Even though the roughness and the porosity
of the breakwater are not within these equations, it was found they can also affect the transmission
coefficient, but to a lesser extent compared to the other variables.

An overview of the key results will be given here. For further information one should look at van den
Brekel [2021]:

1. Transmission

* An increase in roughness of the structure decreases the transmission, with the effect being
more important for steeper waves.

* Increasing the porosity results in an increased transmission, specifically for longer waves.
Likewise, decreasing porosity by blocking the modules holes with PVC decreases trans-
mission.

* For a given number of blocks, a wider crest is more effective in decreasing wave transmis-
sion than smaller porosity.

* No correlation was found between transmission and channel spacing.
* Increasing structure height decreases transmission.

* Decreasing slope steepness decreases the transmission (more profound effect for smaller
wave steepness).

10
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* Surface roughness decrease the energy in first and second harmonic if the relative structure
height is big enough.

 Zigzag/sharktooth orientation 1.3 didn’t affect the transmitted spectrum.
2. Reflection coefficient
» Reflection increases for increasing relative channel length.

* Decreasing block porosity increases the reflection. However, when compared to the other
factors, the effect is minimal.

* Crest width and roughness had too little impact on the reflection.
» Zigzag orientation resulted in less reflection compared to a straight one.
* Increasing structure height increases reflection.

* Like transmission, decreasing slope steepness decreases the reflection (more profound ef-
fect for smaller wave steepness).

2.2. Analysis of Porous Breakwaters

In this Section, the interaction between a porous breakwater and incoming waves will be discussed
through the analysis of transmission and reflection coefficients, followed by an overview of how to
model such a breakwater. Reefy breakwater is a porous structure itself and based on Table A.2 the
porosity of the tested breakwaters varied between 0.20 and 0.46. The distinctiveness of a permeable
structure arises from 2 characteristics. The first one is porosity, which is the proportion of the total
volume of the structure that is occupied by voids or openings. The second one is friction, which refers
to the resistance to the movement that the water faces as it flows through the pores of the structure. The
amount of friction depends on the size and shape of the porous media.

2.2.1. Transmission and reflection above porous breakwaters

The objective of permeable breakwaters is the same as every coastal protection structure, to dissipate
the incoming wave energy and protect, the shore or another structure, from heavy wave loading. They
do so, by reflecting waves and causing wave breaking that reduces transmitted wave heights. For
permeable breakwaters, there is additional dissipation of energy due to flow friction inside the porous
structure.

Dick and Res [1968] were one of the first to investigate the behavior of permeable submerged struc-
tures against impermeable structures, through experimental work. They conducted experiments with
rectangular breakwaters made of nested tubes. It was observed that permeable breakwaters behaved
differently than impermeable ones: the reflection coefficient was smaller than the respective solid struc-
tures, and the transmission coefficient was smaller. Thus permeable breakwaters could dissipate more
wave energy with increasing porosity values. However, for very shallow depths of submergence, both
breakwaters were similar in their behavior.

On the other hand, Dattatri et al. [1978] reported that the behavior between permeable and impermeable
breakwaters was not that different. Numerous laboratory investigations were conducted on porous
structures of different shapes, porosity and submergence depths. In their report, the most important
characteristics of the structures that influenced the behavior of the transmitted wave heights were the

11
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width and the submerged height, while the porosity (tested values of 0, 0.41, 0.42 and 1) was of less
importance for larger depths of submergence. Moreover, the shape of the breakwaters had only an
effect on the reflection coefficient and not the transmission coefficient. Dattatri et al. [1978] account
for the difference in their findings compared to Dick and Res [1968] on the fact that they used crushed
stones as porous media, rather than tubes.

Gu and Wang [1992] created a numerical model to study permeable breakwaters of irregular shape
and concluded that, if designed properly, porous breakwaters can dissipate more wave energy than
impermeable structures, but for breaking waves, depth submergence played a more dominant role.

? studied the effect of the incident wave obliqueness together with breakwater shape characteristics
and porosity. The results indicated that wave obliqueness has a lesser role compared to porosity and
structure submergence on the reflection and transmission coefficient and that structure width is more
important than structure slope.

Twu et al. [2001] investigated the behavior of a deeply submerged porous structure consisting of mul-
tiple vertical slices of porous material. Compared to a single-slice breakwater, in deep waters, a
multi-sliced breakwater can decrease wave transmission more effectively. The submerged breakwa-
ter’s porosity contributes more to wave dampening than the friction coefficient (inside the structure),
because wave penetration would occur at both the submerged structure’s front vertical face and upper
horizontal face.

A numerical model was developed from Huang et al. [2003] to model the interaction between a solitary
wave and a submerged permeable breakwater, where they found that there is a favorable value of
porosity where the wave transmission is minimized, namely 0.52. Above this value, the transmission
coefficient is increased again. Similarly, Hieu and Tanimoto [2006] estimated in their numerical model
that a value of 0.56 was the most effective for reducing the wave transmission for a submerged porous
breakwater under regular wave loading.

The interaction between a solitary wave and a submerged permeable breakwater was examined again
by Lin and Karunarathna [2007]. They report that the more porosity values increase, the more the
wave transmission values are increased. Nonetheless, there is a window of porosity values, 0.3 < n
< 0.7, where the energy dissipation increases with increasing porosity. On the contrary, the reflection
coefficient decreases with increasing porosity values. Lin and Karunarathna [2007] also investigate in
their work the effect of the breakwater length, for a given particle size of the porous media. The trans-
mission coefficient tends to decrease with increasing the length of the breakwater, reaching the value of
0, since more energy is damped inside the structure. The reflection coefficient though, increases with
increasing breakwater length, until it reaches a constant value and remains steady despite any further
increase, meaning that the incoming energy dissipates at the frontal part of the structure. A finding that
was also confirmed by Wu et al. [2012]; Wu and Hsiao [2013]. Therefore, there is an optimal thickness
for the structure where efficiency is maximized.

Metallinos et al. [2016] designed a numerical model and illustrated the difference between an imperme-
able and permeable structure under breaking waves. They concluded that structures with low porosity,
or impermeable structures, are more efficient in reducing incoming wave energy since flow through
porous media is not able to reduce the energy through friction, to the same levels that of wave break-
ing. The transmitted waves are ”squeezed” by the structure in impermeable conditions, allowing them
to flow through the freeboard and over the crest. As a result, all of the wave energy is concentrated in
the free depth above the structure. Wave breaking thus becomes more intense for the solid structure,
resulting in lower transmission coefficient.
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Qu et al. [2022] examined the effect of a permeable breakwater under extreme wave conditions by
constructing a numerical wave model and using focused wave groups. The permeable breakwater
resulted in bigger energy losses, up to 38% more than the impermeable structure.

Lastly, Kurdistani et al. [2022] formulated and calibrated an empirical formula to predict wave trans-
mission, taking into account the pore pressure distribution inside the mound and the resulting wave
damping. The suggested formula for the wave transmission coefficient shows a logarithmic descend-
ing trend for increasing porosity. In their formula, porosity has a weak effect on wave transmission,
with the main influence originating from the relative submergence depth. Equation 2.6 shows the cal-
ibrated formula where z is the seaward slope, ® = (1/2x)tanh(2nds /L), ¢ = (n0.5dsx)/ (B.H;), n
is the porosity of the structure and x is the horizontal coordinate inside the breakwater. For submerged
breakwaters B,y equals to [(4 x crest width + bottom width)/5].

0.042 R 0.75 B 0.125 L 0.39
K, =0.5761n | 0.428 (142z)" (1 +C> (ff) () @B 018 10923
H; Dyso Beff
(2.6)

Everything considered, in terms of the transmission coefficient for the porous structure, increasing the
porosity generates higher energy dissipation due to flow friction inside the porous structure, lowering
the transmitted wave height. On the other hand, increased porosity allows more energy to penetrate
the structure, increasing the transmitted wave height. These two elements balance each other out.
[Huang et al., 2003] Porosity seems to have a bigger impact on the reflection coefficient, but only the
frontal part of the structure influences the outcome since most of the energy is dissipated in face of the
structure.

Based on the aforementioned literature, porosity itself is not the most important factor that regulates
wave transmission, but rather the submergence depth and width of the breakwater, mainly for breaking
wave regimes above the structure. This is in agreement with the findings of van den Brekel [2021],
where after the analysis of the experiments and optimized equations she came to the conclusion that
porosity has a lesser effect on the transmission, with the submergence depth and width having a major
impact.

Likewise, there is an agreement between the findings of previous studies and the results of the physical
model regarding the reflection coefficient. As reported in the key results of the previous study, it was
found that crest width had no serious impact on reflection, implying that the width of the breakwater
was wide enough already and the reflection coefficient had reached a steady value. Zigzag orientation
compared to a straight orientation has a bigger area where the incoming wave can dissipate and produce
less reflection, further explaining the findings of van den Brekel [2021].

2.2.2. Overview of porosity models

A major difficulty in the understating the hydrodynamics of porous breakwater is the impact of the
porosity on the flow that runs through it. Modelling porous media flow would also be very computa-
tionally demanding and possibly unnecessary if bulk results are desired. Usually, the porous breakwa-
ter, or any porous structure, is assumed to be uniform with one average porous parameter describing the
porosity. To estimate the flow resistance and energy dissipation generated by porosity, semi-analytical
porosity models with empirical parameters have been created. The hydrodynamic conditions of a
porous breakwater are defined usually by a boundary value problem which requires a main equation

13
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together with suitable boundary conditions [Han and Wang, 2022]. Normally such porous solutions
suggest:

1. A fitting boundary condition of a simplified porous flow model.

2. An estimation of the empirical parameters, for example empirical viscous parameters or param-
eters to approximate the flow resistance and energy dissipation caused by porosity.

The first one to investigate the flow through porous media was Darcy [1856]. Following the formula-
tion of the Darcy law, Forchheimer [1901] extended the equation to include inertial effects for higher
Reynolds number flows. One of the first studies on wave transmission and reflection of porous break-
waters was performed by Sollitt and Cross [1972], of whom the proposed momentum equations are
still widely used [Huang et al., 2003]. They recommended a linearized theory that arises from the mo-
mentum equations together with additional terms of inertia and nonlinear resistance forces to explain
the frictional forces exerted by the porous media. The resulting linear equation, based on linear wave
theory, was formulated as:

dg 1
E“EV(””Z)‘“" (2.7)

with S the inertial coefficient, q is the instantaneous Eulerian velocity vector, p is the corresponding
pressure, p the fluid mass density, ¥ fluid weight density, z the vertical coordinate, o the angular
frequency of the wave and f is the linearized friction coefficient which is written as:

+T 2, C
v e+ g
o Jydv [T eq2dr

(2.8)

where V is the flow field where f is constant, T the wave period, € is the porosity ratio, K, the intrinsic
permeability and Cy dimensionless turbulence coefficient.

After the study of Sollitt and Cross numerous numerical models were created to examine the interaction
of porous structures with waves. One set of equations that were used from numerous models are the
mild slope equations. One example is Rojanakamthorn et al. [1989] who modified Sollitt and Cross
[1972] findings to develop a modified mild slope equation (by utilizing vertical eigenfunctions) to
examine non-breaking waves over a finite porous bed. Other numerical models that were created based
on mild slope equations are that of [Losada et al., 1991; Méndez et al., 2001; Hsu et al., 2008]. Just like
mild slope approaches, shallow water equations (e.g.,Kobayashi et al. [1987]; Wurjanto and Kobayashi
[1993]; van Gent [1994]), Boussinesq equations (e.g.,Hsiao et al. [2009]; Chen [2006]; Er et al. [1997];
Madsen and Sgrensen [1992]) and extended Boussinesq equations [Metallinos et al., 2019, 2016] are
widely used to model the flow in and out of a permeable structure.

All the previous numerical models are based on the notion of potential flow, which assumed that that
the fluid is incompressible, non-viscous and the fluid motion is irrotational [Han and Wang, 2022]. The
theory of potential flow upholds as long as the waves are not breaking. Nonetheless, wave breaking
processes, turbulent flow, non-linear effects and structure-wave interaction need to be accounted for.
Van Gent [1995] created a model based on Reynolds- Averaged Navier-Stokes equations to examine the
wave motion outside and inside of the structure, by considering linear and nonlinear frictional forces.
Furthermore Van Gent [1995] modified the Navier Stokes equations to include porous media flow.
For a two dimensional incompressible flow with a constant fluid mass density through a homogenous
isotropic porous medium, the equations are formulated as [Van Gent, 1993, 1995]:

14



2. Literature Study

- 7 _ _ _ 2 2 2.
ng Jt n3g 8x+8z + au = buy/ (u> +w?) @9

l—ﬁ—CA@ 1 [/ ou? M 1 dp
pg dx

2
L+Cadw | <9“W+‘9W>+”P—_aw_bw W@+w)—g (210
dx dz

ng dt n’g pg dz

where:
* uand w are the filter velocities in x and z direction respectively
* n is the porosity
e (4 is a coefficient for added mass
¢ ais a dimensional coefficient (s/m)
* b is a dimensional coefficient (s%/m?)

Equations Eq.2.9 and Eq.2.10 can also be rewritten for one-dimensional porous flow as:

1+ Ca du 1 du 1 dp
= _qu— 2.11
ng ot nzguax+pg8x au = bulu @1h)

The dimensional parameters a,b and C4 are computed as:

1— 2

a= aﬂ% (2.12)
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ng
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where KC = WDy A, = neT while a and . are empirical parameters

Following the work of Van Gent, Hsu et al. [2002] created a mathematical model on the basis of
Volume-Averaged/Reynolds Averaged Navier-Stokes (VARANS) equations this time to depict sea sur-
face for both impermeable, permeable structures or a combination of both. By taking the standard k — &
equations and due to the volume-averaging process, the effects of the small-scale turbulence was man-
aged to be included in the model. Another way to modify the Navier-Stokes equations is to additionally
time average the VARANS equations [De Lemos, 2012].

The last step, so far, regarding the numerical modelling of porous flow is to model 3D processes like
wave refraction or diffraction, something not possible with the previous studies presented here. For that
reason del Jesus et al. [2012] constructed a new set of equations based on VARANS, the multiphase
VARANS equations, where the turbulence once more is being modeled by k — € equations and Volume
of Fluid Method (VOF) was used to simulate the water surface. The importance of a fully 3D model
comes from the fact that the porosity actually may change along a porous structure such a breakwater.
The model was validated from del Jesus et al. and was found out to demonstrate high level of agreement
with previous experimental data.
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Figure 2.4.: The volume-averaging process used to resolve the porous flow [Losada et al., 2016]

Based on the existing literature, several techniques including design equations, analytical methods,
numerical modelling and model testing, have been used to examine the influence of porous materials
on the performance of breakwaters. For every different approach to the problem, a set of assumptions
(e.g, physical or first estimation of parameters) and equations are applied that then are carried on from
subsequent authors that expand their work. The difference between the way of approaching the porous
flow and processing the steps needed to create a numerical model proves that there is no common
agreement on modelling porous media flow [del Jesus et al., 2012]. Different models may be suitable
for different structures and applications. Han and Wang [2022] suggest three factors to choose a fitting
porous flow model:

1. Simplicity and robustness: When the early stages of conceptual development are concerned or
when the study’s focus is elsewhere rather than on the specific effects of porosity, simple models
can be used. When qualitative rather than quantitative results are desired, models that are not
complex and computationally expensive are sufficient enough.

2. Flow regime: Once the focus of the study is on understanding the energy dissipation of a porous
breakwater, physical aspects may need to be considered to avoid unrealistic results. Different
flow regimes (e.g., laminar, turbulent) affect the resistance force terms. Each model’s applicabil-
ity is determined by the relative importance of the resistance terms, which is determined by the
flow characteristics.

3. Comparison with experimental data: Whether or not a porosity model is applicable to a given
flow regime and structure, can be evaluated by comparing the results with experimental data. It
is better to choose a porous model that has already been validated for the given structure.

2.3. Numerical Model

The theory behind the numerical model helps with recognizing the shortcomings and strengths that
accompany it. Initially, the general description of XBeach is given with the governing equations,
followed by the description of the XBeach non hydrostatic+ edition of the model, which is going to be
used for the simulations.

2.3.1. Modelling with XBeach

The given model is XBeach, an open source process-based model [Roelvink et al., 2009], which was
originally developed to simulate nearshore hydrodynamics such as the impact of erosion on dune and
sandy beaches. Based on the desired time scale in which the model resolves the hydrodynamic pro-
cesses, three model options are available:

16



2. Literature Study

 Stationary mode: wave-averaged equations but not taking into account infragravity waves.

* Surfbeat mode (XB-SB): both short wave variations and the long waves associated with them are
computed on a group scale (instationary).

* Non-hydrostatic mode (XB-NH): models the propagation of and decay of individual waves (wave
resolving).

For this thesis the Non-hydrostatic mode, and more specifically the Non-hydrostatic + mode (XB-
NH+), was already decided since it has been thoroughly verified for reef hydrodynamics [Pearson,
2016; Quataert, 2015; Pomeroy et al., 2012; Van Dongeren et al., 2012; Lashley et al., 2018; De Ridder,
2018]. This is important because this means that XBeach Non-hydrostatic + is able to successfully
reproduce wave transformations, such as shoaling, breaking and spectral energy allocation.

2.3.2. Non-hydrostatic + XBeach mode

Using non hydrostatic numerical schemes to model wave propagation has been applied before, with
the most common models being SWASH [Zijlema et al., 2011] and NHWAVE [Ma et al., 2014]. Both
models were applied to simulate porous structures with satisfactory agreement between experimental
and numerical results. The advantage of these models is that they can model with better accuracy the
structure-wave interaction. The disadvantages are that to compute the non-hydrostatic effects, a large
number of grid cells are needed.

For the non-hydrostatic mode of XBeach, the non-linear shallow water equations together with a non-
hydrostatic pressure are used to calculate the depth-averaged flow due to waves and currents. However,
this model is not suitable for deep water waves because an error in the wave celerity arises in the deep
water. The frequency dispersion behaviour can be captured sufficiently up to a certain degree with the
depth-averaged and phase-resolving formulations, usually up to a relative depth of about kh=1, where
k is the wave number and h the water depth. This limitation can be confining and force the boundary
to be located in a region where kh< 1, which can be for example the surfzone [de Ridder et al., 2021].
Contrary to Non-hydrostatic mode, which is a 1 layer model, Non-hydrostatic+ mode has 2 (reduced)
vertical layers, similar to the work of Rijnsdorp et al. [2017]; Zijlema et al. [2011]. Adding an extra
vertical layer increases the model’s capabilities of computing the dispersive behaviour, while at the
same time increases the computational costs. Cui et al. [2014] developed a reduced 2 layer model
which still represents the dispersive behaviour better than a 1-layer model, but is less computationally
costly.

De Ridder [2018] formulated in detail the equations used in the XB-NH and XB-NH+ versions, where
he also validated them with laboratory data from previous cases. Here only the governing equations
will be shown while for further details one should refer to De Ridder [2018]. The initial point for
the derivation of the equations is the swallow water equations together with the inclusion of the non-
hydrostatic pressure (for uniform flow in the y direction):

du Jduu Jdwu 19(pwn+pn) It

o ax e p ox e 212
ow duw Jdww  1dg
7o Tar T pa: 210
du dw
T+ =0 2.17)
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where:
* tistime
¢ u horizontal Eulerian velocity
» w vertical Eulerian velocity
* t the shear stress
* pun non hydrostatic pressure
* pn = pg(& — z) hydrostatic pressure
 z=0 still water level, £ the free surface elevation and d the water depth.

The above equations are bound by a constant pressure at the free surface and the following kinematic
conditions:

_d8 ¢ _
w= —u% for z=—-d (2.19)
ox

XBeach Non-hydrostatic+ , follows the reduced 2 layer model, where the domain is divided in the
vertical into two layers, namely Az; = ath and Azp = (1 — o)k with o the layer distribution parameter
and h the total water depth. The normalized non-hydrostatic pressure q is given as p,,/p. Vertical
velocities and non-hydrostatic pressure are at the cell face, whereas horizontal flow velocities are along
the layers’ centers. The difference in velocity between the 2 layers is assumed small, which in terms
of depth averaged velocity U means Auw/U «1.
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Figure 2.5.: Representation of the XBeach-nh+ grid. The bottom non-hydrostatic pressure is expressed
as go = g1 + Aq [De Ridder, 2018].

In the reduced two layer system, in the bottom layer (Az;) the non-hydrostatic pressure is constant,
which means that Aq can be omitted, while the vertical velocity of the interface w) is assumed to be
of the same order such as Au. The constant non-hydrostatic pressure can be justified from Equation
2.20 [Cui et al., 2014] which shows that the non-hydrostatic profile tends to become constant near the
bottom, mainly for increasing kh values.
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4= phn (1 B Coshk(z+d)>

2.2
coshkd (2.20)

with
* g non-hydrostatic pressure profile
* h the free surface level
* 7] wave height
¢ d still water level

As a consequence of the simplifications made for the reduced 2 layers, only the continuity relation for
the upper layer (Equation 2.21), the global continuity equation (Equation 2.22), the equation for the
mean vertical momentum equation in the top layer (Equation 2.23) and the two horizontal momentum
equations (Equations 2.24 and 2.25) are required. Through these equations U, Au, wy, & and q are
possible to be calculated.

2 (1 @)U + (1 +a)hatu] + 2w 19— %2 =0 @21
AL (222)
a(;l—tl]—l—gh%—o—%(hUz)—i—l;a%—q%:O (2.24)
L L (lqa)‘ﬁ:—m—vm (2.25)

The location and the breaking of the waves are estimated with the hydrostatic front approximation
[Smit et al., 2014a], in which the model is locally transformed to a shallow water model where the
pressure distribution under breaking bores is assumed to be hydrostatic. With the hydrostatic front
approximation the vertical structure of the flow is not explicitly computed as XBeach is depth-averaged.
Based on the XBeach manual, a cell is considered hydrostatic when % > 0.6, i.e the steepness of the
wave is above 0.6. Higher steepness values mean steeper wave faces before the limit of breaking.
The cell will become non-hydrostatic once % < 0.3, which stands for the passing of the wave crest.
In XBeach, this value is calibrated through the maxbrsteep parameter. Through validation with 2
different cases, de Ridder et al. [2021] concluded that the XB-NH+ can correctly simulate the bulk
wave statistics and the spectral properties, with extended applicability up to kh=5, but for kh bigger
than 2 the surface amplitude deviates from linear wave theory. On the contrary, XB-NH is applicable

up until kh=1.
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3. Methodology

In Chapter 2 a short summary was given of the work van den Brekel [2021] had conducted and will
provide the present thesis with data. In Section 3.1 all the necessary data together with the parameters
and techniques with which the analysis of the data shall take place will be shown. In Section 3.2 the
set up of the wave flume and the breakwater within XBeach non-hydrostatic+ will take place. The
breakwater will be simulated with a variety of options in the pursuit of reaching an agreement between
the modeled transmitted wave heights and the reference wave heights from the wave flume.

3.1. Data

In this section, the parameters and the analysis tools will be introduced, followed by the selection of
data that is going to be used in the next sections.

3.1.1. Data processing

To compare and analyze the data of both the wave flume and XBeach, the following 3 wave parameters
are be computed:

Significant wave height H,,0 = 4x/mg [m] (3.1)

Spectral Periods ’ (3.2)
Tovo= (%) [s]

with:
* my zero order moment of the spectrum (variance)
* m; first order moment of the spectrum

e m_1 minus one order moment of the spectrum

The moments are computed by integrating the variance density spectrum and are defined as:

3
mo= [ FEGAF w2 gor n=1.0. )

The boundaries of the integration was 0-3 Hz, based on the fact that almost all of the energy of the
computed frequency spectra was located within this range. From the surface elevation time series, the
energy spectra are computed with the help of Welch’s average periodogram method [Welch, 1967].
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The variance is computed with the composite trapezoidal rule. In Appendix B, more information is
given on the Welch method and a short analysis is done on the spectral resolution.

To distinguish between incoming and reflected wave signals a python script based on the method of
Guza et al. [1984] is used. This method distinguishes the incoming and reflected signal using Equation
3.4, which is a relationship between the surface elevation and the cross-shore depth average velocity.

Cs = (Ncthu)/2c (3.4)

with:
* (. the positive (incoming) and negative (reflected) wave signals
* 1 surface elevation
* u depth averaged current
* hlocal depth

* ¢ the wave celerity. In its original form, this method assumes shallow water conditions and
therefore the celerity is computed as ¢ = /gh. However, for the given wave conditions and
depths, the waters can be characterized as either deep waters or intermediate (swallow waters
when d/L < 0.05). For this reason, the celerity was modified based on the dispersion relationship
as followed: ¢ = 27 /T,k where k is computed iteratively through the dispersion relationship
(27 /T,)* = gktanh(kh). As an input for the wave period, the peak period of each wave condition
was used.

Lastly, to assess the results of all the different simulations and computations, the root mean square error
(RMSE Equation 3.5 ) and the mean average percentage error (MAPE Equation 3.6 ) will be used.

N (3 vi)2
RMSE = M (3.5)
N
100% &, |yi —y'
mAPE = — =} |22 (3.6)
=] Y

where y' are the computed values of XBeach, y' are the observed values of the wave flume and N is
the number of observations. RMSE is a measure of the average magnitude of the error while MAPE
is a measure of the error relative to the physical model values. Additionally, the error plots, where
the predicted values are plotted against the actual values, will also be given for each solution. It is
worth noting that from the physical model test, only the surface elevation is known, and the measured
wave parameters in the wave gauges. There is no information about the incoming wave spectra, or
information about locations within the wave flume that were no wave gauges.
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3.1.2. Wave Conditions

In Appendix A Table A.1 an overview of all the wave conditions is shown, both regular and irregular,
that were tested in the wave flume experiment. In this thesis though, only the irregular conditions will
be of interest, mainly for 2 reasons. Firstly, in the ocean and in real-life conditions the wave field is
irregular. Secondly, due to time constraints, choices should be made on which conditions would be
of interest. The table only with the irregular wave conditions is given at Table 3.1. For every wave
condition, tests with and without the structure took place. As it can been seen from the same table not
every structure was tested for every wave condition. The structure that was tested the most was the
structure with number 8-, a double-row structure with a channel in between and zig-zag orientation.
(Figure 3.2). Structure 8-I along with Structure 2 will be the 2 main configurations with which the
computations in the next sections will take place, for a solution to be found. Structure 2 (Figure 3.1), in
contrast to Structure 8-1, is a single unit with a constant orientation over the width. It has the most plain
shape among the structures that were tested for irregular wave conditions. After a solution is found, a
validation will take place with configurations that were not tested.

Figure 3.1.: Structure 2 Figure 3.2.: Structure 8-

In Appendix A there are pictures of all the structures that were tested. The side view of all the structures
was also given in Figure 2.3.
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Wave conditions d, [m] T, [s]

Hige: [M]

s[-]

Structure number

061

0.04

0.02

114

11-11

12-1

12-11l

14

16

068

1.47

0.06

0.02

2

8-0

8-

8-V

13

15

8-1-PVC(69&169)

17

068

0.8

0.02

0.02

8-

15

18

068

131

01

0.04

11l

11-11

124

12-111

14

18

068

0.08

0.04

&1

13.8-1-PVC

20

068

0.98

0.06

0.04

8-0

8-l

8-V

8-1-PVC(169&3D)

35

075

16

0.14

0.04

2

2-BH

4

5

6

7

&

8--PVC(388269&169)

36

0.75

1.45

0.12

0.04

8-l

Table 3.1.: Overview of the Irregular wave conditions tests. T is the peak period T, and Hgrger 1S
the significant wave height H; that were used to generate a JONSWAP spectrum that was the input
of the wave generator. dj is the water depth at the wave paddle, which was located at the deep part
of the flume (Figure 2.1). In some tests, a number of tubes (38,69 or 169) or 3D printed corals were
installed at the holes of the top blocks to increase the friction of the breakwater (Figure A.8, Figure
A.9, Figure A.10, Figure A.11). In one structure, structure 2-BH, the vertical holes were blocked
with pipes to mimic fauna growth (Figure A.2). Note that these pipes didn’t completely block the

holes.
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In Section 2.3.2, XBeach was described as a model made initially to compute nearshore processes and
eventually was modified to be able to capture processes of intermediate waters with the XBeach non-
hydrostatic+ mode. The wave conditions that were used as input (Table 3.1) have to go through an
analysis to evaluate whether they satisfy the boundary conditions of XBeach. The analysis was done
by computing whether for the given combination of wave height, wave period and depth, the waters in
the flume can be characterized as deep, intermediate, or shallow. According to Holthuijsen [2007] and
based on the ratio of depth/wave length or wave number times depth, the limits are:

* Deep water: d/L > 0.5, orkd > 3
¢ Intermediate water: 0.5 > d/L > 0.05, or 3> kd > 0.3
¢ Shallow water: 0.05 > d/L, or 0.3 > kd

XB-NH+ can be applied for boundary conditions up to kd=5, but an error is introduced at the surface
amplitudes for kd bigger than 2. For this thesis, wave conditions that correspond to kd > 2 will not be
considered for the following sections and chapters as the results are expected not to be valid. In Table
3.2 the kd values of the wave conditions for the deep and shallow part of the wave flume are estimated
(Figure 2.1).

Wave characteristics Deep Part Shallow Part

do [M]  Turee [M]  Hurgee [M] d/L[-]  kd[-] d/L[-]  kd[-]

WC5 0.61 1.16 0.04 0.20 1.0 0.12 0.78
WC 16 0.68 1.47 0.06 0.22 1.42 0.11 0.72
wC 17 0.68 0.8 0.02 0.68 4.27 0.25 1.63
WC 18 0.68 1.31 0.10 0.27 1.70 0.13 0.82
WwC 19 0.68 1.15 0.08 0.33 2.12 0.15 0.97
WC 20 0.68 0.98 0.06 0.45 2.80 0.19 1.20
WC 35 0.75 1.60 0.14 0.21 1.34 0.12 0.76
WC 36 0.75 1.45 0.12 0.24 1.56 0.13 0.85

Table 3.2.: The different wave conditions together with the computed characteristics.

There are 3 wave conditions, in which the kd values exceed the limit of 2, namely wave conditions 17,
19 and 20. For wave condition 17 specifically kd equals 4.27, which is the highest among the different
wave conditions and with a value of d/L=0.68 the only wave condition in which the wave flume can
be characterized as deep waters. The other two wave conditions have also high kd values. Therefore,
these 3 wave conditions will not be of interest. A more extensive explanation is given in Appendix B
and Table B.2

It is worth noting that the values used in Table 3.1 are the inputs that were used at the wave paddle at
the start of the flume to produce the different wave conditions. At the wave gauges, different values
were measured. In Table 3.3, Table 3.4 and Table 3.5, the significant wave height and the spectral
periods are shown for each irregular wave condition without the structure. These values are computed
from the surface elevation time series recorded at all the 9 wave gauges (WMH) that were installed
at the physical model. The selection of the input for model will be based on these recorded values as
explained in Section 3.2.1
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H,.,o of all wave gauges [m]
dg [m] Tiarget [S] Higrgee [S] WMHO1  WMHO02  WMHO03 WMH04 WMHO5 WMH06 WMH0O7 WMH08 WMHOS

WC5 0.61 1.16 0.04 0.038 0.038 0.038 0.036 0.036 0.036 0.035 0.035 0.035
WC 16 0.68 1.47 0.06 0.057 0.058 0.057 0.058 0.057 0.057 0.057 0.056 0.056
WwC18 0.68 1.31 0.10 0.093 0.094 0.093 0.088 0.087 0.087 0.085 0.084 0.084
WC35 0.75 1.60 0.14 0.131 0.132 0.130 0.127 0.124 0.124 0.120 0.119 0.119
WC 36 0.75 1.45 0.12 0.112 0.113 0.112 0.108 0.107 0.107 0.104 0.103 0.103

Table 3.3.: Overview of H,,o per wave gauge and wave condition for the physical model. This is the
significant wave height, computed through the measured surface elevation, including incident and
reflected signals, which are not separated.

Timo,1 of all wave gauges [s]
do [Mm]  Tiarger [S] Hearger [S1 WMHO1  WMHO02 WMH0O3 WMH04 WMHO5 WMHO6 WMH07 WMHO08 WMHO09

WC5 0.61 1.16 0.04 1.00 1.00 1.00 1.00 1.01 1.01 1.03 1.04 1.03
WC1e 0.68 1.47 0.06 1.24 1.24 1.24 1.22 1.23 1.23 1.27 1.28 1.27
WC18 0.68 131 0.10 1.13 113 1.13 1.08 1.10 111 1.17 117 1.17
WC 35 0.75 1.60 0.14 1.36 1.36 1.36 1.24 1.25 1.26 1.36 1.38 1.38
WC 36 0.75 1.45 0.12 1.24 1.24 1.25 1.18 1.20 1.21 1.27 1.27 1.27

Table 3.4.: Overview of T,y per wave gauge and wave condition for the physical model

Tm1,0 of all wave gauges [s]
do [m]  Tearger [S] Hearger IM] WMHO1  WMHO02 WMH03 WMHO4 WMH05 WMH06 WMHO7 WMHO08 WMH09

WC5S 0.61 1.16 0.04 1.07 1.08 1.08 111 1.12 113 1.18 1.18 1.18
WC 16 0.68 1.47 0.06 1.36 1.35 1.35 1.39 1.39 1.40 1.46 1.47 1.46
WC 18 0.68 1.31 0.10 1.24 1.24 1.24 1.30 1.32 1.33 1.44 1.44 1.44
WC 35 0.75 1.60 0.14 1.51 151 151 1.52 1.53 1.53 1.65 1.67 1.67
WC 36 0.75 1.45 0.12 1.36 1.36 1.36 1.39 1.41 1.41 1.49 1.50 1.50

Table 3.5.: Overview of T;,, 1, per wave gauge and wave condition for the physical model.
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3.2. Model setup

Now that the wave conditions that will be used as forced conditions at the boundary of XBeach are
defined and the structures that will be used to be in the simulations have been chosen, the setup of
the numerical model can be realized. At first, in Section 3.2.1, the setup of the wave flume will be
completed. This includes grid sensitivity analysis that determine the results’ resolution, tuning the
forced conditions on the boundary as well as simulating the bathymetry that represents the physical
model. The next step is to simulate the breakwater inside. As an Original case, the breakwaters will be
represented as a simple change in the bathymetry, followed by modifying their size to reach the desired
results. The maximum wave steepness parameter will also be part of the solution, as it regulates the
wave breaking behavior. In the end, the vegetation module of XBeach will be tested to investigate
whether modeling the breakwater as vegetation is possible.

3.2.1. Wave flume setup

Output locations

Regarding the output locations (e.g the locations within the domain where data is stored), in all the grid
points both the depth average velocity u and the instantaneous sea surface z; are stored. Additionally,
fixed output points are chosen by the user for specific locations and XBeach links the point to the
nearest grid point. The number of fixed output points in total will be 11 points, 9 are the water gauges
as they were located at the physical model and another 2 output points in various parts of the model.
An overview of the points and the location of each is given Figure 3.3.

Grid & Points per wavelength

The grid that was used as an input for XBeach, and the corresponding bathymetry, were computed
using the XBeach Toolbox Python script provided by Deltares. The toolbox uses the bathymetry as an
input, the desired points per wavelength, the wave period, and in the end produces a variably spaced
grid (non-equidistant) that minimizes the computational costs.

To make sure that all the wave components are accurately resolved to the desired resolution, the cross-
shore grid spacing has to be specified. The denser the grid, the better the resolution, but at expense
of the computational effort. Within one wavelength there should be enough grid points to simulate
the wave shape without losing information. 5 different values of the grid points per wavelength were
used to examine which of the 5 values would represent the wave parameters the best. To accurately
find a value that describes all the conditions, as an input the wave period of Wave condition 5 was
used because according to the dispersion relation, it has the shortest wavelength and the grid must be
sufficient enough to represent it. The number of grid points per wavelength and the resulting number
of total grid points are given in Table 3.6.
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Location of the points

. Location
Points
0.8 | [m]
L | .
0 | | Output point 1 8
.74
Output Output Wave gauge 1 11.97
points 1 point
0.6 Wave Wave Wave 2 Wave gauge 2 12.96
— gauges gauges gauges
E‘ 0.5 - 13 4-6 7.9 Wave gauge 3 13.13
E Wave gauge 4 22.4
2 0.4 4
8 Wave gauge 5 22.79
0.3 1 Wave gauge 6 22.79
Wave gauge 7 27.46
0.2 == Toe of the structure
Wave gauges Wave gauge 8 27.86
0.1+ = Output points Wave gauge 9 28.05
----- Water level=0.75 m i
0.0 . : . . . Output point 2 50
0 10 20 30 40 50

Distance [m]
Figure 3.3.: Location of the output points within the domain. Structure 2 is also visible for reference.

The toe of the different structures is at a distance of 25.1 m. At the end and after location x=55 m a
1-3 slope is present to mimic the wave damper as was installed in the physical model.

Points per  Total grid

wavelength points
20 474
40 893
60 1333
80 1773
100 2215

Table 3.6.: Overview of the points per wavelength and the total grid points that XBeach Toolkit pro-
duced.

In Figure 3.4 and Figure 3.5, the significant wave height for all grid points is given together with the
variance spectra of the first wave gauge for wave condition 5. It can be seen that after 80 grid points per
wavelength both parameters seem to stabilize regarding their values. Most importantly, from Figure
3.4 it can be seen a steep decrease of the significant wave height at the boundary of the domain. This
decrease is there for all runs and wave conditions. This behavior of XBeach is known and is also visible
in other studies (e.g Pearson [2016]). Another noticeable trend is the mild damping of the wave height
across the domain, which can be an effect of friction.
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WCS5 Points Per Wavelength values
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Figure 3.4.: Significant wave height for all grid points for different points per wavelength (PPW) values
and for wave condition 5.
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Figure 3.5.: Variance spectra of wave gauge 1 for different points per wavelength values and for wave

condition 5.

Boundary conditions

At the boundary, a JONSWAP spectrum is forced with a wave height and peak period as defined in
Table 3.1. For the upper frequency, a Nyquist frequency of 3 Hz will be used. This is due to the fact
that a scale model is being simulated and setting the Nyquist frequency above the default values (which
is 0.2-1 Hz) is needed to cover all the frequencies in the boundary condition.

In Figure 3.4 a steep decline in the wave heights is visible at the start of the domain. For that reason,
the input of the wave heights was increased until the resulting significant wave height in wave gauges
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1-3 is about the same as the significant wave height that was measured at the wave flume (Table 3.3).
The new wave heights, that are going to be used to create the JONSWAP spectra, are computed as the
ones shown in Table 3.7

Wave conditions dy[m]  Tigpue [S]  Hinpue [s] s[-] Structure number

11-1
11-11f
5 0.61 1.16 0.047 002 12-1
12-111
14
2
8-0
81
16 0.68 1.47 0.066 002 8-V
13
15
8-1-PVC(698&169)
111
11-11f
18 0.68 131 0119 0.04 12-1
12-111
14

35 0.75 1.6 0.15 0.04

g
8-1-PVC(328698169)
36 0.75 1.45 0136 004 8-

Table 3.7.: The new forced conditions that are applied at the boundary of XBeach for the irregular
wave conditions. These 5 wave conditions will be used in the subsequent analyses, after screening
out wave conditions not meeting the kd criteria. With blue color, are the structures that are used for
the calibration while green colored are the additional structures to be used for the validation. The
validation will take place with both blue and green coloured structures.

Slope at the end

At location x=55 m of the physical wave flume (Figure 2.1) a parabolic wave damper was installed.
In the pursuit of successfully representing the physical model, the wave damper will be represented
as a slope. Measured during the physical experiment, the reflection coefficient of the parabolic wave
damper was about 20%. For the numerical model, it was tested for different values (Table 3.8), that a
slope of 1:3 produces on average 20% for the different wave conditions.
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Slope Reflection
1.1 0.38
1:2 0.30
1:3 0.18
1.5 0.06
1:10 0.03

Table 3.8.: Overview of the reflection for different slope values. The reflection is defined as K, =
Hr('flez‘red

H, incoming

The rest of the parameters used in XBeach and that were not referred will have the default values
suggested in the XBeach User manual. The friction coefficient is going to be within the limits proposed
by the XBeach User manual likewise. More specifically, after a sensitivity analysis was conducted in
Appendix B Section B.4, it was concluded that a geometrical roughness of Nikuradse k; equal to 0.01
m, using the White-Colebrook formulation, resulted in the best results. The results of the wave flume
set up without the breakwater are presented in Section B.4. Only for one solution will there be a change
in the settings,as explained in Section 3.2.2.

3.2.2. Schematization of the breakwater in the numerical model

A breakwater constructed by Reefy blocks is porous and can have a complicated 3D shape that changes
horizontally or vertically. In this thesis, the different breakwater configurations will only be examined
in the cross-shore profile, as conducted in the physical experiments. However, such a 1D approach,
together with the capabilities of XBeach, imposes limitations on the level of detail that the breakwater
can be represented with. XBeach has no features to specifically model porous structures. Therefore
different options will be investigated to simulate the breakwater.

Breakwater as a change in the bathymetry (Original case)

The first option is to represent the breakwater as a simple change in the bathymetry. This option
recreates the breakwater as an impermeable structure and does not consider the porosity and friction of
the structure. Figure 3.12 and Figure 3.13 show Structure 2 and Structure 8-1 modeled as changes in
the bathymetry.

Structure 2

o
®

g
o

Depth [m]

I
»

—— Bathymetry
Gridpoints

2450 24.75 25.00 2525 25.50 25.75 26.00
Distance [m]

Figure 3.6.: Bathymetry and grid points

of structure 2.

Decreased structure height

Depth [m]

26.25 26.50

Structure 8-I

o
©
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-0-0-0-0-0-0-0-0-0—¢ e e Gridpoints
0.6 I 0.20m I 4 \ ’ \
P e e anaannanns |
2450 24.75 25.00 25.25 25.50 25.75 26.00 26.25

Distance [m]

Figure 3.7.: Bathymetry and grid points
of structure 8-I.

26.50

In the previous option, the effect of the porosity and friction of the porous media is not taken into
account. In Section 2.2.1 the difference between a permeable against an impermeable structure was
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explained in detail. Just like Metallinos et al. [2016] described in their model, it is expected that since
the waves break above the breakwater, modeling it as an impermeable structure will result in too much
energy dissipation through wave breaking. Structure height controls depth breaking and thus it will
be examined whether lowering the height will produce the desired agreement between the results of
the model and physical test. For both structures, the following levels of structure height decrease were
modeled: 10%, 15%, 20%, 25% 35%, and 45% (Figure 3.8 and Figure 3.9)

0.8 Structure 2 Bathymetries 08 Structure 8-1 Bathymetries

- T o | o | = esoseese

£ -+ 35% Decrease £ -+ 35% Decrease

= 0.6 —  25% Decrease — 0.6  — 25% Decrease

s ~e 15% Decrease S ~e 15% Decrease

o o

(l) v

© 0.4 S04

24.50 24:75 25j00 25j25 25;50 25j75 26j00 26;25 26.50 24.50 24j75 25100 25125 25j50 25;75 26j00 26j25 26.50
Distance [m] Distance [m]
Figure 3.8.: Decreased heights for struc- Figure 3.9.: Decreased heights for struc-
ture 2. ture 8-1.

Change in wave steepness parameter

Another method to influence the breaking process is to delay the wave breaking by changing the maxi-
mum wave steepness parameter maxbrsteep. The maxbrsteep parameter was also explained in Section
2.3.2 and controls the location and magnitude of wave breaking. When the local surface steepness
exceeds the value of maxbrsteep, the nonhydrostatic pressure correction term is turned off and the
pressure is assumed to be hydrostatic (hydrostatic front assumption). The default value is 0.4 and for
this solution, it was increased to values of 0.6, 0.8, 1, 1.2 and 1.4. Higher maxbrsteep values allow for
steeper wave faces prior to wave-breaking. Increasing the parameter to too-high values will result in
even steeper waves. To compute such steep waves the grid points per wavelength should also be in-
creased to capture the wave transformation. For the present thesis, the number of grid points reminded
the same despite the value of maxbrsteep. The advantage of this solution compared to the others is that
maxbrsteep is a setting of the numerical model, and thus there is no need to modify the structure in any
way.

Decreased structure width

Even though depth by breaking is the main cause of energy loss, structure width also influences wave
transmission above the breakwater. Structure width is not such an important factor as structure height
so it is expected that the impact on the transmitted wave heights is going to be less pronounced. For
both structures, the width is going to be decreased by 5%, 10%, 15% and 20% (Figure 3.10 and Figure
3.11).
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Figure 3.10.: Decreased widths for struc- Figure 3.11.: Decreased widths for struc-
ture 2. ture 8-I.

Vegetation module

XBeach gives the ability to model the effect of the vegetation on the waves. Even though it is not
specifically designed to model porous breakwaters, an attempt will be made to adapt it to simulate the
effects of a porous breakwater. By adjusting the parameters needed to reflect the hydraulic properties
of the breakwater material, vegetation will be used as a porous medium. The vegetation module models
the drag force exerted by vegetation on the flow, by defining the properties of the vegetation. This drag
force (Equation 3.7 ) is added to the momentum equations.

1
Drag Force F; = EpCdbvthu lu| [N] (3.7)

with
* Cy drag coefficient
e b, stem diameter
* h, stem height
* N density in the cross section

* u wave velocity

The multiplication of b, x h, * N gives the surface of the structure that is vertical to the flow in the 1D
cross section. Both structures will be modeled as one layer of vegetation, with a number of different
options and combinations of C; and N, while 4, and b, will be for both structures equal to 0.20m and
0.0536m respectively. The individual Reefy block has a porosity of 20%. This percentage was taken
out from the initial width of the block, resulting in the aforementioned value of b,,.

Structure 2 as Vegetation Structure 8-1 as Vegetation

08 Initial shape 08 Initial shape
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Figure 3.12.: Structure 2 as Vegetation. Figure 3.13.: Structure 8-I as Vegetation.
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This chapter is structured into 4 parts, each with a specific focus. The first part, Section 4.1, reports
the results obtained for all the proposed solutions to model the breakwaters suggested in Section 3.2,
including the results for the wave flume without the breakwater inside. The accuracy of each solution
is evaluated using Root Mean Square Error (RMSE) and Mean Absolute Percentage Error (MAPE),
providing a quantitative assessment of their performance. Based on the results obtained in Section 4.1,
the most accurate solution is selected and employed to model various breakwater configurations that
were not considered in Section 3.2. Section 4.2 focuses on validating the chosen model using these new
configurations. Section 4.3 provides a small overview of the selected solution before a comparison is
being done in Section 4.4 with the empirical formulas of van den Brekel [2021] (Equation 2.4, Equation
2.5) and Kurdistani et al. [2022] (Equation 2.6) to verify the efficiency and reliability of the model.

4.1. Numerical modelling

The results of the original case, the change in the wave steepness parameter, the modified structure
and the structure as vegetation will all be presented in this section. For the original case, both figures
regarding the significant wave height evolution and error plots will be given. For the vegetation module
only the significant wave height evolution will be shown. For the rest of the solutions, the focus will
be on the error plots, while the wave height evolution figures will be showcased in Appendix C.

Regarding the computed errors, since the focus of this thesis is on the transmitted wave field the fol-
lowing errors will be computed: the error in the total wave height as measured in wave gauge 7 (Figure
3.3), the error in the transmitted wave height as measured in wave gauge 7, the transmission coefficient
error, the errors in spectral periods 7, ;o and Ty, for the transmitted wave height, again for wave
gauge 7. Lastly, the error in the reflection coefficient, for wave gauge 4, will also be presented for a
brief examination. The error plots show the errors for both structures and for all the wave conditions
that were tested. This means that on the plots there are 5 points, 2 points for the two wave conditions
Structure 2 was tested, and 3 points for the wave conditions Structure 8-I were tested (Table 3.7).

The transmission coefficient is defined at the wave gauge 7 as: K, = Ztransmitted (-] “4.1)
Hincaming

The reflection coefficient is defined at the wave gauge 4 as: K, =

Hye flec
eflected [7} (4.2)

H incoming
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4.1.1. Wave flume - No breakwater

In this section the results for the wave flume set-up without the breakwater inside are given. The error
plots are shown in Figure 4.5. Concerning the total wave height, the model overestimates the results
(MAPE 7.2%), but on the other hand the incoming heights are measured with great detail, with an mean
average percentage error of just 2.4%. This overestimation is a result of the increased heights used as
an input, which had to be increased so the incoming waves can be modeled accurately. Because the
wave input had to be increased for the incoming wave heights to be correct, this means that the Guza
split method underestimate slightly the incoming wave characteristics. In a similar way, the spectral
periods, which are based on the incoming wave spectra, are also overestimated, with the MAPE error
being for both spectral periods below 6%.
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Figure 4.5.: Errors of the wave flume without the breakwater, for the different wave conditions and for
wave gauges 1-4-7. For wave condition 5 there was no available data for the incoming parameters
form the physical model.
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Figure 4.9.: Evolution of the frequency spectra between wave gauges 1-4-7 and for wave condition 36.
Input parameters: Tinpur = 1.45 [s], Hippuwr = 0.136 [m].

Figure 4.9 shows the evolution of the wave spectra from wave gauge 1 to wave gauge 7, for wave
condition 36. The computed spectra, the total and incoming produced by XBeach, exhibit the same
behavior, where the energy from the higher frequencies is dissipated and the peak is transferred to the
lower frequencies. The same holds true also for the measured spectra, even though the peak frequency
remains steady. The computed total spectra are wider than the measured spectra, but the peak variance
density is smaller than the measured one. This could be explained by the different y factor that was
used (which was equal to 1) compared to the one chosen for the wave flume experiments, which was
3.3. There is no information about the measured incoming spectra. It is assumed that the computed
incoming spectra are wider than the spectra in the physical model tests, based on the relation between
the computed-measured total spectra. The wider measured incoming spectra would explain why the
spectral periods are also overestimated. In the incoming spectra, a small peak is also visible around 1.2
Hz, in the last wave gauge 7. This can be result of an energy transfer from the main peak towards higher
harmonics. This small peak is not visible in the computed total spectra, probably because it is masked
from the energy in lower frequencies, which have more energy compared to the higher frequencies of
the incoming spectra. For reference, Figure 4.10 shows the wave evolution within the wave flume for
wave condition 36. The rest wave conditions are in Appendix B.
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Figure 4.10.: Total, incoming and reflected significant wave height evolution for wave condition 36 and
without a structure.
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4.1.2. Original case

Before Structure - Wave gauge 4

For the original case error plots were computed also before the structure to provide insight and confirm
the ability of XBeach on computing the wave transformation in the domain. In Figure 4.15 the error
plots are given for wave gauge 4.
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Figure 4.15.: Wave parameters for Wave gauge 4 and Original case.

All the errors are within an acceptable error of MAPE <6 %. The biggest errors are reported for the
spectral periods, which are slightly overestimated. The total and incoming variance density for Wave
condition 35 is given for both structures since it was tested for both structures.
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Figure 4.18.: Total frequency spectra for wave condition 35 before the structure for the Original case.
Input parameters: Tinpyr = 1.6 [s], Hippur = 0.15 [m].

Both structures show the same results for Wave gauge 4, as depicted in Figure 4.16 and Figure 4.17.
The computed total spectra of XBeach has smaller peak frequency, but is more wide. Furthermore, in
the wave flume experiment, there is second smaller peak around 1.25 Hz, which is barely visible in the
computed spectra. A comparison in also made with the incoming wave spectra in Figure 4.21. This
time, in the incoming frequency spectra, the small peak at 1.25 Hz is also visible in both structures.
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Figure 4.21.: Incoming frequency spectra for wave condition 35 before the structure for the Original

case.
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After Structure - Wave gauge 7

4. Results

The original case refers to the structure as a simple change in the bathymetry. In Figures 4.22 to 4.27
the error plots are given. The settings used in the original case are the default values proposed by the
XBeach manual as explained in Section 3.2.
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Figure 4.28.: Error plots for the Original case.

It can be seen that for the original case, the MAPE for the total wave heights and for both structures is
about 15%, and the RMSE is 0.0lm. Based on Figure 4.22, the results for structure 2 are better than
structure 8-I, with the percentage error of the former lies within the 10% error line. The errors for the
incoming significant wave heights, as measured in wave gauge 7, show larger error values, with 21.7%
and 0.013m MAPE and RMSE respectively. The MAPE error for the transmission coefficient is of the
same order as the error for the incoming significant wave height.

The error plots show that the model, XBeach, computed smaller wave heights after the structure result-
ing in an underestimation of the transmission coefficient, compared to the physical model. The smaller
wave is a consequence of the overestimation of the wave breaking above the structure. This is in line
with what was expected as reported in Chapter 2 and Section 2.2.1. Therefore the model behaves as

intended.
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The reflection coefficient seems to present the biggest errors, with MAPE equal to 34,4% and a RMSE

equal to 9.6%. Just like the transmission coefficient, the reflection coefficient is also underestimated
for both structures.

The spectral periods T,,0; and T, , seem to behave differently. 7, is on average underestimated.
On the other hand, 7, , is overestimated. In general, spectral periods are used to describe the energy
distribution in the wave spectrum over the different frequencies. T, represents the center of gravity of
the 1D wave spectrum while 7;,_; , also called mean energy wave period [Hofland et al., 2017], gives
more weight on lower frequencies (longer periods). An example of the energy spectra is given in Figure
4.31. Based on the definitions of the spectral periods and the comparison of the computed variance
spectra, the error plots can be explained. Regarding the overestimation of the 7, ;, period, the model
overestimates the energy concentrated at the lower frequencies, resulting in a total overestimation of the
spectral period. On the contrary, the model underestimates the total energy in the higher frequencies,
resulting in a smaller energy distribution among the different frequencies, and a smaller center of
gravity, and thus underestimates the 7, spectral period. Note that the frequency spectra figures
presented here are illustrating the total wave signal, while the spectral periods are computed for the
incident wave signal. It is assumed that the same behavior would be observed to both signals.

Frequency Spectra WC16 Wave gauge 7 Structure 2

0.00025 Frequency Spectra WC16 Wave gauge 7 Structure 8-1

0.00020 -

0.00015 A

- = XBeach
Wave flume

0.000200

0.000175 A

0.000150

0.000125

== XBeach
Wave flume

. % 0.000100 -

0.00010 = 0.000075 A

Variance density E(f) [m2/hz]
i
Variance density E(f) [m?/hz]

! \ € 0.000050 A e N
0.00005 # \ Y \
7 A 00000251 -/ 9
/r-\‘_,’ P NI / Soos ST
0.00000 . : ——n==== F== 0.000000 . . . e
0.0 0.5 1.0 1.5 2.0 2.5 0.0 0.5 1.0 1.5 2.0 2.5
Frequency [hz] Frequency [hz]
Figure 4.29.:. Frequency Spectra for Figure 4.30.: Frequency Spectra for

Structure 2. Structure 8-1.

Figure 4.31.: Total frequency spectra in wave gauge 7 for both structures and wave condition 16. Input
parameters: Tiypy = 1.6 [8], Hippyy = 0.15 [m].

After both structures, 2 more peaks are visible, at around 1.25 Hz and 1.9 Hz. The peak around 1.25 Hz
is also visible computed total spectra this time, implying energy transfer to higher frequencies past the

breakwater. In the measured total spectra the peaks are more pronounced and more energy is located
in the higher frequency region.
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4.1.3. Modified structure

Now that the overestimation of the wave breaking is established, the solutions that can affect the break-
ing phenomenon can be examined. In this section, the structure is modified, by decreasing the height
or the width of the structure. Here, from the different changes that were examined, only the best results
will be shown.
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Figure 4.38.: Error for a 15% decrease in structure height.

A decrease of 15% in the structure height shows the best results among the different values tested.
Overall, the same trends observed in the Original case in Section 4.1.2 are also visible in the error
plots shown in Figures 4.32 to 4.37. The errors are all smaller than the Original case, with a MAPE
equal to 5.9% and RMSE equal to 0.003m for the error in the measured significant wave height after
the structure. The error in the reflection coefficient is the only one where the values of the MAPE and
RMSE increased. In the original case, the reflection coefficient was underestimated with a MAPE of
about 34%. By decreasing the structure height the frontal area where the wave can be reflected is also
decreased. Therefore, the underestimation is amplified and reaches a MAPE value of 43%.
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Decrease in structure width
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Figure 4.45.: Error plots for a 20% decrease in structure width.

Among the 4 different values, a decrease in width of 20% gives the best results for both structures.
The errors show a slight improvement compared to the Original case. The error in the transmitted
wave, as measured in wave gauge 7, has 17.2% MAPE and 0.0lm RMSE. The MAPE error of the
transmission coefficient decreased from 21.1% in the Original case to 16.5%. Nonetheless, the errors
in the reflection coefficient and spectral periods remained almost the same with the initial representation

of the structure.

Comparing the effects of changing the height or the width of the structures, the former gives much
better results. Changing the width influences the wave breaking but not as much as changing the
structure heights. In Appendix C it can be seen that changing the width had a small impact on the wave
height evolution, for all the tested values. On the other hand, a change in the structure height, even for
a small one, had a noticeable impact.
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4.1.4. Change in the wave steepness parameter

This is the only option where the settings of XBeach are not the ones recommended. In this solution,
the structures are modeled with their original dimensions but the wave breaking process is delayed, by
changing the wave steepness parameter Maxbrsteep. Like explained before in Section 3.2.2, the value
of this setting was not increased further than 1.4 because then the points per wavelength should also be
increased. In the following figures (Figure 4.46 to 4.51) the error plots are displayed.
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Figure 4.52.: Error plots for Maxbrsteep=1.4.
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In contrast with the Original case, the results are highly improved. The MAPE error in the transmitted
wave height is almost 12%, and the RMSE is 0.007m. Likewise, the MAPE and RMSE errors are
equal to 10,9% and 8.9% for the transmission coefficient. The error of the reflection coefficient has
also decreased to almost 30% MAPE, compared to about 35% of the Original case. The spectral
periods’ errors also have decreased, with both 75,01 and 7;,— ¢ having a MAPE of about 10%. Once
more structure 2 shows better results within the error plots compared to structure 8-I.
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4. Results
4.1.5. Structure as vegetation

For the vegetation module, the error plots will not be given, but rather the incoming significant wave
height evolution. The results between the two structures and wave conditions vary a lot and therefore
a comparison can not be made. There were 2 values that could be changed: Cd or one value of the 3
values that their multiplication equal to surface area (b, x h, * N). It was decided that density N was
deemed preferable to be investigated as the other two are connected directly to the size of the tested
breakwater. The drag coefficient of a structure is usually already known either from physical model
tests or numerical modeling, but this is not the case for the current analysis therefore various values
were tested ranging from 1 to 15. The initial value for the density N was 14, which is the number of

columns in the cross-section as placed in the physical model. The density was increased afterward up
to the value of 600.

WC16 Hmoin Vegetation Structure 2 Change in N WC16 Hmoin Vegetation Structure 8 Change in N
0.08
* .
s A R S o —
€ 0.06 5
] £ PSS ST USRS SRR e
£
$0.04 3
T T T T 4 Cd=1hv=020bv=00536 N=1a  —s— Cd=1 hv=0.20 bv=0.0536 N=400
Io00S3BNC100 o CA-1hv-0.20 bv-00538 N-600 0.02 { - Cd=1hv=020 bv=00536N=100 = Cd=1 hv=0.20 bv=0.0536 N600
ioosan0 e : — Cd-1hv-020bv-00535N-200 @ Reference Foints t
100 125 150 175 200 225 250 275 30.0 100 125 150 175 200 225 250 275 30.0

il il al) il

15.0 17.5 20.0 225 25.0 27.5 30.0 17.5 20.0 225 25.0 27.5 30.0
Distance [m] Distance [m]

Figure 4.53.: Comparison between the incoming wave heights evolution for both Structure 2 and Struc-
ture 8-1, for WC16 and change in N.
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Figure 4.54.: Comparison between the incoming wave heights evolution for both Structure 2 and Struc-
ture 8-1, for WC16 and change in Cd.

In Figure 4.53 and Figure 4.54 the different behavior between the 2 structures is visible. For Structure
2, no matter the values of N and Cd, the transmitted wave heights are overestimated and not able to
reach the value of the desired Original point. Additionally, the waves are not breaking. On the other
hand, Structure 8 produces too much dissipation above the structure and the transmitted wave height
is underestimated for all the tested values, while the waves are breaking on the structure. Furthermore,
the wave height evolution is quite different between the structures. In Appendix C results are also given
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for wave condition 35. Since the waves dont break for structure 2, other processes like set up are also
not modelled, leading to wrong wave evolution within the domain. XBeach divides the domain into
water columns, on which the vegetation modules adds an extra force, just like friction does. By not
taking into account breaking by depth, the module is not able to produce the expected outcomes.

4.1.6. Choosing representation method

The breakwaters as a simple change in the bathymetry behaved as expected, with increased wave break-
ing and underestimation of the transmitted wave heights past the breakwaters. The effect was more
noticeable for Structure 8-1. Structure 8-I is not only wider than Structure 2, but is also a more porous
breakwater, with a porosity of 45%, while Structure 2 has only 20%. Even though wave breaking is
the main process that regulated the transmitted wave heights, the fact that the less porous structure
displayed better behavior in being modeled as impermeable implies that porosity does indeed affect
the end results to a lesser extent. Structure 2 had consistently better results than Structure 8-I in all the
different methods used.

Based on the above errors the best solution can be determined. To start with, the solutions that did not
show good results will be discussed. The vegetation module failed to produce reasonable outcomes.
The results were not only different between the 2 structures, but there was also quite a variability be-
tween different wave conditions of the same configurations. One possible explanation for the difference
between the 2 structures is that the length of the structure parallel to the 1D section plays an important
role for the effect of the vegetation to become important.

Increasing the width of the structure also did not have the expected improvement in the transmitted
wave heights. The impact the changing of the values had, was minimal. Compared to decreasing
structure height, changing the width is not as effective and therefore not suggested.

The last two options both had favorable outcomes. The first one, the decrease in structure height, had
the strongest impact in increasing the transmitted wave heights and therefore the smallest errors in the
transmission coefficient. On the other hand, increasing the wave steepness parameter to 1.4, also had
good results on the transmission coefficient errors, but bigger errors compared to a decrease in height.
Noticeably, the errors in the spectral periods were minimum for the change in the steepness parameter,
as well as the error in the reflection coefficient. An overview of the errors for the different parameters
is given in the Table 4.1.

Errors Summary Hmo [Mm] Hpgin[m] K% [-[] K% [-] Tmoils] Tmiols]
Original case MAPE [%] 15.6 21.7 211 34.4 19.6 15.2
RMSE 0.011 0.013 15.2 9.6 0.221 0.237
15% Structure height ~ MAPE [%] 5.9 5.9 5.9 43.1 17.6 8.6
decrease RMSE 0.004 0.003 4.5 10.9 0.202 0.131
20% Structure width MAPE [%] 11.6 17.2 1e.5 34.5 18.9 14.5
decrease RMSE 0.008 0.01 11.9 9.3 0.216 0.224
Max steepness MAPE [%] 5.5 11.9 10.9 29.7 0.8 0.6
parameter = 1.4 RMSE 0.004 0.007 8.9 7.8 0.17 0.147

Table 4.1.: Overview of the MAPE and RMSE errors for the different solutions. The results with the
minimum error per parameter are coloured with green. Apart from 7;,_ ¢ which is overestimated,
the rest parameters are all underestimated.
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Given the fact that half of the parameters perform better for the 15% decrease in height, and half for
the increase of the Max steepness parameter both these options will be chosen for the validation that
follows in the next section. The reason is that all the parameters are important to assess the possible
impact of the breakwater on the transmitted wave height and characteristics.

WC16 Decreased height Structure 8- WC16 Decreased width Structure 8-
0.08 0.08
Eoo6q o Eoo061
E 0.04 | — initial size —+— 20% Decrease £0.04
ES e DT 1% Derne K% T o ntslsze e 15%Decresse .
It vy 10% Dacriaca R - SDecrease  —a- 20% Decrease
0.02 1 = 2% Decrease o Rereence roms 0.02 ]~ 10%Decrease @ efrence pints
100 125 150 175 200 225 250 275 30.0 100 125 150 175 200 225 250 275 30.0
_ 0.751 [l 1) 5] _ 075 (.|
E E
£ 0.501 £ 050
g — atnymetry o3 — Satnymetry
0 025 {em preaiwater A 0 0.25 1 == ereawater
— Wave gauges — Wiave gavges
0,00 L taterieve 1 0.00 L waterievr
100 125 150 175 200 225 250 275 30.0 100 125 150 175 200 225 250 27.5 30.0
Distance [m] Distance [m]
Figure 4.55.: Incoming wave heights for WC16 Figure 4.56.: Incoming wave heights for WC16
change in height. change in width.
WC16 Hmoin Change in wave breaker parameter Structure 8-1
0.08 A
= |
€ ] |
E 0.06 . n
sssstessssssessssnnn S At aaaaas | H i
5 ) T - w‘ WC16 Hmoin Vegetation Structure 8 Change in Cd
E ()04 | —= Maxbrsteep=02 = Maxbrsteep=1
T 4+ Maxbrsteep=0.4  —r— Maxbrsteep=12 . 0.08
o Maxbrteep=06 - Maxbrsteep-14 1
0.02 4 = Moxorsteep=08 o peterence roints T 0.06
= : NI
100 125 150 175 200 225 250 275 30.0 -
20.04 §
0.75 4 1l Ll Hl T —+— Cd=1hv=020 bv=0.0536 N=14 —e— Cd=10 hv=0.20 bv=0.0536 N=14
- + C4=2hv=0205y=0.0536 N=14 = Cd=15 hv=0.20 by=0.0536 N=1
E 0.02 12 C4Z5-020 bv-0.0536N-14 @ Reference Foints
= 0.501 - - - - - - -
S 100 125 150 175 200 225 250 27.5 30.0
3 =t
& 0.251 3 reakwater
= o 0.75 Ll all &l
0.00 d — Waterlevel z
10.0 125 150 175 20.0 225 250 27.5 30.0 g 0.50
Distance [m] I3 — Bathym
8 0.25 I reatomer
— Wave gauges
) . . 0.00 L= waterieve
Figure 4.57.. Incoming wave heights for WC16 100 135 150 175 200 235 220 275 300
change in Maxbrsteep. Distance [m]

Figure 4.58.: Vegetation module for WC35.

Figure 4.59.: Comparison of incoming wave height evolution for all the proposed solutions and for
structure 8, wave condition 16. Input parameters: Ti,p,r = 1.6 [s], Hippir = 0.15 [m].

Figure 4.59 shows a comparison of all the solutions for Structure 8-I. Only the change in the structure
height produces the desired outcomes on the incoming wave height evolution. Changing the width had
almost no effect, while increasing the wave steepness also failed to have a big impact on the transmitted
wave height. On the contrary, wave steepness showed better results for structure 2. Structure 8-I has a
channel in between the 2 structures that comprises the breakwater. The effect of the channel is visible
in the wave evolution, after the waves initially break when they reach the breakwater, then they re-
organize in the channel, and break again just above the structure, producing these wave height peaks
due to wave shoaling.
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4.2. Solution Validation

For the validation technique structures that were not tested in the previous section will be used. From
the simple 2D structures, Structure 4, Structure 5 and Structure 7 were decided to be used. The first two
have a simple shape, while Structure 7 resembles Structure 2 but has a different orientation. From the
complex 3D structures, Structure 8-V, Structure 11, Structure 12 and Structure 14 were used. Structure
11 and Structure 14 are both chosen due their small structure height, while Structure 12 was chosen
because it is emerged during one of the wave conditions it was tested. Ideally, Structure 13, which is
the tallest structure and emerged, would also be tested, but there is no data from the wave flume on the
incoming wave heights. Lastly, to examine the effect of the channel length on the errors, Structure 8-V
will be modeled. The cross sections of the structures was given at figure while in Appendix C images
of the structures as where illustrated in XBeach are given.

In this Section, error plots for the two solutions will be given for all the structures combined. In

Appendix C the significant wave height evolution for all the structures are given as well as the errors
for the Original case of all the structures.
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Change in wave steepness parameter
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It is evident from the figures above that the errors for both solutions have quite increased, and that the
change in Maxbrsteep has greatly under performed compared to Section 4.1.4 where only structures 2
and 8-I were tested. Red colors indicate the markers of the simple 2D structures and with green the
markers of complex 3D structures. A synopsis of the results was created in Table 4.2. For Structure 12
it was decided not to use wave condition 5, because Guza split was not able to compute the incoming
parameters. In Appendix C and Figure C.46 it can be seen that when the structure is emerged no safe
calculations can be made for the wave characteristics.
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Errors-Validation Summary Hmo [M]  Hmoin [M]  K; % [-] Ki% [-] Tmoil[s] Tm-10(s]

. MAPE [%] 20.2 28.5 276 40.1 23 235
Original case

RMSE 0.011 0.014 215 11.7 0.237 0.234

15% Structure height MAPE [%] 9.5 114 9.9 43.4 201 14.8
decrease RMSE 0.008 0.007 82 121 0.21 0.2
Max steepness MAPE [%] 14.6 18 18 335 9.5 16.9
parameter = 1.4 RMSE 0.008 0.009 15.6 9.7 0.101 0.221

Table 4.2.: Overview of the MAPE and RMSE errors for the validation. The results with the minimum
error per parameter are coloured with green. T,,_1 is overestimated while 7,01 shows no clear
relation. The rest parameters are mainly underestimated, for all the solutions.

The main behaviour of the error plots that were shown in Section 4.1.3 and 4.1.4 are still illustrated
here. The only difference is the results in the spectral period 7,01 . In the previous sections, there
was an underestimation of the spectral period, while in this section and taking into account all the
structures, (Figure 4.64 and Figure 4.70) this is not visible. There seems to be a trend that the complex
3D structures (green colours) show an overestimation of the spectral period 7,0, while the opposite is
true for the simple 2D structures (red colour).

As a whole, the findings in Table 4.2 suggest that a 15% decrease in structure height still gives the
best results. The MAPE and RMSE errors for the transmission coefficient are almost 10% and 8%
respectively. The biggest error values are again the error in the reflection coefficient. Interestingly
enough, all structures considered, the decrease in the structure height also computes better the 7;,_1 o
spectral period, with MAPE equal to about 15% and RMSE 0.2 sec. The change in the wave steepness
parameter can still calculate 7,01 better than the change in the height, with a 9.5% MAPE, compared
to a 20.1% MAPE of the latter. An increase in the Maxbrsteep setting is still a valid option to model
the breakwater since all the MAPE errors are below 20% except for the reflection coefficient. Still, the
15% height decrease performs the best it is a more favorable solution, as long as the reflection is not of
interest.

4.3. Preliminary conclusions

In this chapter, the results from Chapter 3 were given, mainly in the form of plots that illustrate the
error for the different methods that were used to model the breakwater. The Original case for all the
structures is the representation of them as a change in the bathymetry, with the same dimensions as
the wave flume experiment. Modeling the breakwaters this way resulted in an overestimation of the
breaking process and thus an underestimation of the transmitted wave height. To decrease the amount
of wave breaking, the structures were modified either by decreasing the width or the height. Another
option that was used, was to increase the wave steepness parameter setting to 1.4, instead of 0.4 which
is the default value. Additionally, the vegetation module was also explored as a modeling option, but it
showed inconsistencies and was deemed unsuitable for this study. The initial tests were conducted on
structures 2 and 8-I, and the most successful methods were found to be the decrease in height and the
increase in the wave steepness parameter.

The methods that worked the best were the change in height and the increase of the wave steepness
parameter. The change in width was not sufficient to impact the results while the vegetation module
showed many inconsistencies to be used as a possible solution. These two methods were then tested
for a bigger number of structures to validate the results. The smallest error values were computed when
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the structures were modeled with a 15% decreased height. The change in Maxbrsteep setting is also a
good option with relatively small computed errors, but it still under performs compared to the modified
structure option. Therefore as proposed solution, a decrease of 15% is suggested.

Among the different structures, there was a trend in which simple 2D structures performed better
than the respective 3D structures, which indicated that porosity does play a lesser role in modeling
the breakwaters. More specifically, 2D structures can also be modeled with great outcomes by only
changing the Maxbrsteep setting equal to 1.4, while for the more complex structures, only a decrease
in the structure height can produce the desired outcomes.

4.4. Comparison with empirical equations

A comparison will take place in this section between the results of XBeach and the empirical formulas
of van den Brekel [2021] (Equation 2.4, Equation 2.5) and Kurdistani et al. [2022] (Equation 2.6), to
prove the effectiveness of the numerical model. These equations are analyzed in Section 2. The results
are given in Figure 4.72 and the errors are given in Table 4.3. The formulas were tested for all the
breakwaters, simple and complex, that were used in the above Sections.
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Figure 4.72.: Comparison with empirical formulas.

Errors - Comparison with

empirical equations K% ]
15% Structure height MAPE [%] 9.3
decrease RMSE 7.7
van den Brekel MAPE [%] 16.11
[2021] RMSE 14.4
Kurdistani et al. MAPE [%] 17.37
[2022] RMSE 15.3

Table 4.3.: Overview of the MAPE and RMSE errors for the empirical formulas. The results with the
minimum error are coloured with green.
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XBeach is the most effective in calculating the wave transmission over the breakwater. The equations
of van den Brekel [2021] illustrate good behavior for £ > 3 but fail to do so for & < 3. This was
expected as Equation 2.5 was not optimized for irregular wave conditions. The MAPE error for the
optimized equations was 16.11% and the RMSE was 14.4% . Kurdistani et al. [2022] on the other hand,
strongly underestimates the wave transmission, mainly for the complex breakwaters that had porosity
45%. Equation 2.6 had no limitations of applicability. The underestimation of the wave transmission
coefficient has MAPE 17,37 % and RMSE of 15.3%. Therefore for the existing dataset, Kurdistani
et al. [2022] is not suitable to describe the wave transmission coefficient due to an overestimation of
the porosity’s effect. For & > 3, Equation 2.4 can be used for a quick assessment of the resulting
transmission coefficient, but a numerical model would still be needed to compute wave transmission
when £ < 3. Based on the errors, XBeach is better equipped to make wave transmission computation
compared to the existing empirical formulas.
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In the previous chapters, it was shown that XBeach could simulate the wave flume within reasonable
error limits and compute the transmitted wave height past the breakwater. The solution was further
validated by simulating more structures and analyzing the results. Now that the solution has been
validated, it is the turn of XBeach to undergo a brief validation check by examining the behavior of the
model under the effect of a simple breakwater. The focus is once more on the transmission coefficient,
so a comparison can be made with the behavior that is recorded in the literature in Section 2.2.1 and
with the results of the previous thesis. In Section 5.1 the model and its input parameters are explained
and in Section 5.2 the results will be given to assess whether XBeach is producing reliable results that
can be used to draw meaningful conclusions and make informed decisions.

5.1. Set-Up

For the application, a simple trapezoidal structure will be used, with the same dimensions as Structure
8-I that was used in the previous chapters. The structure is given at Figure 5.1. The wave condition that
is going to be used in wave condition 35, with a significant wave height input 0.14 m, target period is
Tp 1.6 sec and depth equal to 0.75 m. This wave condition was chosen because it has one of the lowest
kd values (Table 3.2) and XBeach can better simulate the wave evolution, while it was also extensively
used in the previous chapters. The bathymetry is the same like the one that was used in the wave flume
(Figure 3.3).

Simple structure

— Bathymetry
I RC Gridpoints
0.6 .  —— h N .
'df h C/ 4 B h

0.4 1

0.8

Depth [m]

24.8 250 252 254 256 258 26.0 262 264
Distance [m]

Figure 5.1.: Simple structure together with notations that going to be used for the consistency check.

The notations that are being used are the same as the ones described in Section 2.1.1 and were also
used with the same meaning in the physical model experiments.

To evaluate the performance of XBeach, the following parameters and ratios are going to be modified
and their impact on the transmission coefficient will be examined:

1. Relative structure height A /d;.
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Relative freeboard R,/ Hyo ;.

The effect of the height of the structure can be assessed with both dimensionless ratios above.
Checking the relative structure height and relative freeboard of a submerged breakwater is an
important aspect of evaluating its performance and effectiveness given the fact that structure
height dominated other structure characteristics on wave transmission.

. Relative width B/ L,,_1 .

With this ratio, the effect of the crest on the transmission can be investigated. The width is made
dimensionless by dividing it by the incoming wavelength. With this ratio will be investigated
not only the effect of the width but the effect of the wave period likewise. Modifying the wave
period also translates to different wave steepness values and varying wavelength values. The
wave period that will be used for the computations is the spectral period T;,—1 0

Slope of the structure.

The simple breakwater has a slope of 1:1, which is quite steep. For this reason values up to 1:5
will be tested.

Changing structure height versus changing structure width.

In the previous chapters, it was shown that the structure height can more effectively regulate
wave transmission above the breakwater, compared to width. For this reason, both the effect of
height and width will be plotted on the same figures to easily make comparisons between the
two.

5.2. Results

Relative structure height /. /d;
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Figure 5.2.: Change in K; for decreasing Figure 5.3.: Change in K; for increasing
he/dy. he/dy.

In Figure 5.2 and Figure 5.3 the h./dy takes values from about 0.45 to almost 0.90. No emerged
configurations were tested. To examine the effect of the foreshore, both the structure height and the
total water depth were changed. The ratio can be increased either by increasing the structure height
or by decreasing the water depth. Likewise, the ratio can decrease by decreasing the structure height
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or increasing the water depth. If only the structure height is changed, then the effect of the foreshore
would not have any impact on the wave field.

It is noticeable that the further the ratio increases or decreases, the transmission coefficient starts to
differ for the same values of A,/ dy. The difference can be as high as almost 10% when the ratio is
smaller than 0.5. This highlights the impact of the foreshore. Bathymetry plays an important role in
wave evolution and thus only modifying the structure height alone could lead to distorted results. In
this particular bathymetry, it seems like for the initial depth of 0.75 m the waves feel the impact of the
foreshore by having their wave heights influenced. A change in the wave height means a change in the
wave steepness and thus a different breaking pattern above the breakwater. If the depth increases, the
waves propagate within the domain freely without being influenced.

The same is observed for a decrease in the water depth in Figure 5.3. Smaller depths mean a stronger
impact of the foreshore on the incoming waves and thus even more wave breaking on the structure.
Although, the difference in the transmission values is not that prominent, compared with increasing the
structure height.

In the physical model test, it is reported that the smallest transmission results (K; < 0.6) were observed
for values h./d > 0.68. In this particular configuration, the transmission coefficient reaches values of
less than 60% a bit earlier than h./dy = 0.68, but this can be explained by the fact that this structure
is impermeable, while the ones in van den Brekel [2021] are all porous. Therefore XBeach shows the
expected behavior.

Relative freeboard R/ Hy ;
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Figure 5.4.: Change in K, for decreasing Figure 5.5.: Change in K, for increasing
R /HmOin~ R. /HmOin-

In a similar way to that of Relative structure height 4. /dy, there are two ways to modify the freeboard
and subsequently R./H,,; ratio. Either the depth can increase or decrease, or, in the same manner
the structure height. The incoming wave height was decided to remain constant because changing the
input wave height, for example, 5%, will not produce an equal 5% change in the incoming wave height,
making the computations time expensive. Therefore only the freeboard R, was changed, as it can be
seen in Figure 5.4 and Figure 5.5.
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Compared to relative structure height, relative freeboard demonstrates relatively the same behavior for
altering the structure height or total depth. Only for values of R./H,; above 1.2 there seem to be
a small difference of about 1-3%. Every 20% change in R, seems to produce an equal change in the
transmission coefficient of about 6% in both figures. Contrary, in the physical wave flume, it is reported
that increasing R,/ Hpp, K; increases at first more rapidly and then more slowly. An example of the
recorded R./Hpyp; values within the physical model is given in Figure 5.6, where the change in the
transmission coefficient is illustrated. One possible explanation for the differences between the figures
for the simple structure and the figures from the physical model can be can be due to the inconsistencies
between the configurations that were tested in the wave flume, as well as the change of the period and
steepness of the waves among the different wave conditions. This is not true for the simple structure,
since the wave period, wave height and structure shape remained constant, resulting in an almost linear
change of K;.

; d0=0.68m ; d0=0.75m
" - Struc 1
. al sl 0P ——Struc 2
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Figure 5.6.: Change of the R./H,, ratio for different depths and structures.

Relative width B/L,,_ o

With this ratio, both the change in width will be investigated, and the change in wave steepness, by
changing the input wave period. In the wave flume the input parameters used resulted in wave steepness
that was varying from 0.02 to 0.04 (s7jupu). This time the wave steepness is varied between 0.02 to
about 0.07, to take into account a wide range of steepnesses that can be attributed to storm waves, but
this time the spectral period 7,1, will be used to calculate the wave steepness.
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Figure 5.7.: Change in K; for decreasing Figure 5.8.: Change in K; for increasing
B/Ly-10. B/Lpu-10.

54



5. Application

Firstly, the change in the width is given in Figure 5.7 and Figure 5.8. As expected from the previous
chapters, changing the width has little influence on the transmission coefficient. The same findings
where reported in the previous thesis, although there seemed to be a bit stronger relation. This can be
a result of different freeboard between the tests.

Below the change in wave steepness is given. The effect of wave steepness seems to not be strong
enough, for decreasing wave periods. For values B/ L,,_1 o > 0.3 the transmission coefficient stabilizes
around 57%. On the other hand, Figure 5.8 shows that for an increase in the ratio, K; continues to
decrease. Increasing the wave period results in an initial decrease of the transmission coefficient, and
then an increase (Figure 5.9). Through increasing the wave periods, the waves become longer, and the
crest of the breakwater is not wide enough to dissipate them.
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Figure 5.9.: Change in K; for decreasing
B/Ly_10.

Figure 5.10.: Change in K; for increasing
B/Lm—l,O'

Slope of the structure

The findings that are presented here regarding the slope of the structure can not be directly compared
to that of the previous thesis, due to the reason that the structures used by van den Brekel [2021] had
steep fronts and were not slopped. For this reason, the surf similarity parameter was used to examine
the effect of slope and wave steepness. On the contrary, in this section, only the slope of the structure
was modified to reach a value of up to 1:5. The results are shown in Figure 5.11. As expected the
change of slope did not had a strong impact on the transmission coefficient. It is worth mentioning
that the wave is breaking above the breakwater and thus changing the slope would change the breaking
point. In regular wave conditions without wave breaking, the effect of the slope could also be minimal.
The effect of the slope could become more important for even milder slopes, but such slopes are not
common for submerged breakwaters.
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Change in Slope
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Figure 5.11.: Change of the slope.

Changing structure height versus changing structure width

The impact of the structure height on wave transmission has been established within this study by
looking both at previous literature and present results. Likewise, the weak impact of the structure
width was also highlighted. In Figure 5.12 and Figure 5.13, these two structure characteristics are
plotted against each other to illustrate the differences.
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Figure 5.12.: Change in K; for decreasing Figure 5.13.: Change in K; for increasing
width or height. width or height.

The above figures were made to validate the effectiveness of the structure height in regulating the
transmitted wave height. A change of 30% in width or height can lead to a difference in the transmission
coefficient up to 15%. This means that in real-life conditions, more focus can be given to defining the
structure height rather than structure width.
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6. Discussion

This chapter discusses the study methodologies and findings, as well as the implications for the key
conclusions. After a critical analysis of each part, the limitations and strength of this thesis will be
discussed, by analyzing and commenting on each element of the study.

6.1. Assessment of the study

The focus of this research was to use XBeach to model the flume experiments reported by van den
Brekel [2021], and compare the computed wave heights and the recorded ones. The use of XBeach
was decided based on its simplicity and the fact that is more user-friendly compared to other numer-
ical models. Indubitably, this causes limitations on the level of detail. To understand the potential
limitations and the impact they have, a thorough analysis of the existing literature was conducted to
comprehend how submerged porous breakwaters behave and how can they can be represented within
the chosen numerical model. By explaining the details of XBeach’s inner workings, it was made clear
that to model a porous submerged structure, a solution had to be found because there is no such option
available within the numerical model. Followed by the selection of the data, wave conditions and the
setup of XBeach, the breakwater was modeled as an impermeable structure, then its shape was modi-
fied and was even represented as vegetation. Another solution was to modify the suggested values of
XBeach settings. In the end, after also validating the solution with more structures, it was proven that
decreasing the structure height by 15% shows the best results. As a final step, a brief consistency check
was done on XBeach to solidify that it behaves as intended when a simple impermeable structure is
modeled.

XBeach

The most important element of the current thesis is the use of XBeach. This numerical model was
initially constructed to model nearshore processes. With the addition of new modes and updates, the
model has expanded its field of application. The version that was decided is XBeach Non-Hydrostatic+
(XB-NH+). This specific mode though, and XBeach in general, has been validated in reef hydrody-
namics and scaled flume experiments [Pearson, 2016; de Ridder et al., 2021], but not for scaled porous
breakwaters. Under these circumstances, attention was given to understanding the behavior of the
numerical model and reporting where its performance is lacking.

Within XBeach, the layout of the physical model was fully re-created. On the left side the waves were
generated while on the right side a slope was constructed to mimic exactly the real-life slope of the
wave flume. XBeach Non-Hydrostatic+ which is used, is known to illustrate the best behavior when
kd<2. This caused extra limitations on the input data. Of the 8 irregular wave conditions only 5 of
them where satisfying this limit. Wave conditions 17,19 and 20 were decided to be discarded because
they all had kd>2. An example is given for wave condition 17 in Figure 6.1.
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6. Discussion

After the decision was made on the wave conditions, the next step was to use the input data from
the previous thesis to model the wave conditions, initially without the breakwater inside. From the
wave gauges inside the physical model tests, the significant wave height that was measured at each
wave gauge was used as an input. It was found that at the start of the numerical domain, there is a
steep decrease in the modelled wave heights, resulting in an underestimation of the wave heights at the
location of the wave gauges within the numerical model. This was visible in Section 3.2.1 and Figure
3.4. This behavior of the model had been recorded also in past studies. Therefore, new wave heights
had to be used as an input, which were higher than the ones that were used in the physical model as an
input for the wave maker. Nonetheless, in Figure 6.1, with increased wave height as an input, XBeach
failed to compute within reasonable limits the significant wave height evolution for wave condition
17 (a wave condition with kd>2, boundary condition in deep waters). The steep decrease in height
at the start is also prominent. On the other hand, for the rest of the wave conditions that had kd<2
(boundary condition within shallow waters), XBeach succeeded in calculating the significant wave
height evolution, as shown in Appendix B Section B.5.
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Figure 6.1.: Significant wave height evolution for wave condition 17. Input parameters: Tj,p,; = 0.8
[S], Hinpu[ - 002 [m]

Another input value that had to be changed, compared to what was used in the physical wave flume,
was the spectral shape of the JONSWAP spectra that were defined. In the physical tests, a value
of ¥ = 3.3 was used, while in this study it was found that ¥ = 1 demonstrated the best results on
average for all wave conditions. In Appendix B Section B.2 a brief analysis was conducted, and it was
shown that ideally for each wave condition the y would have to be calibrated for each wave condition
separately. Moreover, regarding the Nyquist frequency, which is the maximum frequency that can be
accurately represented, a value of 3 hz was chosen, while the suggested values are 0.2-1. These values
are usually observable in the seas, but the physical model was a scaled one and smaller wave heights
were generated, meaning there is more energy in higher frequencies. In the present study the focus
was on wave heights (wave transmission coefficients) rather than on spectral shapes. It is assumed
that if the wave period 7;,—1 o would be modelled accurately, that the exact spectral shape is of lower
importance.

For the settings of XBeach, the recommended values of XBeach User manual were used. A brief
evaluation of the values of the friction coefficient and a sensitivity analysis was done in Appendix B
Section B.4 where it was decided that the White-Colebrooke method resulted in the smallest errors,
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6. Discussion

with a geometrical roughness of Nikuradse k; = 0.01 m, which is within the recommended limits. The
RMSE for modeling the wave conditions without the breakwaters inside were on average 0.005 m for
the total significant wave height H,,o, 0.337 sec for 7;,0,; and 0.222 sec for T;,—1 . Therefore XBeach
could simulate the wave heights with great precision but the error in the spectral periods is relatively
large. This could be the effect of choosing a spectral shape with ¥ = 1. Another possible solution would
be to change the wave steepness by modifying the wave steepness parameter setting maxbrsteep. In
Figure 6.2, an example of a frequency spectra is given, for a test without a structure and for Wave
gauge 9. XBeach overestimates the energy in lower frequencies and as a result the spectral periods are

not computed accurately.
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Figure 6.2.: Frequency spectra for wave condition 36, no structure. Input parameters: Tj;pe = 1.45 [s],
Hinpur = 0.136 [m].

XBeach computes the total significant wave height and does not distinguish between incoming and
reflected signals. Structure design guidelines use mainly the incident wave height, and not the total,
which also includes the reflected wave height. To do so, the simple Guza Split method [Guza et al.,
1984] was used and will be elaborated on in the following paragraphs. The next step after the set-up of
the wave flume was to find a way to model the breakwater.

XBeach has no specific option to simulate a submerged porous breakwater. The most simple solution
was to simulate an impermeable structure. Throughout the literature review (Section 2), examples are
given from previous studies that supported that when a porous breakwater is simulated as an imper-
meable one, wave breaking is stronger and thus lower wave heights are recorded. XBeach showcased
exactly the aforementioned behavior with lower transmitted wave heights, and thus lower transmission
coefficients. In light of this behavior, the focus was directed toward the breaking process itself, which
was dominated by depth breaking. The impermeable structure was modified by having its height or
width decreased. Moreover, it was explored whether changing the wave steepness parameter setting
maxbrsteep could delay the breaking process. An attempt was also made to model the breakwater as
vegetation, in hope that the model would be able to capture the wave evolution above it. A commentary
on the solutions is given in the following paragraphs.

There were another 2 ways to simulate a porous breakwater that were not utilized in this study. The first
one is porous in canopy flow, which is based on the vegetation module de Ridder et al. [2021], with the
difference of using the velocity within the canopy, rather than the depth averaged velocity. A failure, or
inconsistencies, of the vegetation to describe the wave evolution would most probably mean the same
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is true for the porous in-canopy flow, and therefore was not tested. The second option would be to use
the groundwater flow module. This module uses a parameterization of the Forchheimer equations for
turbulent groundwater flow. It was constructed to model the water flow through coastal aquifers and
beach profiles through vertical exchange of water. This module was extended to include also horizontal
exchange of flow for steep profiles, like the one of a porous breakwater. The disadvantages are that
someone would have to calibrate the conductivity parameters for each direction which can be very time
consuming given the available data, and the fact that the module calculates only the flow through the
porous media. What this means is that the module is not modelling the structure-wave interaction or
wave breaking process through momentum equations. Given the fact that even more parameters would
have to be defined, for example characteristics of an underground water level, a decision was made not
to investigate this option. Likewise no available studies were available that have tested this module for
submerged porous structures.

Simple Guza split

As it was previously discussed, XBeach only computed the total wave heights (or instantaneous water
level), and does not separate the signal into incoming-reflected. To do so, the simple Guza split method
was utilized, with an alteration in the wave celerity equation. The original formula assumes shallow
water conditions and uses simple shallow water celerity. In this study, the method was modified to
include the dispersion relationship, given the fact that most of the wave flume, for the given wave
conditions, can be characterized as deep or intermediate (Section 3.1.1). Guza split computes both
the incoming and reflected signals, which then are processed to compute the significant incoming and
reflected wave heights. An example of the Guza split method is given in Figure 6.3, where the total,
incoming and reflected significant wave height evolution is given for a specific wave condition. The
modified version demonstrates favorable results. Only in the deep part of the wave flume, it seems
like the method tends to slightly underestimate the incoming wave heights. This is not necessarily a
miscalculation of the Guza split, but rather a result of the inability of XBeach to compute the depth
average current in the deep part, which in turn affects the results of the wave decomposition method.
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Figure 6.3.: Total, incoming and reflected significant wave height evolution for wave condition 16, with
no structure. The slope at the end is located at distance x=55m. Input parameters: Tj,,,; = 1.47 [s],
Hippur = 0.066 [m].

Solution observations

There were three possible courses of action that could be taken. The first one was to represent the struc-
ture as an impermeable breakwater, which then would be modified shape-wise, using the recommended
settings. The second course of action was to change the settings, namely the maxbrsteep parameter,
to alter the breaking process. Lastly, the vegetation module of XBeach could be used to simulate the
breakwater as vegetation. At the initial exploration phase of which solution works the best, only two
structures were decided to be of interest, Structure 2 and Structure 8-I (Figure 2.3). Structure 2 was a
simple structure with no change of shape along the width and data was available for 2 wave conditions.
Structure 8-1 on the other hand was a complex 3D structure, with varying orientation width-wise and a
channel. There were 3 wave conditions that were available for Structure 8-1. Structure 2 had a poros-
ity of 20% while Structure 8-1 had 45%. Due to the availability of the data and the fact that these 2
structures had quite different shapes, it was decided to these conditions to select the optimal solution.
For the rest of the structures, the available data was quite limited, with most structures being tested for
only one wave condition.

The first step of representing the breakwaters as a simple impermeable change in the bathymetry, also
referred as a Original case, was important for the evaluation of the numerical model. The expected
behavior was clearly defined in the literature review, and if the model failed to demonstrate the same
results, then either there would be problems with the choice of the model, or the available data was
not correct. In the end, the result is the expected underestimation of the transmitted wave heights and
transmission coefficient. The average MAPE and RMSE transmission coefficient errors were for the
Original case 21.1% and 15.2% respectively.

The error plots of the Original case display a strong underestimation of the transmitted wave heights.
Within the error plots, it is easy to see that Structure 2 performed better than Structure 8-I, indicating the
fact that porosity affects the wave transmission since the structure with the smaller porosity percentage
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presents better results when modeled as a simple bathymetry change. Nonetheless, for the given wave
conditions and structure heights, the depth by breaking is the dominating factor of wave transmission,
while porosity has a small effect on the end results. These results are in accordance with the Section
2.2.

The next step was to modify the impermeable structure in order to alter the breaking mechanism. The
best results were obtained for either decreasing structure height by 15% or decreasing width by 20%.
The latter did not lead to as good results as the change in structure height. Changes in the structure
width had small effect on the wave transmission. Decreasing the structure height had a transmission
MAPE error of only 5.9% and RMSE equal to 4.5%, for structures 2 and 8-1.

The second course of action was to change the maxbrsteep setting of XBeach. This parameter regulates
the level of the wave steepness before the wave breaks. The bigger the value, the steeper the wave faces
can become before breaking, shifting the breakpoint shoreward [Lashley et al., 2018]. The advantage
of this option is that there is no need to modify the structure size, someone can easily change the value
of the setting and then alter the bathymetry to represent the breakwater. The disadvantage is that this
can result in unrealistic wave evolution and the need to increase the points per wavelength to better
capture the wave steepening. For this reason, the setting was increased from the suggested value of 0.4
to a value of 1.4. The results were very promising. The MAPE error was equal to 10.9% and RMSE
equal to 8.9% (for structures 2 and 8-I). Compared to a decrease in structure height, this solution also
exhibits small errors of the spectral periods.

The last course of action was the vegetation module that failed to produce logical results and the error
plots were not computed. In Appendix C, the wave height evolution of the vegetation module is given
for the two structures. The results varied greatly not only between the structures, but also between
different wave conditions of the same structure. The reason can be attributed either to the fact that
unreasonable values for parameters were used (for example the drag coefficient) or that the width of
the structures was not sufficient enough for the vegetation to have an impact on the incoming waves.

Because both decreasing in the structure height and changing the maxbrsteep setting displayed satis-
factory findings, it was decided these two solutions for validation with more configurations and wave
conditions that were not utilized before. 7 new structures were modeled again and their error plots
were computed. In the end, decreasing the structure height was the most effective solution with a total
MAPE of 9.9% and RMSE 8.2%, in the transmission coefficient. The errors are given in Table 4.2 and
comparison between the two solutions is given in Figure 6.4.

Regarding the choice of the structures that were used for the validation, attention was given to use
structures with different shapes, porosity values and that were tested for different wave conditions.
Unfortunately, some of the structures were emerged, like Structure 12 and Structure 13. In Figure 6.5
one can see that when a structure is emerged, XBeach failed to produce reasonable outcomes, and thus
Guza split method would also produce unreasonable results.
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Figure 6.4.: Comparison between 15% structure height decrease and maxbrsteep=1.4 for all the struc-
tures and wave conditions that were tested.
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Figure 6.5.: Total significant wave height evolution for Structure 13. A decrease in structure height
shows better results but this means that the structure had to be modeled as a submerged one.

Another possible solution would be to model structures that were simple (20% porosity) and structures
that were complex (above 20% porosity) in different ways. In Table 6.1 a summary of the computed
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errors for the two most promising solutions are given, but only for the simple structure. Likewise, in
Table 6.2 the same information is given for only the complex structures.

Errors - Only simple 2D structures Hmo [M] Hpgin [m] K% [[] K% [-] Tmoils] Tm10ls]

MAPE [%] 7.7 12.6 14.7 46.6 239 9
Original case

RMSE 0.008 0.01 11.5 131 0.275 0.184

15% Structure height MAPE [%]  10.4 7.7 6.8 47.8 19.1 6.3
decrease RMSE 0.01 0.007 5.8 134 0.225 0.116
Max steepness MAPE [%] 6.8 5.3 5.1 35.5 7.2 8.2
parameter = 1.4 RMSE 0.007 0.004 4.8 9.9 0.107 0.141

Table 6.1.: Overview of the MAPE and RMSE errors for only simple structures. The results with the
minimum error per parameter are coloured with green.

Errors - Only complex 3D structures Hmo [M] Hmgin [m] K% [-] K% [-] Tmoa[s] Tm-1,0s]
. MAPE [%] 25.1 32.2 31.7 32.4 20.3 27.5
Original case
RMSE 0.013 0.015 229 9.3 0.199 0.354
15% Structure height MAPE [%] 6.7 10.2 9.3 40.6 19.1 16.2
decrease RMSE 0.004 0.005 7.7 10.3 0.195 0.205
Max steepness MAPE [%] 13.8 221 21.7 29.8 11.1 17.7
parameter = 1.4 RMSE 0.007 0.01 16.7 8.4 0.145 0.223

Table 6.2.: Overview of the MAPE and RMSE errors for only complex structures. The results with the
minimum error per parameter are coloured with green.

Simple structures are modeled more efficiently when maxbrsteep is set at 1.4, while for the complex
structures a decrease in the structure height is needed to have a MAPE error below 20% in the trans-
mission coefficient. Interestingly enough, the negative spectral period 7,1 o is always better estimated
when a decrease in height is chosen. An explanation is given in the next paragraph.

Errors Hmo [m] Hmoin[m] K% [-] K %[-] Tmoils] Tmiols]
15% Structure height MAPE [%] 9.5 11.4 9.9 43.4 20.1 14.8
decrease RMSE 0.008 0.007 8.2 12.1 0.21 0.2
Max steepness MAPE [%] 14.6 18 18 335 9.5 16.9
parameter = 1.4 RMSE 0.008 0.009 15.6 9.7 0.101 0.221
Combination of the MAPE [%] 8.7 83 7.6 38.6 14.5 131
above solutions RMSE 0.005 0.004 6.7 10 0.16 0.18

Table 6.3.: Overview of the MAPE and RMSE errors when the two solutions are combined. The simple
structures modeled with Maxbrsteep=1.4 and the complex structures with 15% decrease in structure
height. The results with the minimum error per parameter are coloured with green.
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Table 6.3 shows the error if 2 solutions are combined. When the simple structures are modeled with
Maxbrsteep=1.4 and the complex structures with a 15% decrease in structure height, the MAPE de-
creases to 7.6% and the RMSE to 6.7%, when the wave transmission is of interest. The combination
of these two solutions though, is still not producing the smallest error for the reflection coefficient and

spectral period T,0,1.
Reflection coefficient and spectral periods

The focus of this thesis is not on the study of the reflection coefficient. Nevertheless, a short insight
is given. The computed errors of the reflection coefficient are always quite big no matter the chosen
solution. The best solution in regards to the transmission coefficient is also the solution with the biggest
error in the reflection coefficient, namely 43.5% MAPE. In all the possible options, the reflection
coefficient barely falls down from 30% MAPE. With a close look at the error graphs for the wave
steepness parameter (Section 4.1.4), and more specifically at Structure 2, one can notice that the total
significant wave height is overestimated, the incoming significant wave height is barely underestimated
and the reflection significant height is also underestimated by more than 20%. The fact that both
incoming and reflected signals are underestimated, but the total signal is overestimated can mean that
the Guza split method is failing to accurately compute the reflected wave signal.

The spectral periods T;,0,1 and T;,,—1 ¢ are important to design and building coastal structures, therefore it
is important to know their values behind the breakwaters. The errors vary from 10% to 20% MAPE for
the different solutions. 7;,_1 ¢ seems to be overestimated and the numerical model tends to overestimate
the energy carried by the lower frequencies (short waves). On the other hand, there seems to be no
clear trend in 7,01, when the validation Section is taken into account. XBeach seems to struggle with
energy allocation after the waves break on the structure. The variance spectra of Structure 14 are given
in Figure 6.6 and Figure 6.7. In both figures XBeach has difficulties to accurately process the wave
breaking above the breakwater and overestimates the energy in lower frequencies (longer periods),
while in the first figure the peak is also located in lower frequencies. Shorter waves are better resolved
compared to longer waves. Decreasing the structure height means long waves break less and therefore
Tin—1, is overestimated. Compared to the solution of maxbrsteep=1.4, the error is smaller, as the latter
overestimated the energy in the lower frequencies even more.
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6. Discussion

Application

An application of the model for different conditions was done to guarantee that the model properly
simulates the physical processes that it is intended to reflect. For this reason, a simple structure was
created, in the existing bathymetry layout, which was tested in various conditions. The objective was
to validate that XBeach can produce the desired outcomes, as the ones recorded in the literature or the
previous study of van den Brekel [2021].

The first element that was examined was the behavior of the breakwater under changes in the relative
structure height h./dy, followed by changes in the relative freeboard R./Hy0,;. Both investigations
revealed that the results were in accordance with the trends that were found in the previous study.
Moreover, it was highlighted that only changing the structure height to modify these ratios is wrong
and can lead to wrong estimations of the transmission coefficient of more than 5%, at least when the
bathymetry is complex.

With the relative width B/L, both the effect of the width and the effect of the wave steepness were ex-
amined. As stated in Section 2.2 width is not that effective in decreasing the transmitted wave heights,
but it still influences the end results. An indefinitely long breakwater can decrease the transmitted wave
height to zero. In this study, the behavior of the structure crest was validated. In the previous study of
van den Brekel [2021] the width had a stronger impact on the transmission coefficient, but this can be
attributed to the differences between the shapes of the structure and the tested wave conditions.

Through changing the wave period, the wave steepness is modified. The effect of the wave steepness
was clear in XBeach. Increasing the wave period means longer waves in the domain. For the longer
waves to “feel” the crest of the breakwater, the more the crest width should be increased, therefore less
dissipation is observed. Increasing the ratio (decreasing wave period) the transmission coefficient was
decreasing, until the B/ L,,_1 o ratio reached a value of about 0.306, where the transmission coefficient
remained steady at about 57%.

The slope of the structure was also varied from 1:1 to 1:5 to assess the impact on the transmission
coefficient. XBeach demonstrated predictable results in which the transmission coefficient remained
relatively stable. Milder slopes had about 2% decrease in the transmission coefficient. In case the
waves were not breaking for the given wave condition, the effect of the slope would be even less
pronounced.

Lastly, a direct comparison was made between changing the structure height versus changing the struc-
ture width, with the aim of quantifying the difference in the transmission coefficient. Through this
study, it was shown that changing the height was more effective than changing the crest width, and this
was shown again in the consistency check. Even for 5% change of the value of the height or width, de-
crease or increase, the difference in the transmission can be up to 5%. For bigger percentage changes,
it was calculated that the end results can vary by about 20%. It is important to quantify this effect so
more efficient structures can be designed.
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6. Discussion

In short, whether or not XBeach is suitable to represent the wave flume experiments is going to be
answered by expanding on the three factors that help to choose a porous flow model as suggested from
Han and Wang [2022]:

1. Simplicity and robustness: The main advantage of XBeach is that it is simple to use, and com-
pared to other numerical models that are verified in modeling porous structure characteristics, no
advanced skill set is required. In this study, quantitative results were given while the complexity
and computational time were kept minimum. This is caused by the fact that the focus is on the
transmitted wave field, and not on the specific effects of porosity itself.

2. Flow regime: The flow regime was not of importance while modeling with XBeach, because the
model does not solve the porosity and friction effects that a porous submerged structure would
have. Consequently, no resistance terms had to be elaborately computed, as its done in previous
research.

3. Comparison with experimental data: All the results that were computed in the present thesis
were examined next to the results of the previous study of van den Brekel [2021]. The suggested
solutions to model the wave flume and the submerged structures were all verified through data
from the physical flume. XBeach was not previously verified for porous structures therefore
attention was given to all the results to exhibit good agreement with the physical experiments.

All things considered, XBeach is suitable to represent the wave flume experiments as long as the focus
remains on the transmitted wave heights. A different validation analysis would have to be done, if
the focus would change to be on the reflection coefficient or a more thorough spectral analysis past
the breakwater. Decreasing the structure height by 15% is on average the option with the best results
regarding the transmission coefficient.
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7. Conclusions

In this chapter the research question and sub-questions are answered. First, the answer of the main
research question will take place,and then the sub questions will be answered:

Main research question

In what way and how accurately can we simulate the impact on wave transmission of a Reefy break-
water using the process-based numerical model (XBeach Non hydrostatic+)?

In order to accurately simulate the impact of a Reefy breakwater on wave transmission using XBeach,
it is proposed modeling the breakwater as a change in bathymetry with a shape similar to the original
structure, but with a 15% decrease in height to compensate for the omitted effect of porosity. The
validation results show that this approach has a mean average percentage error (MAPE) of 9.9% and
a root mean square error (RMSE) of 8.2% for the transmission coefficient, as well as a MAPE of
11.4% and an RMSE of 0.007m for transmitted wave heights. The results were validated against data
from 13 wave experiments with range of validity 0.47 < R./H0in < 1.05, 3.3 < B/Hpin < 13.6
and 0.015 < sy,—1,0 < 0.04.. This approach provides an effective and efficient solution for accurately
simulating wave transmission over a Reefy breakwater using XBeach.

Subquestion 1

How does the physical geometry of the breakwater affect the accuracy of XBeach Non hydrostatic+
simulation results?

The physical geometry of the breakwater can considerably affect the accuracy of XBeach simulation
results. The results showed that structures with lower porosity and simple geometry had better perfor-
mance compared to the complex structures with higher values of porosity. The underestimation of the
transmitted wave heights due to more breaking on the structure was observed for all structures, and the
order of this underestimation was on average about 26.5% MAPE before any solution being applied.
However, for simple structures with small porosity values (below 20%), this error was of the order
of 13%. Therefore, it is crucial to consider the porosity effects when modeling complex structures,
and the modeling approach needs to be carefully selected based on the physical characteristics of the
breakwater to obtain accurate simulation results.
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7. Conclusions

Subquestion 2

In what ways can the breakwater and the impact on the transmitted wave heights be simulated within
XBeach and how accurate are these other strategies?

There are 4 main approaches for simulating the impact of a breakwater on the transmitted wave field
using XBeach. The first approach involves modeling the breakwater as an impermeable structure with
a 15% decrease in height, which resulted in the most accurate and efficient results according to the val-
idation. The second approach involves modeling the breakwater as an impermeable structure again, but
with decreased width. The calibration showed that decreasing the structure width had small effect on
wave transmission, with MAPE 16.5% and RMSE 11.9% in the wave transmission, for a 20% decrease
in the width. The next solution was to use the vegetation module, but it produced inconsistent results.
The last approach involves modeling the breakwater as a change in bathymetry, but with an increased
value of the maxbrsteep parameter in XBeach. While the latter approach does not require altering the
dimensions of the breakwater, it resulted in slightly lower accuracy compared to the first approach,
with an average MAPE error of 18% in the transmission coefficient (compared to 9.9% for the reduced
crest height approach). However, this approach can be useful for modeling simple structures with low
porosity. It is also possible to combine approaches, modeling structures with low porosity using an
increased maxbrsteep value and structures with higher porosity using decreased structure height. The
combination of these 2 solutions has the smallest MAPE and RMSE in the transmission coefficient,
with 7.6% and 6.7% respectively. Overall, the choice of approach depends on the user’s priorities and
the specific characteristics of the breakwater being modeled.
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8. Recommendations

After conducting a thorough analysis of the identified factors, limitations, and strengths, this chapter
aims to provide recommendations for future research.

» The first proposal to better understand the effects of a Reefy structure would be to re-create the
model again, now that the focus points are identified, and simulate the regular wave conditions
also. 28 regular wave conditions were tested for even more structures. The set up of the model
may be more difficult for regular waves given the fact that the calibrated settings and parameters
of the simulated wave conditions should exactly match that of the physical model. To better
understand the physics and increase the confident in the model, it would be important to examine
whether the solutions proposed here could also be applied for regular waves. Regular waves are
frequently observed on coral reefs in the form of swells.

* A validation of the model for both irregular and regular wave conditions will help to ensure that
a porous structure can indeed be modeled under several sea states. Following the validation, the
design can be altered and be optimized, both regarding the hydrodynamic and ecological impact.
In this study it was shown that structure height has a strong impact on wave attenuation, while
structure width not so much. In other words, the breakwater can become less wide and save
costs, or become wider and provide more space for marine life to settle. Another advantage of
verifying XBeach to regular conditions would be the ability to verify the empirical equations of
van den Brekel [2021]. Verifying the equations would give the possibility to assess faster the
possible impact of the structures.

» Reflection was not addressed in detail but it can also become important when structure stability
becomes important, as well as when erosion can appear in the area in front of the structure. A
more detailed study should investigate both transmission and reflection of the breakwaters, not
only for structural purposes but also due to possible impact on the marine ecosystem.

* Regarding the chosen wave decomposition method, a comparison with other methods would
help pinpoint the limits of the method as well as its validation to determine the reflected signal.
A decomposition method that uses Fourier transform would be chosen because it discretize the
wave to its components first, and then separates the signal to incident-reflected using the wave
characteristics of the components.

e The XBeach model used to simulate the wave transmission was a 1D model where no sedi-
ment transport was available. Even though for a preliminary assessments this is sufficient, the
next phase is to model the breakwaters in a 2D or even a 3D model. By doing so, the inter-
actions between waves, currents, and subsequently erosion patterns, with the structure will be
captured. Erosion and sediment transport should also be introduced to the model to confirm that
the placement of the breakwaters relative to the shore are not actually causing undesirable ero-
sion patterns. Since XBeach has shown an overestimation tendency of the long wave energy, an
investigation should be conducted to determine the effect on the sediment transport.

¢ Last but not least is to model the breakwater with a Computational Fluid Dynamics (CFD) model
that solves the interaction between the porous media and waves. Friction and porosity influence
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8. Recommendations

the structure effectiveness, and depending on the level of detail, they can affect the results. CFD
models can resolve flow and wave dynamics at a considerably finer scale than XBeach, which is
critical for effectively reproducing the complicated flow patterns surrounding the porous break-
water. CFD models are more adaptable than XBeach when it comes to modeling different ge-
ometries and flow regimes, and they can also model overturning waves and the vertical structure
of the flow. Therefore, the impact of the structure on the ecosystem will be better determined.
CFD models can also represent turbulence with great detail and no need of parameterization,
which is vital for modelling wave-breaking and energy dissipation in the porous breakwater,
but also for the fauna and flora that would make the structure their habitat. Nevertheless, CFD
models are computational expensive such that using XBeach also has its advantages.
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A. Physical Model

In this appendix data and figures from the previous study [van den Brekel, 2021] will be given.

Figure A.1.: Structure 2
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Figure A.5.: Structure 6 Figure A.6.: Structure 7
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A. Physical Model

Figure A.13.: Structure 12 Figure A.14.: Structure 14
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A. Physical Model

Figure A.15.: Structure 15

‘Wave condition number | d, Tiarger (8) | Hiarges(m) s (-) | Regular (R)/Irregular (I) Structure Number

1 0.61 1.47 0.06 0.02 R 11-1

2 0.61 1.16 0.04 0.02 R 11-1

3 0.61 0.8 0.02 0.02 R 11-1, 12-1

4 0.61 0.98 0.06 0.04 R 11-1

5 0.61 1.16 0.04 0.02 1 11-L11-I11,12-1,12-111, 14

6 0.68 2.51 0.12 0.02 R 11-1

7 0.68 2.15 0.10 0.02 R 11-1

8 0.68 1.80 0.08 0.02 R 1,2,3,8-1,8-111,8-V,9,10,11-1,15
9 0.68 1.47 0.06 0.02 R -

10 0.68 1.15 0.04 0.02 R 1,2,3,8-1,8-111,8-V,9,10,15

11 0.68 0.80 0.02 0.02 R 1,2,3,8-1,8-111,8-V,9,10,15

12 0.68 1.47 0.12 0.04 R 11-1

13 0.68 1.31 0.10 0.04 R 11-1

14 0.68 1.15 0.08 0.04 R 1,3,9,10,11-1

15 0.68 0.98 0.06 0.04 R 11-1

16 0.68 1.47 0.06 0.02 1 2,8-0,8-1,8-V,13,15,8-1-PVC(69&169)
17 0.68 0.80 0.02 0.02 1 8-1,15

18 0.68 1.31 0.10 0.04 1 11-L11-I11,12-1,12-111, 14

19 0.68 1.15 0.08 0.04 1 8-1,13.8-I-PVC(69&169)
20 0.68 0.98 0.06 0.04 1 8-0,8-1,8-V,8-I-PVC(169&3D)
21 0.75 3.11 0.16 0.02 R -
22 0.75 2.76 0.14 0.02 R 2
23 0.75 242 0.12 0.02 R 1,2,2-BH,3,4,5
24 0.75 2.09 0.10 0.02 R 1,2,2-BH,3
25 0.75 1.92 0.18 0.04 R 2,15
26 0.75 1.76 0.16 0.04 R 2,4,5,8-1,8-111,8-V,9,10,15
27 0.75 1.60 0.16 0.04 R -
28 0.75 1.60 0.14 0.04 R 1,2,2-BH,3,4,5,8-1,8-111,8-V,9,10,15
29 0.75 1.45 0.12 0.04 R 1,2,2-BH,3,8-1,8-111,8-V,9,10,15
30 0.75 1.29 0.10 0.04 R 1,2,2-BH,3,8-1,8-111,8-V,9,10,15
31 0.75 1.14 0.08 0.04 R 1,2,2-BH,8-1,8-111,8-V,9,10,15
32 0.75 0.98 0.06 0.04 R R,8-1,8-111,8-V,9,10,15
33 0.75 0.80 0.04 0.04 R -
34 0.75 0.40 0.01 0.04 R -
35 0.75 1.60 0.14 0.04 1 2,2-BH.4,5,6,7,8-1,8-1-PVC(32&69&169)
36 0.75 1.45 0.12 0.04 1 -

Table A.1.: A summary of the conditions that were used as inputs for the wave files. For the conditions
where no structures are displayed it means that the tests took place but the results weren’t investigated
further either due to time constraints or due to unforeseeable circumstances [van den Brekel, 2021].
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A. Physical Model

Structure number | h. (m) | B, (m) | o (°) P L., (m) | Blocks number
Structure 1 2 12 26.6 | 0.20 N/A 27
Structure 2 3 6 26.6 | 0.20 N/A 27
Structure 3 4 3 26.6 | 0.20 N/A 30
Structure 4 3 3 18.4 | 0.20 N/A 18
Structure 5 3 6 18.4 | 0.20 N/A 27
Structure 6 3 6 45 0.20 N/A 27
Structure 7 3 6 26.6 | 0.20 N/A 27

Structure 8-0 3 11 58.3 | 045 0 27
Structure 8-1 3 11 58.3 | 045 1 27
Structure 8-I11 3 11 58.3 | 0.45 3 27
Structure 8-V 3 11 58.3 | 045 5 27
Structure 9 3 7 58.3 | 0.31 1 27
Structure 10 3 7 583 | 0.46 1 21
Structure 11-I 2 11 26.6 | 0.39 1 19
Structure 11-II1 2 11 26.6 | 0.39 3 19
Structure 12-1 3 6 26.6 | 0.39 1 23
Structure 12-1IT 3 6 26.6 | 0.39 3 23
Structure 13 4 5 689 | 0.44 N/A 17
Structure 14 2 5 26.6 | 0.40 N/A 9
Structure 15 3 5 58.3 | 0.46 N/A 13

Table A.2.: Characteristics of the different configurations, in 1:1 scale. The number of blocks is per 3
meter flume width [van den Brekel, 2021].

Dimension Model 1 : 15 real system 1:1
width x height x length 0.067 X 0.067 X 0.20 11 1IX1X3m
Volume holes 0.18 x 1073 m? 0.61 m>
Volume material 0.71x 1072 n? 2.39 m®
Mean dry weight 1329 g/ block 4485 kg/block
Mean dry density 1.88 g¢/cm? 1.88 ¢/cm?
Mean saturated weight 1378 g/ block 4651 kg/block
Mean salt water saturated weight 1379 g/ block 4655 kg/block
Mean salt water saturated density 1.95 g/cm® 1.95 g/cm’
Dsg 8.9 cm 1.3M

Table A.3.: Dimensions of a Reefy module in 1:1 and in 1:15 scaled [van den Brekel, 2021].
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B. Spectral analysis

B.1. Spectral Analysis

The spectral density of the water surface time series is computed with the Welch method [Welch,
1967]. By averaging the spectal density the total variance is computed. Welch’s approach estimates
the spectral density by dividing the time series data into overlapping parts (Dpjocr). The length of
these parts defines the spectral resolution (i.e the interval between frequencies in the spectrum Af =
1/Dpioer)- In the python script (part of the scipy library), the length of these parts is defined by
the keyword: nperseg. Increasing the length means increasing the resolution of the spectrum on the
expense of the accuracy. Here a number of different nperseg values where used to examine which one
would produce the desired resolution with acceptable accuracy.

For the XBeach results, a value of 500 nperseg gives the best balance between accuracy and resolution
(Fig. B.1). On the other hand, for the files produced at the wave flume, a value of 1000 nperseg was
better than 500. In Fig. B.2 and in wave condition 17, it is easily visible that for values 2000 and 4000
the accuracy is quite low.

Frequency Spectra WC17 Output point 7 (x= 50 m) per nperseg value, Xbeach Frequency Spectra WC5 Output point 7 (x= 50 m) per nperseg value, Xbeach
le=5 0.000175 —— nperseg=250
—— nperseg=250 nperseg=500
25 nperseg=500 0.000150 - -- nperseg=1000
-- nperseg=1000 -- nperseg=2000
-- nperseg=2000 N
= 2.04 perseg £ 0.000125 A
£ S
o £
£ = 0.000100 -
=15 =
o w
- ¥ 0.000075
g c
£1.0 &
E g 0.000050 -
05 0.000025 {
p/ - <
0.0 0.000000 e
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 0.00 0.25 0.50 0.75 1.00 1.25 1.50 175 2.00
Frequency [hz] Frequency [hz]

Figure B.1.: Example of different nperseg values for 2 wave conditions of the XBeach runs.
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B. Spectral analysis

Frequency Spectra WC17 wave gauge 9 per nperseg value, reference files Frequency Spectra WC5 wave gauge 9 per nperseg value, reference files
le-5
| —— nperseg=250
—— nperseg=250 A nperseg=500
5 nperseg=500 0.00025 v:f({ — = nperseg=1000
— = nperseg=1000 ) ---- nperseg=2000
--- nperseg=2000 N R =
ol - nperseg=4000 ;E 0.00020 4 ' nperseg=4000
E £ i
N € 0.00015 )
o ]
2
2 8 0.00010
o
>
14 0.00005 -
[y 0.00000 1+
000 025 050 075 100 125 150 175 2.00 000 025 050 075 100 125 150 175 2.00

Frequency [hz] Frequency [hz]

Figure B.2.: Example of different nperseg values for 2 wave conditions of the reference files of the
wave flume experiments.

B.2. JONSWAP Calibration

To find whether changing the shape of the JONSWAP spectrum could decrease the error in the spectral
periods, the spectral shape was varied from values y = 1 till Y = 12. The higher the value, the more it
transforms into a well peaked swell spectrum. In Figure B.3 and Figure B.4 two of the wave conditions
show that the calibration of the y value cannot produce the desired results. Small y produce wider
spectra that result in a slightly different shape and therefore negatively affect the spectral periods. On
the other hand, higher y values are more narrow and tend to approach the shape of the JONSWAP
spectra produced by the reference files for the wave gauges 1-3. However, by the time they approach
the shape, there is an overcompensation of energy at the peak frequency, impacting the end results.
Different wave conditions show optimal results for different y values. For Wave Condition 5 (Figure
B.3) for example, ¥ = 2 produces a spectrum that fits over the referenced one, but for Wave Condition
35 (Figure B.4) y = 4 produces the desired results.

The best approach would be to calibrate each wave condition individually, so as each one has a different
¥ value. Overall, a value of ¥y = 1 was found the best to represent all the conditions and it was the one
used in this thesis.

Y RMSE: Hyo[m]  RMSE: T4 [s]  RMSE: Ty, 4 [5]
1 0.004 0.111 0.155
2 0.011 0.124 0.163
4 0.020 0.148 0.182
8 0.024 0.165 0.193
10 0.029 0.184 0.219
12 0.031 0.189 0.224

Table B.1.: Root mean square error for the different y values.
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B. Spectral analysis

Frequency Spectrum WC5 Wave gauges 1-3 0.007 Frequency Spectrum WC35 Wave gauges 1-3
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0.0000 + 0.000 ——————— =
0.0 05 10 15 20 2.5 0.0 05 10 15 20 25
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Figure B.3.: Frequency Spectrum for WC5 and Figure B.4.: Frequency Spectrum for WC35 and
different gamma values different gamma values

B.3. Wave height damping

Wave characteristics Deep Part Shallow Part

do [M]  Trarget [M] Hiapger [M]  d/L[] kd [-] AH% d/L[-] kd [-] AH%
WC5 0.61 1.16 0.04 0.30 1.90 18.06 0.12 0.78 9.09
WC 16 0.68 1.47 0.06 0.22 1.42 11.93 0.11 0.72 5.72
WC 17 0.68 0.8 0.02 0.68 4.27 41.83 0.25 1.63 16.72
WC 18 0.68 131 0.10 0.27 1.70 20.03 0.13 0.82 11.10
WC 19 0.68 1.15 0.08 0.33 2.12 26.93 0.15 0.97 9.07
WC 20 0.68 0.98 0.06 0.45 2.80 38.00 0.19 1.20 10.45
WC 35 0.75 1.60 0.14 0.21 1.34 13.59 0.12 0.76 8.89
WC 36 0.75 1.45 0.12 0.24 1.56 17.13 0.13 0.85 7.04

Table B.2.: The different wave conditions together with the computed characteristics including the
decrease in wave heights AH.

In Table B.2 the limitations of XBeach-nh+ due to depth can be seen. The deep part of the model
shows lot of numerical damping compared to the shallow part. The resolution of the model has been
tuned in Section 3.2 while the surface roughness does not influence the results, at least for the deep
part of the domain. However, wave conditions 17, 19 and 20 have 41%, 26% and 38% decrease in the
wave heights respectively. The AH values on the shallow part are smaller than the respective deep part
values, explained by the fact that XBeach-nh+ can capture better the short wave transformation for the
given depths since the kd values are all smaller than 2. Ultimately, the big decrease in wave heights in
these 3 wave conditions was the reason it was decided not to proceed with them.

B.4. Friction sensitivity analysis

For the bed friction coefficient two different approaches will be examined, the Chezy approach, with
the respective Chezy value C (Equation B.1), and the White Colebrook approach where the geometrical
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B. Spectral analysis

roughness of Nikuradse k; is defined (Equation B.2). The different friction approaches are both semi-
empirical formulas and both parameters have to be calibrated by comparing the water level as estimated
from XBeach, and the water level as was measured from the gauges in the wave flume tests.

8

=2 (B.1)

8

7\ Gsiog (22 e
In Table B.3 and Table B.4 the different values that were examined together with the RMSE of the wave
characteristics are shown (for all the wave conditions without the structure). For both approaches, the
value that results in the least possible friction gives the best result. This was expected as the model itself
produces damping as explained in Section 3.2.1, and therefore minimizing the effect of friction would
improve the results. The error on the wave height is small in both approaches (order of 0.01m), even
though the White Colebrook method is more consistent among different k; values. On the other hand,
the error on the spectral periods is bigger than the respective wave height error for both approaches.
Furthermore, there is not much variability in the error results despite the change in the values of C and
ks. For the spectral periods to change, the shape of the JONSWAP spectra at the boundary condition
would need to change shape. Overall, both approaches illustrate the same behavior, but the RMSE
was smaller for White Colebrook than the respective Chezy approach. Consequently, k,=0.01 m was
chosen.

C [m"¥s] RMSE: Hyo[m]  RMSE: T4 [s]  RMSE: T4 [s]

5 0.086 0.262 0.222
15 0.017 0.249 0.133
40 0.009 0.339 0.264
60 0.012 0.356 0.302
80 0.013 0.363 0.318

Table B.3.: Root mean square error for Chezy approach.

ks [m] RMSE: Hyo [m]  RMSE: T,04[s] RMSE: Ty, 46 [s]
0.01 0.005 0.337 0.272
0.15 0.006 0.290 0.165
0.4 0.008 0.274 0.144
0.6 0.009 0.275 0.143

2 0.010 0.275 0.143

Table B.4.: Root mean square error for White Colebrook approach.

79



B. Spectral analysis

B.5. Wave flume set-up

WC5 Wave heights Wave flume WC16 Wave heights Wave flume
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Figure B.5.: Wave condition 5, Significant wave heights ~ Figure B.6.: Wave condition 16, Significant wave heights
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Figure B.7.: Wave condition 18, Significant wave heights  Figure B.8.: Wave condition 35, Significant wave heights

Figure B.9.: Total significant wave height evolution for the wave conditions that are going to be used,
without the breakwater inside.
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C. Results

In this appendix the evolution of the incoming wave heights will be given, from Section 4. In the first
section, Section C.1 the results from the different solutions are presented. In Section C.2 the results
from the validation with the different solutions are given.

C.1. Results from the solutions

The results for this section are given for wave conditions 16 and 35. These two wave conditions were

chosen because both structures were tested for them, making the comparison easier.

Breakwater as a change in the bathymetry (Original case)

WC16 Hmoin Structure 2 Reference case

WC16 Hmoin Structure 8-1 Reference case
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Decrease in the structure heights
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Figure C.9.: Incoming wave height evolution for decreasing the structure height.
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Decrease in the structure widths

WC16 Decreased width Structure 2

0.08

0.06 1

Hmoin [m]

0.04 - —— initial size
4 5% Decrease
—— 10% Decrease

—e— 15% Decrease
=~ 20% Decrease
@ Reference Points

10.0 125 15.0 175 20.0 225 250 27.5 30.0

_ 0.751 [l &l &l
E
= 0.50 4
E =— Bathymetr
& 0.251 == arestwner
= Hove gmiges
0,00 4= vaterev

10.0 125 15.0 17.5 20.0 225 25.0 27.5 30.0
Distance [m]

Figure C.10.: Incoming wave heights for WC16
change in widths Structure 2
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Figure C.12.: Incoming wave heights for WC35
change in widths Structure 2
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Figure C.14.: Incoming wave height evolution for decreasing the structure width.
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Change in wave steepness parameter
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Figure C.18.: Incoming wave heights for WC35
change in Maxbrsteep Structure 8-1

Figure C.19.: Incoming wave height evolution for increasing the maximum wave steepness.
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Figure C.22.: Incoming wave heights WC16
change in Cd Structure 2.
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Figure C.23.: Incoming wave heights WC16
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Figure C.24.: Incoming wave height evolution for vegetation module.

C.2. Results from the validation

Set-up of the breakwaters

Depth [m]

o

Depth [m]

o

o

o

o

o

Structure 4

8
—— Bathymetry
—e— Gridpoints
61 ’ :*
4

2450 24.75 25.00 25.25 25.50 25.75 26.00 26.25 26.50
Distance [m]

Figure C.25.: Bathymetry and grid points
of structure 4.

Structure 7

8
—— Bathymetry
—e— Gridpoints
6 m
4

2450 24.75 25.00 25.25 25.50 25.75 26.00 26.25 26.50
Distance [m]

Figure C.27.: Bathymetry and grid points
of structure 7.

85

Structure 5

0.8
—— Bathymetry
E —e— Gridpoints
= 0.6
= r....J &
ll)
[a] 0.4
24.50 24:75 25;00 25j25 25:50 25;75 26:00 26:25 26.50
Distance [m]
Figure C.26.: Bathymetry and grid points
of structure 5.
Structure 8-V
0.8
—— Bathymetry
E —e— Gridpoints
= 0.6 |
:‘; \\ [
0 g4

25.50 25.75 26.00 26.25 26.50 26.75
Distance [m]

24.75 25.00 25.25

Figure C.28.: Bathymetry and grid points
of structure 8-V.



C. Results
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Error plots
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Figure C.40.: Error plots for all the structures used in the validation, for the Original case.
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Figure C.42.: Incoming wave heights for WC35
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