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Abstract
Rubble mound structures are often constructed to prevent severe wave damage to ships. By con­
structing the crest at a certain level, the waves are reduced such that safety is ensured. However, a
large increase in sea level rise is expected in the next century due to climate change. Because of this,
multiple adaptations might be necessary to meet the required lifetime of a rubble mound structure. In
current guidelines, the influence of these adaptations is already included. However, for a combina­
tion of solutions the empirical equations are not always accurate enough (van Gent, 2019). Accurate
guidelines are necessary to correctly predict the overtopping rates for a combination of solutions. In
this research, the accuracy of current guidelines is investigated.

The research performed in this thesis is divided into two parts. First, multiple solutions are derived
to adapt a breakwater and ensure safety for a rising sea level based on existing empirical equations.
Safety is ensured if the mean overtopping rate remains less than 50 l/s/m. Beyond this point, the ships
behind the structure might become prone to large wave attacks. Secondly, the accuracy of current
guidelines (i.e. the empirical overtopping equations) is tested in an OpenFOAM model. OpenFOAM
is a so­called open­source Computational Fluid Dynamics (CFD) software that can solve complex fluid
flows.

Several solutions are possible to ensure safety against severe wave overtopping. The four solutions
applied in this thesis are the addition of a berm, the addition of a crest wall, an increased foreshore
and the implementation of a low­crested structure. By combining these solutions, the overtopping rate
remains below the maximum of 50 l/s/m. The combination of solutions forms a path, all paths together
form a pathway. The adaptation pathways are a guideline for the moment in time at which a certain
solution should be implemented. Therefore, a structure is not unnecessarily expensive and can be
managed easily. The paths are rated based on the implementation costs of the combination of solu­
tions.

In total two empirical equations are applied to derive an adaptation pathway. The first pathway is based
on the overtopping equation proposed by the TAW (2002). The TAW is a Dutch advisory committee
on flood defences. Based on the applied theory, the economically most attractive solution consists of
a low­crested structure, a foreshore and a berm. As this equation does not account for the influence
of a berm in non­breaking waves, an adapted TAW equation is applied as well. The adapted equation
was proposed by Krom (2012) and includes the influence of a berm. Based on the adapted equation,
the economically most attractive solution consists of a foreshore, a crest wall and a berm.

Once the economically most attractive solution is derived, the accuracy of current guidelines is re­
viewed in a phase­resolving model. It is found that, there is a large discrepancy between the results
calculated with the empirical equations and the results from the model. As no physical data is applied
in this research it is hard to interpret and analyze the exact numbers. Therefore, the relative effect of an
adaptation is compared. It is found that in contrast to the TAW overtopping equation for non­breaking
waves, a berm decreases the overtopping rate by at least 30% for the case study applied. Furthermore,
the current method to account for a crest wall proposed by the TAW overestimates the reduction (73%
compared to 40% in OpenFOAM). Finally, it is concluded that the addition of a low­crested structure
decreases the overtopping rate by a larger value than based on the applied guidelines (74% in Open­
FOAM compared to 35% in theory).

Based on the performed research a realistic combination of the adaptation measures consists of a
combination of a berm, a crest wall and a shallow foreshore. Therefore, it is advised to focus further
research on the combination of these measures. It is necessary to improve the guidelines for combi­
nations of these adaptation measures since the existing ones seem to be either incorrect (TAW, 2002)
or require a better validation (Krom, 2012).
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1
Introduction

1.1. Thesis motivation
One of the challenges in the civil engineering world for coastal protections in the coming century is to
cope with sea level rise. Some structural adaptations might be required to ensure their functionality
and fulfill the expected lifetime. For example rubble mound structures, many port areas depend on
these structures and significant damage due to wave attack could occur if too many waves transmit or
overtop the rubble mound breakwater. In Figure 1.1 an example of wave overtopping for a breakwater
structure is presented.

Figure 1.1: Wave overtopping of a breakwater (credits: Liz Mackney)

Figure 1.2 presents the predicted sea level rise for the next century. Notably, the uncertainty included in
the predictions increases over time. At the end of the century, the bandwidth of the most extreme case
is more than two meters. Due to the large uncertainty, sea level rise is a difficult parameter to include in
the design of structures. Costs might be unnecessarily high if a much lower sea level rise occurs than
designed for. The increase of uncertainty in the predictions after 2050 is partly due to the melt process
of the ice in Antarctica. This process depends among others on the emission rates. The most extreme
case in the figure refers to the highest Representative Concentration Pathway (RCP) scenario adopted
by the IPCC (2014), which happens if emissions do not stop rising before the end of the century. The
milder RCP4.5 scenario requires the emissions to stop rising after 2050 to limit the effects on nature.
The Deltascenario is currently applied in The Netherlands and is based on the KNMI’14 predictions
with a maximum sea level rise of 1 meter in 2100. However, this prediction does not include the latest
predictions on the melting of ice in Antarctica (Deltares 2018). In 2023 new predictions of the KNMI
are expected that include the faster melt of ice in the Arctics based on the IPCC rapport. Besides the
melting process on the Arctics as an uncertain factor, many different models predict climate change
based on different input parameters. All things considered, sea level rise is a difficult parameter to
include in the design phase of structures.

1
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Figure 1.2: Predicted sea level rise until the year 2100 (Deltares 2018)

Several solutions are possible to account for sea level rise in the design and maintenance of coastal
structures in the next decades. Due to the large uncertainty in sea level rise, an adaptive approach
is required as costs for flood defences might be unnecessarily high if the sea level rise is not as high
as expected (van Gent, 2019). In this research, this adaptive approach is applied to rubble mound
breakwaters. Breakwaters are used for several purposes, but the main function is damping waves for
navigation routes and port areas. This function is lost or decreases if the sea level rise is larger than
currently designed for.

1.2. Problem analysis
The main issue caused by sea level rise for rubble mound breakwaters is the increased overtopping
discharge such that the effectiveness of the breakwater decreases. To adapt and protect such a struc­
ture several solutions that limit the overtopping discharge are possible, for example: create a shallow
foreshore, add a crest wall or add a berm. For each of these solutions, a guideline already exists and
can be found either in the Rock manual (Rock Manual 2007) or in a technical report of the TAW (Dutch
advisory committee on flood defence) (TAW 2002). However, an individual solution is limited by certain
dimensions to prevent cost­inefficient designs. In extreme cases where one solution is not sufficient
to protect against climate change or at the point from which a combination of solutions is economically
more beneficial, the solutions should be combined to ensure the functionality of the breakwater. In
recent research conducted by Deltares, the combination of these solutions were applied on coastal
dikes (Deltares 2019). The different solutions were combined into an adaptive pathway scheme to
see until which amount of sea level rise the individual solution is possible. Subsequently, for different
amounts of sea level rise, the economically most attractive combinations were estimated. The rubble
mound structure assessed in this thesis is very similar to the coastal dike. Therefore, almost the same
solutions apply. Possible adaptation methods against sea level rise for rubble mound structures:

• The addition of a berm

• The addition of a crest wall

• The addition of a shallow foreshore

• The addition of a low­crested structure in front of the breakwater

• Increasing the roughness

All the possible solutions that are summed up previously influence the overtopping rate. A crest wall
limits the amount of overtopping by increasing the crest height but, without increasing the footprint. To
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limit the wave impact on a crest wall, the wall should not be too high. Also, from an aesthetic point
of view, this is not attractive as it blocks the view. Due to the shallow foreshore or the addition of a
berm, the waves start to break. Consequently, the wave overtopping decreases. The roughness of a
rubble mound breakwater is more or less given by its stability requirement and therefore not elaborated
further in this thesis. Low­crested structures in front of the breakwater decrease the wave height by
transmitting a fraction of the offshore wave height.

The previous described adaptations influences the wave overtopping. However, these adaptations
separately are only feasible until a certain amount of sea level rise, depending among others on costs
or constructability. For example, the wave load on a crest wall should not be too big. If a certain solution
is no longer feasible, solutions are combined. For these combinations of solutions, empirical formulas
are available with corresponding influence factors. However, due to a lack of research, these empirical
formulas are not always able to deal with such a combination of adaptation methods and therefore
further research is necessary. For example in the research of Chen (2020), in which the berm and
increased roughness for a dike were combined and validated against empirical formulas proposed in
the TAW 2002 and EurOtop 2007. These manuals state that the equations are valid for such combina­
tions, but seem not to be accurate enough for these combinations and Chen proposed a new equation
to deal with such combinations.

1.3. Objective and scope
1.3.1. Objective
The objective of this research is to elaborate on several relevant combinations of adaptation solutions
that limit wave overtopping at rubble mound breakwaters, where the sequence of solutions with lack of
validation in current guidelines is computed in a numerical model to enhance insight into the accuracy
of those combinations.

1.3.2. Scope
The hydraulic conditions applied in this thesis remain constant during a rising sea level. Theoretically,
the wave height might increase for a large water depth (i.e. decrease of depth limited conditions). For
the design of a rubble mound structure multiple criteria should be checked. As this research investi­
gates solutions that limit the amount of overtopping, the stability of the structure is assumed as sufficient
for different wave heights and water levels. With this assumption, the focus of this study is completely
on the wave overtopping and corresponding theoretical guidelines.

1.4. Research questions
The research questions elaborated in this thesis, taken the objective and scope into account, are for­
mulated as:

1. What sequence of solutions is economically beneficial according to the adaptation pathways
by limiting wave overtopping of rubble mound breakwaters against sea level rise?

2. How do the relevant combinations of solutions perform in the numerical model if the outcome is
compared to the current guidelines?

Together, these two research questions sum up the main purpose, the objective, of this research. The
next section explains the methodology used to answer the objective and research questions in more
detail.
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1.5. Methodology
This section describes the structure of the thesis and how the previous stated research questions are
answered in the next chapters. The first two steps describe the background information required to
answer the research questions. At step three, the first research question is answered. At step five, the
second research question is answered.

1.) Describe the theory of rubble mound breakwaters regarding functionality and possible adap­
tation methods.
The used literature to obtain results on the stated research questions is described in Chapter 2. First,
a brief introduction to the functionality of a breakwater is given, where the functionality in this thesis
depends on the overtopping rate. Additionally, some literature on an adaptive approach is studied. Mul­
tiple adaptation possibilities could be implemented to reduce the wave overtopping and preserve the
functionality of the breakwater. These individual solutions and their empirical formulas are explained
as well. The applied guidelines form the basis of this thesis and are used to derive adaptation pathways
in Chapter 4.

2.) Describe academic case studies
The academic or fictive case study to apply and test the accuracy of current guidelines is explained
in Chapter 3. The application of current guidelines is performed in Chapter 4 and the accuracy is
evaluated in Chapter 5 and 6. The description of the academic case study includes hydrodynamics,
bathymetry and a stability assessment. As the case study is an academic one, the location does not
represent a real structure. However, the derived conditions are based on realistic values. In total two
different case studies are evaluated. Both case studies are based on the applied theory and are derived
such that the overtopping rate is 50 l/s/m. The case studies are required to derive adaptation pathways
in Chapter 4.

3.) Evaluate possible adaptation pathways
Chapter 4 elaborates the adaptation pathways based on the empirical equations, the academic case
studies and the amount of sea level rise. As the sea level rise has a large uncertainty, especially for
predictions far in time, such an adaptive approach is necessary to enhance management strategies
during the lifetime of a rubble mound structure. To derive the optimal solution based on the adaptive
pathways, the costs for the different solutions are compared. Finally, based on these costs, the first
research questions is answered.

4.) Set­up OpenFOAM model for the verification of relevant solutions
In Chapter 5, the set­up of the numerical model to verify the accuracy of current guidelines is described,
including some configuration and theoretical aspects. The correct configuration of hydrodynamics is
important as no experimental data is available. Once the model is configured for the prevailing wave
conditions, one by one the adaptations according to the most interesting path are implemented in the
model.

5.) Verify the accuracy of current guidelines for the relevant solutions in a numerical model
Subsequently, in Chapter 6, the most interesting adaptation strategy is computed in the OpenFOAM
model. The results are compared with the results from the empirical formulas. Depending on the accu­
racy of those equations, a certain strategy can become more or less economically attractive. Finally,
the second research question is answered in this chapter.
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1.6. Outline of the thesis
The previous is combined into the following flowchart (Figure 1.3). This flowchart gives an overview of
the outline of the thesis.

Figure 1.3: Flowchart overall overview thesis



2
Theoretical background

In this chapter, the first step of the methodology is performed. The step includes a literature review
that describes the basic conditions for the remaining part of this report. First, the functionality of a
rubble mound structure and the adaptive approach are described. Additionally, the type of hydraulic
conditions that influence the functionality of a breakwater is briefly investigated. Subsequently, the
possible adaptations which can be implemented to reduce wave overtopping are investigated. With the
empirical overtopping equations, an adaptation pathway has been made in Chapter 4. Furthermore,
the influence of sea level rise on the hydraulic and structural conditions is investigated briefly in the last
section.

2.1. Failure mechanisms of a rubble mound breakwater
The stability of a rubble mound structure depends on multiple criteria as can be seen in Figure 2.1. The
failure mechanisms are divided into two categories, the geotechnical conditions and the wave condi­
tions (Rock Manual 2007). The latter are considered as normative in this research and particularly
wave overtopping as all adaptation measures are tested against wave overtopping in Chapter 4. Only
for the assessment of the case study and the low­crested structure, stability is also taken into account.
The wave action failure causes toe erosion, wave impact damage, crest erosion and leeside damage
due to overtopping. Too much overtopping causes significant damage to vessels in the port protected
by the rubble mound structure. The other criteria depend on the stability of the rock protection. The
stability of the structure is a ratio between the wave load (H) and the strength, the relative density of the
armour layer (Δ𝐷). Typical values for stability (𝐻/Δ𝐷) of the armour layer of a rubble mound structure
vary between 1 and 4. Therefore, the structure is statically stable (Rock Manual 2007).

As explained above, the stability for the case study and low­crested structure is calculated later on
in the report. For the case study derived in Chapter 3 a stability calculation has been performed to
give some realistic values. The derived stone sizes are assumed as stable in the remaining part of the
thesis where sea level rise becomes important. To estimate the costs of the low­crested structure a
stability calculation is necessary to determine the rock sizes.

Figure 2.1: Failure modes for a rubble mound breakwater (Rock Manual 2007)

6
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2.2. Adaptive approach
2.2.1. Adaptive approach in general
With the large uncertainty of sea level rise in the future (see Figure 1.2), it is a difficult condition to take
into account when designing a structure. An underestimated rise could significantly decrease the de­
sign lifetime and as a consequence, the costs increase to meet the safety requirements again (Deltares
2019). Likewise, an over­dimensioned design is not beneficial for the costs. To deal with such difficul­
ties an adaptive approach has been developed (Walker et al., 2001). In Figure 2.2 such an approach
can be seen, the first four steps are elaborated in this thesis.

Figure 2.2: Dynamic adaptive policy pathways approach (Haasnoot et al., 2013)

An adaptive approach can deal with large uncertainties in contrast to the classical top­down approach.
The top­down approach uses a certain amount of sea level rise according to a scenario. If a type of
construction does no longer meets the safety requirements, this cycle is repeated with corresponding
adaptation measures. The adaptation tipping point approach, which is more or less a bottom­up ap­
proach that starts with how much sea level rise the current strategy can deal with (Kwadijk et al., 2010).
If the sea level rise is bigger than currently designed for, other strategies are available in advance to
adapt the structure which makes it easier for policymakers. The so­called tipping point is the point at
which a certain solution is no longer meeting the objective (Haasnoot et al., 2013). If this happens the
next stage is reached and the structure needs adaptation to cope with the increased sea level rise. In
Figure 2.3 on the next page, a summary of the above is shown in a scheme.

2.2.2. Application of the Adaptation pathways
Due to the largely uncertain sea level rise, adaptive approaches become much more relevant and the
managing process of a certain coastal structure can vary throughout the lifetime of the structure. This
decreases the construction costs compared to the classical approach, in which structures can be very
expensive if the sea level rise is overestimated.

In the adaptive approach multiple solutions together form a pathway. In total, different paths are elab­
orated to ensure safety until a maximum defined sea level rise. In Figure 2.4 an example of such an
adaptation pathway for dikes is shown, where the vertical lines (|) at the end of a solution represent the
point at which the current strategy is no longer feasible. The circles or so­called tipping points represent
the point at which other solutions are necessary to preserve the function of the structure.
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Figure 2.3: The classical approach versus the Tipping point approach (Kwadijk et al., 2010)

Figure 2.4: Example of possible climate adaptation pathways for dikes (Deltares 2019)
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2.3. Hydraulic boundary conditions
The waves that approach the structure depend on multiple factors and thus some basic information on
waves is given. For different types of waves, different empirical formulas should be used to correctly
predict the overtopping discharge.

2.3.1. Wave spectrum
In a spectral analysis, all amplitudes and phases for each frequency are found by using for example a
Fourier analysis. With the amplitudes summed up for each frequency, an energy spectrum is derived
corresponding to the sea­state investigated. In the spectrum, the spectral significant wave height is de­
fined as: 𝐻𝑚0 = 4√𝑚0 such that in deep water: 𝐻𝑚0 = 𝐻𝑠. If the moments are elaborated the spectral
period is defined as 𝑇𝑚−1,0, a commonly used wave period to emphasize the longer waves in design
formulas. For single peaked spectra, a relation between the peak period and spectral period exists
(𝑇𝑚−1,0 = 𝑇𝑝/1.1). The peak period corresponds to the highest peak in the spectrum and only defines a
certain moment of the wave. To include the complete spectrum often the mean period (𝑇𝑚−1,0) is used
in design formulas especially when bimodal or very flat spectra occur (Rock Manual 2007).

The two most used spectra are Pierson­Moskowitz and JONSWAP, they both contain amplitudes and
frequencies of the waves in their formula based on wind and water conditions. The Pierson­Moskowitz
spectrum describes a fully developed deep water sea state. The JONSWAP spectrum, based on the
Pierson­Moskowitz spectrum describes a growing or fetch limited sea and includes a peak enhance­
ment factor (𝛾). If this factor is one, the spectrum describes a Pierson­Moskowitz spectrum, a higher
factor gives a higher peak frequency. The average peak enhancement factor for a JONSWAP spectrum
is 3.3.

Figure 2.5: Difference between JONSWAP and Pierson­Moskowitz spectrum (Holthuijsen, 2007)

2.3.2. Wave steepness
The wave steepness defines the state of the sea, typical values for swell seas are less than 0.01.
For steeper waves, like the wind waves, the steepness varies between 0.04­0.06. It is also called the
fictitious wave steepness as the wave height at the toe of the structure and the deepwater wavelength
are investigated and thus not the actual wavelength. Subsequently, with the deepwater wavelength the
influence of the wave period on the structure is defined and is used in design formulas (EurOtop2007).
The wave steepness is elaborated based on Equation 2.1, the deepwater wavelength (𝐿0) is defined in
Equation 2.2.

𝑠0 =
𝐻𝑚0
𝐿0

(2.1)

𝐿0 =
𝑔 ⋅ 𝑇2𝑚−1,0
2 ⋅ 𝜋 (2.2)
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2.3.3. Breaker parameter
The Iribarren number or breaker parameter is used to evaluate different types of wave breaking, de­
pending on the wave steepness (𝑠0) and the slope of the structure (𝛼). See, Equation 2.3. Four types of
waves are classified using the Iribarren number (Battjes, 1974): Spilling waves (𝜉𝑚−1,0 < 0.3), Plung­
ing waves (0.5 < 𝜉𝑚−1,0 < 3), Collapsing waves (𝜉𝑚−1,0 = 3) and Surging waves (𝜉𝑚−1,0 > 3). If the
breaker parameter is smaller than a value between 2.0 and 2.5 waves are considered as breaking, for a
higher breaker parameter waves are non­breaking (TAW 2002). As the transition between the different
types of breaking is gradual, the values for the breaker parameter are indications.

𝜉𝑚−1,0 =
tan(𝛼)

√𝐻𝑚0/𝐿𝑚−1,0
(2.3)

Figure 2.6: Breaker types (Holthuijsen, 2007)

2.3.4. Wave height in shallow water
For the transformation of waves from deep to shallow water, often a model like Swan is used to predict
the wave statistics near­shore. For the assessment of the wave height near­shore, some empirical
formulas have been derived aswell. Like in formulas proposed by Battjes andGoda in which information
of water depth and the slope of the foreshore is necessary. In the work presented by Goda (Goda 2000)
graphs for different types of wave steepnesses are presented to determine the wave height near­shore.
However, as a rule of thumb for mildly sloping foreshores with irregular waves, Equation 2.4 presents as
a good estimation of the wave height at the toe of the structure if significant wave data is not available.

𝐻𝑠,𝑚𝑎𝑥 =
ℎ𝑡𝑜𝑒
2 (2.4)

As waves approach the toe of the structure, the wave height decreases due to depth limited conditions,
but for shallow water conditions the wave period (𝑇𝑚−1,0) remains more or less the same. If very shallow
conditions prevail (ℎ/𝐻𝑚0,𝑑𝑒𝑒𝑝 < 1), the wave spectrum is flattening and the spectral period becomes
much longer due to wave breaking and the presence of long infra­gravity waves (EurOtop 2007).
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2.4. Wave overtopping of a rubble mound breakwater
The overtopping discharge is one of the normative conditions for the design height of the crest. To
ensure enough safety during storm conditions this discharge should be limited. At dikes with a good
grass slope on the crest and leeside, the overtopping discharge can be larger than 10 l/s/m (TAW 2002)
without serious damage. For dikes with poor grass protection erosion is easily possible. Consequently,
this value should be much lower to prevent damage due to wave overtopping. Impermeable dikes also
experience more load due to an increasing water level. Because of better stability at rubble mound
breakwaters, overtopping discharges until 200 l/s/m are possible. However, this overtopping rate would
not ensure safety to the vessels behind and therefore an overtopping discharge of 50 l/s/m is the
maximum. Beyond this point, significant damage to smaller vessels has been observed (EurOtop
2007).

2.4.1. TAW and EurOtop 2007
The TAW manual proposes Equation 2.5 as overtopping formula for the assessment of rubble mound
structures. The mean equations are used to compare the empirical formulas with the results computed
in OpenFOAM later on in this thesis as the deterministic equations already contain some conservatism.
While EurOtop 2018 is available as well at the moment, the older version (EurOtop 2007), which is
based on TAW is used. In recent research (den Bieman et al., 2020) the EurOtop 2018 proved to be
less accurate than the TAW for different data sets. The difference between EurOtop 2007 and 2018 is
mainly in the part for a low 𝑅𝑐/𝐻 ratio. In which the older formula predicts a larger overtopping.

𝑞
√𝑔 ⋅ 𝐻3𝑚0

= 0.067
√tan𝛼

⋅ 𝛾𝑏 ⋅ 𝜉𝑚−1,0 ⋅ exp(−4.75
𝑅𝑐

𝜉𝑚−1,0 ⋅ 𝐻𝑚0 ⋅ 𝛾𝑏 ⋅ 𝛾𝑓 ⋅ 𝛾𝛽 ⋅ 𝛾𝑣
)

With a maximum of:
𝑞

√𝑔 ⋅ 𝐻3𝑚0
= 0.2 ⋅ exp( − 2.6 𝑅𝑐

𝐻𝑚0 ⋅ 𝛾𝑓 ⋅ 𝛾𝛽
)

(2.5)

With:

𝑞 = Overtopping discharge [l/s/m]
𝑔 = Gravitational acceleration (=9.81) [m/s2]
𝐻𝑚0 = Spectral wave height [m]
𝑅𝑐 = Crest height [m]
𝛾𝑓 = Influence factor roughness (≈ 0.40) [­]
𝛾𝛽 = Influence angle of wave attack [­]
𝛾𝑏 = Influence factor berm [­]
𝛾𝑣 = Influence factor wave wall [­]

The roughness for a rubble mound structure with two layers and a permeable core is defined as 0.4
(EurOtop 2007). The influence of oblique waves is described as:

𝛾𝛽 = 1 − 0.0063 ⋅ 𝛽 (2.6)

Equation 2.6 is used for wave angles (𝛽) ≤ 80°. For more oblique waves between 80°and 110°an
obliqueness of 80°should be used. For even larger wave angles the waves will not reach the structure
and thus is the influence factor one.

Yet, a simple breakwater construction is not always sufficient to reduce wave overtopping without ex­
tremely high crest heights as sea level rise should be taken into account. For this purpose, several
adaptation measures are possible to reduce the overtopping rate as is presented later on in this chap­
ter. Figure 2.7 shows the conceptual design of a two­layer rubble mound breakwater.
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Figure 2.7: Cross­section rubble mound breakwater (van der Meer, 1995)

2.4.2. Adapted TAW equation
Often the slope of the rubble mound breakwaters is steep enough such that the maximum equation
for non­breaking waves should be used. According to the equation as stated in the TAW or EurOtop
(2.5) there is no influence of a berm in front of the breakwater. Also, the steepness of the structure and
the waves is not accounted for in the equation as the breaker parameter (𝜉𝑚−1,0) is missing. The latter
was investigated by Lioutas (2010,2012), in the MSc thesis, the influence of different steepnesses for
both the structure and waves were investigated. Because the steepness indeed had an influence on
the outcome of the tests and differed from the TAW equation an adapted version of the TAW equation
was proposed to include the steepness (See Equation 2.7).

𝑞
√𝑔 ⋅ 𝐻3𝑚0

= (0.2−0.133⋅𝑘)⋅(𝛾𝑏 ⋅ 𝜉𝑚−1,0
√tan𝛼

)
𝑘
exp(−(2.6+2.15⋅𝑘) 𝑅𝑐𝐻𝑚0

1
𝛾𝑓 ⋅ 𝛾𝛽 ⋅ (𝛾𝑏 ⋅ 𝛾𝑣 ⋅ 𝜉𝑚−1,0)𝑘

) (2.7)

If k is zero the equation is the same as the one for non­breaking waves (Equation 2.5). Likewise, if k is
1 the equation above is the same as the one for breaking waves in the TAW. A value of 0.6 seemed a
good fit for the results from the physical model.

However, it was not clear if the influence of the berm is accounted for correctly (to the power k) as
there was no berm included. Therefore, in a subsequent MSc thesis by Jan Krom (Krom, 2012) the
adapted TAW equation was investigated further in combination with a berm. The adapted TAW equa­
tion indeed was a better fit than the original TAW equation for non­breaking waves. However, still some
scatter was present. To overcome this, a new expression was proposed as stated in Equation 2.8. This
equation is referred to as the adapted TAW expression in the remainder of this thesis.

𝑞
√𝑔 ⋅ 𝐻3𝑚0

= 0.2 ⋅ exp( − 2.6 ⋅ 𝑅𝑐𝐻𝑚0
1

𝛾𝑏 ⋅ 𝛾𝑓,𝑠𝑢𝑟𝑔𝑖𝑛𝑔 ⋅ 𝛾𝛽
) (2.8)

In the equation above, the influence for both the wave steepness and slope of the structure is included
in the influence of the roughness. Because of the limitation of the TAW equation this expression is
investigated as well to verify if berms indeed have an influence. Figure 2.8 presents the experimental
data used for the fit of the adapted TAW equation.
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Figure 2.8: Comparison experimental data with the adapted TAW equation (Krom, 2012)

2.4.3. XGB­overtopping
Besides the current guidelines for overtopping, machine learning has become an important tool for
the prediction of mean wave overtopping as well. Important data for the prediction of the overtopping
consists of more than 10.000 physical model tests obtained in the Clash database (Steendam et al.,
2005). Van Gent et al (2007) used this data to develop a neural network tool. This tool is trained to
generate the overtopping of a structure in the conceptual design stage. The output overtopping con­
sists of the mean overtopping, including the confidence intervals to give some information about the
reliability. More recently, den Bieman et al., 2020 developed a tool that predicts wave overtopping even
better than the neural network tool, using the machine learning tool XGBoost. Compared to the current
empirical equations the machine learning tool predicts the wave overtopping with higher accuracy.

The XGB­overtopping tool is briefly applied on the elaborated adaptation paths in Chapter 4 to compare
the accuracy of current guidelines with a machine learning prediction tool.

2.4.4. Influence roughness
TAW and EurOtop 2007
The roughness of a construction depends on the type of protection used and the porosity of the con­
struction. For a rubble mound structure with 2 layers of rock and a permeable core the influence factor
for roughness (𝛾𝑓) is proposed as 0.40 in the EurOtop 2007.

Influence roughness Adapted TAW equation
In the equation proposed by Krom, the roughness included is almost the same as the one described in
the TAW for surging waves and is repeated here in Equation 2.9.

𝛾𝑓,𝑠𝑢𝑟𝑔𝑖𝑛𝑔 = {
𝛾𝑓 for 𝜉𝑚−1,0 < 1.8
𝛾𝑓 + (𝜉𝑚−1,0 − 1.8) ⋅

1−𝛾𝑓
4.2 for 1.8 < 𝜉𝑚−1,0 < 6.0

1.0 for 𝜉𝑚−1,0 > 6.0
(2.9)

By applying the equation above, the influence of steepness is included in the overtopping equation for
non­breaking waves. For very long waves the roughness does not lead to a reduction of overtopping.

2.4.5. Influence berm
TAW and EurOtop 2007
Berms are often placed to create a more gentle equivalent slope and are placed around the still water
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line. Due to this gentler slope, waves are slowed down and can break before the crest of the rubble
mound structure has been reached (EurOtop2007). Because rubble mound structures often have a
steep slope, the overtopping equation for non­breaking waves is used. Equation 2.5 does not include
the influence of a berm. Therefore, the same overtopping discharge is calculated as for the situation
without berm. The average slope should be gentle enough such that Equation 2.5 for breaking waves
becomes normative for the berm to become influential. The part for breaking waves of Equation 2.5 is
repeated here as:

𝑞
√𝑔 ⋅ 𝐻3𝑚0

= 0.067
√𝑡𝑎𝑛(𝛼)

⋅ 𝛾𝑏 ⋅ 𝜉𝑚−1,0 ⋅ exp( − 4.75
𝑅𝑐

𝜉𝑚−1,0 ⋅ 𝐻𝑚0 ⋅ 𝛾𝑏 ⋅ 𝛾𝑓 ⋅ 𝛾𝛽 ⋅ 𝛾𝑣
)

With:

𝛾𝑏 = Influence factor berm [­]

The influence factor of the berm is described as (TAW 2002):

𝛾𝑏 = 1 − 𝑟𝐵(1 − 𝑟𝑑𝑏) With 0.6 ≤ 𝛾𝑏 ≤ 1.0 (2.10)

Where 𝑟𝐵 is the influence of the berm width and is defined in Equation 2.11. Likewise, the influence of
the berm depth (𝑟𝑑𝑏) is defined in Equation 2.12

𝑟𝐵 =
𝐵𝑏𝑒𝑟𝑚
𝐿𝑏𝑒𝑟𝑚

(2.11)

𝑟𝑑𝑏 =
⎧⎪
⎨⎪⎩

0.5 − 0.5 cos(𝜋 𝑑𝑏
𝑅𝑢2%

) for berm above still water line, with:0 ≤ 𝑑𝑏 ≤ 𝑅𝑢2%

0.5 − 0.5 cos(𝜋 𝑑𝑏
2⋅𝐻𝑚0

) for berm below still water line, with: 0 ≤ 𝑑𝑏 ≤ 2𝐻𝑚0
(2.12)

Where:

𝐵𝑏𝑒𝑟𝑚 = Width of the berm [m]
𝐿𝑏𝑒𝑟𝑚 = Length of the berm [m]
𝑑𝑏 = Height berm relative to still water level [m]
𝑅𝑢2% = Wave run­up height exceeded by 2% of the incoming waves [m]

The maximum run­up is calculated according Equation 2.13. For a first estimation the influence of the
berm (𝛾𝑏) is one (without berm).

𝑅𝑢2%
𝐻𝑚0

= 1.00 ⋅ 𝛾𝑏 ⋅ 𝛾𝑓 ⋅ 𝛾𝛽(4.0 −
1.5

√𝜉𝑚−1,0
) (2.13)

The influence of a berm is maximum (𝛾𝑏 = 0.6) if the width is equal to 40% of the length (𝐵𝑏𝑒𝑟𝑚 =
0.4 ⋅ 𝐿𝑏𝑒𝑟𝑚) and a berm height around still water level (𝑑𝑏 = 0). The equations above are applicable for
𝐵 < 0.25𝐿0, for a longer berm a foreshore is created and therefore interpolation between a berm and a
foreshore is advised (TAW 2002).

Influence berm Adapted TAW equation
The influence factor required for the proposed overtopping equation (Equation 2.8) is slightly different
than proposed by the TAW. For berms below SWL an extra factor is included. If the berm is above
SWL an exponential function was found (Equation 2.14).

𝛾𝑏 = {
1 − 𝑓𝑑𝐵≥0 ⋅ 𝑟𝐵 ⋅ (1 − 𝑟𝑑𝑏), for 𝑑𝐵 ≥ 0

exp( 𝑓𝑑𝐵<0⋅𝐵
𝐻𝑚0⋅𝜉𝑚−1,0

), for 𝑑𝐵𝐴𝑐 ≈ −0.5
(2.14)

As only limited research was performed for berms above SWL, linear interpolation between these val­
ues is advised if a berm is applied in the adaptation pathways in Chapter 4. The extra factor (𝑓𝑑𝐵) had
a value of 0.4 for good fitting (Krom, 2012). The remaining parameters are the same as used in the
TAW and are described at the beginning of this section.
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2.4.6. Influence crest wall
A crest wall or crown wall is a vertical wall on top of the breakwater and can reduce the overtopping
discharge. It is important to realize a crest wall should not be much higher than the crest height as
wave impact increases significantly for higher walls. It is advised to use Equation 2.5 again since no
empirical formulas for a crest wall are available in the TAW. In this formula, the extra height of the crest
wall is included in the crest height (𝑅𝑐). Figure 2.9 gives an example of such a wave wall.

Figure 2.9: Crown wall on top of a rubble mound structure (van der Meer, 1995)

2.4.7. Influence shallow foreshore
When waves approach the foreshore, depth­limited conditions start to play a role. Due to shoaling the
wave height increases. On the other hand, waves start to break at a certain depth, the breaking depth
(ℎ𝐵). From this point on waves start to dissipate and lose height, the condition at which waves start to
break according to the solitary wave theory is described as follow:

ℎ𝑏 =
𝐻𝑚0
0.78 (2.15)

For irregular waves and a lack of wave data the rule of thumb in Equation 2.4 should be used to esti­
mate the significant wave height. As can be seen in Equation 2.15 the wave height reduces significantly
for smaller water depths (h). Subsequently, due to a smaller wave height, the overtopping discharge
reduces as well. For the transition from deep to shallow water, the wave height decreases but the
spectrum stays more or less the same. When a very shallow foreshore is considered this spectrum will
change and almost no peak is found anymore (EurOtop 2007).

For the assessment of the wave overtopping two equations should be evaluated depending on the
Iribarren number, where the maximum holds for non­breaking waves. If the breaker parameter(𝜉𝑚−1,0)
is smaller than 5 Equation 2.16 should be used. For values larger than 7, corresponding to shallow
and very shallow foreshores, Equation 2.17 should be used. Between these values interpolation is
recommended (TAW 2002).

For 𝜉𝑚−1,0 < 5:

𝑞
√𝑔 ⋅ 𝐻3𝑚0

= 0.067
√tan𝛼

⋅ 𝛾𝑏 ⋅ 𝜉𝑚−1,0 ⋅ exp(−4.75
𝑅𝑐

𝜉𝑚−1,0 ⋅ 𝐻𝑚0 ⋅ 𝛾𝑏 ⋅ 𝛾𝑓 ⋅ 𝛾𝛽 ⋅ 𝛾𝑣
)

with a maximum of:
𝑞

√𝑔 ⋅ 𝐻3𝑚0
= 0.2 ⋅ exp( − 2.6 𝑅𝑐

𝐻𝑚0 ⋅ 𝛾𝑓 ⋅ 𝛾𝛽 ⋅ 𝛾𝑣
)

(2.16)

For 𝜉𝑚−1,0 > 7:

𝑞
√𝑔 ⋅ 𝐻3𝑚0

= 10−0.92 ⋅ exp(− 𝑅𝑐
𝛾𝑓 ⋅ 𝛾𝛽 ⋅ 𝐻𝑚0 ⋅ (0.33 + 0.022 ⋅ 𝜉𝑚−1,0)

) (2.17)
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With:

𝛼 = Seaward slope of the structure [°]
𝜉𝑚−1,0 = Breaker parameter [­]
𝛾𝑏 = Influence factor for a berm [­]
𝛾𝑣 = Influence factor for a vertical wall [­]

The minimum length of a foreshore should be at least one wavelength (𝐿0) (TAW 2002). For values be­
tween the maximum length of a berm (𝐵 = 0.25𝐿0) and the minimum length of a foreshore, interpolation
is advised.

2.4.8. Influence low­crested structure
Low­crested structures like a submerged breakwater change the wave height. When waves travel
towards this structure, wave energy dissipates and the wave height decreases. The average wave
energy is determined as: 𝐸 = 1/8 ⋅ 𝜌𝑤 ⋅ 𝑔 ⋅ 𝐻2. The new and lower wave is called the transmitted wave
and is simply expressed in Equation 2.18, depending on the transmitted energy (Rockmanual 2007).

𝐾𝑡 =
𝐻𝑚0,𝑡
𝐻𝑚0,𝑖

(2.18)

With:

𝐾𝑡 = Transmission coefficient [­]
𝐻𝑚0,𝑡 = Transmitted significant wave height [m]
𝐻𝑚0,𝑖 = Incident significant wave height [m]

The transmission coefficient for rubble mound breakwaters has been investigated in the European
DELOS project and Equation 2.19 gives a prediction for the transmission. As can be seen does the
amount of transmission depends on the wave steepness. Longer waves are often less steep and will
increase the transmitted energy.

𝐾𝑡 = −0.4
𝑅𝑐
𝐻𝑚0

+ 0.64( 𝐵
𝐻𝑚0

)
−0.31

⋅ (1 − exp (−0.5𝜉𝑜𝑝)) for: 0.075 ≤ 𝐾𝑡 ≤ 0.8 (2.19)

𝐵 = Width of the crest [m]
𝜉𝑜𝑝 = Breaker parameter [­]

In Briganti (2003) a slightly different formula was proposed for wide structures (𝐵/𝐻𝑖>10), also based
on d’Angremond’s formula in Equation 2.19 (d’Angremond et al., 1996), which is applicable for nar­
row structures (𝐵/𝐻𝑖<10). Equation 2.20 gives the relation for the transmission coefficient for wider
structures.

𝐾𝑡 = −0.35
𝑅𝑐
𝐻𝑚0

+ 0.51( 𝐵
𝐻𝑚0

)
−0.65

⋅ (1 − exp (−0.41𝜉𝑜𝑝)) (2.20)

With an upper limit for Equation 2.19 and Equation 2.20 of:

𝐾𝑡𝑢 = −0.006
𝐵
𝐻𝑡
+ 0.93 (2.21)

In Figure 2.10 the concept of wave­transmission is shown.

2.5. Stability of rubble mound structures
Because stability has been assessed for the case study and the low­crested structure, a brief descrip­
tion of the used equations has been given in the next sections.
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Figure 2.10: Influence low­crested structure on waves (Rock Manual 2007)

2.5.1. Stability of a rubble mound breakwater
As stated in Section 2.1, the stability of a structure depends on the ratio between the load and the
strength, (i.e. a higher wave requires a bigger stone size for stability). For rubble mound structures
this value is approximately 2 to be statically stable. In the past, different researchers derived empirical
formulas for the stability of these structures, all including the ratio between the load and the strength
(𝐻/Δ𝐷) on the left­hand side. Hudson (1953) proposed one of the first equations for the stability of the
armour layer as:

𝐻
Δ𝐷𝑛50

= 3√𝐾𝐷 cot𝛼 (2.22)

With:

𝐻 = Wave height at toe of structure [m]
𝐷𝑛50 = Median nominal diameter [m]
𝐾𝐷 = Damage coefficient [­]
𝛼 = Slope of structure [­]
Δ = Relative buoyant density [­]

Equation 2.22 is tested for non­breaking and non­overtopping waves at the toe of the structure with a
slope between 1.5 < cot𝛼 < 4. As the equation does not include important parameters such as the
wave period, permeability and damage level van der Meer (1988) proposed a new empirical equation
based on curve­fitting of model tests. One of the limitations for both the Hudson and van der Meer
equation is the validation in shallow water. In van Gent et al. 2003 the equations derived by van der
Meer were modified such that they are valid for shallow water (ℎ < 3𝐻𝑠,𝑡𝑜𝑒). As can be seen in Equation
2.23, the required armour layer size depends on the type of wave breaking.

𝐻𝑠
Δ𝐷𝑛50

= 𝑐𝑝𝑙 ⋅ 𝑃0.18(
𝑆
√𝑁

)
0.2
⋅ ( 𝐻𝑠𝐻2%

) ⋅ 𝜉−0.5𝑚−1,0 For plunging waves (2.23)

𝐻𝑠
Δ𝐷𝑛50

= 𝑐𝑠 ⋅ 𝑃0.13(
𝑆
√𝑁

)
0.2
⋅ ( 𝐻𝑠𝐻2%

) ⋅ √cot(𝛼) ⋅ 𝜉𝑃𝑚−1,0 For surging waves (2.24)

With:

𝑐𝑝𝑙 = Fitting parameter plunging waves [­]
𝑐𝑠 = Fitting parameter surging waves [­]
𝑃 = Notional permeability [­]
𝑆 = Damage level [­]
𝑁 = Number of waves [­]
𝐻2% = Wave height exceeded by 2% [m]

The same research (van Gent et al. 2003) describes a more simplistic equation if significant wave data
at the toe is not available. In Equation 2.25 the permeability is defined as the ratio between the core
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(𝐷𝑛50,𝑐) and the armour layer(𝐷𝑛50), the equation has been validated for ratio’s between 0 and 0.3.

𝑆
√𝑁

= (0.57 𝐻𝑠
Δ𝐷𝑛50

√tan(𝛼) 1
1 + 𝐷𝑛50,𝑐/𝐷𝑛50

)
5

(2.25)

With:

𝐷𝑛50 = Nominal diameter rocks armour layer [m]
𝐷𝑛50,𝑐 = Nominal diameter rocks core layer [m]

2.5.2. Stability of a low­crested structure
The stability of a low­crested structure for depth­limited conditions is estimated with a rule of thumb.
For depth limited conditions Kramer and Burcharth (2006) provided two estimations. Equation 2.26 is
used for emerged structures (𝑅𝑐 > 0) and Equation 2.27 for submerged structures (𝑅𝑐 < 0). Where the
nominal stone size depends on the water depth (h) or the height of the structure relative to the seabed
(d).

𝐷𝑛50 ≥ 0.3 ⋅ ℎ (2.26)

𝐷𝑛50 ≥ 0.3 ⋅ 𝑑 (2.27)

In non­depth limited conditions it is assumed that the required stone size is the same as derived for
the rubble mound breakwater. For a first estimation these equations provide enough information to
determine the costs of a low­crested structure in the adaptive pathway analysis in Chapter 4.

2.6. Effects climate change on a rubble mound structure
As has been explained in Chapter 1 climate change becomes important in the design of many coastal
structures. Currently, a safety factor for sea level rise is already included in the design of such struc­
tures. However, this value is often high and if the sea level rise does not reach the design level struc­
tures are unnecessarily expensive (van Gent, 2019). The rise in water level has also some influence on
the hydraulic parameters affecting the rubble mound structure. Due to the rise in water level, the shore
becomes less shallow and the maximum wave height possibly increases. For larger wave impact, the
required nominal stone size (𝑑𝑛50) to ensure stability could increase as well, depending on the amount
of sea level rise and the increase in wave height. For every meter of sea level rise, the wave height
could increase by half and thus the overtopping discharge increases too. Likewise, the crest height
should also increase proportionally with the increased sea level and wave height. In recent research,
these effects of sea level rise on offshore and nearshore wave height are investigated (e.g. Kim and
Suh, 2018).

2.7. Conclusion on applied theory
This chapter presents various theory to describe the wave overtopping at rubble mound breakwaters.
One of the most famous equations to describe the overtopping was proposed by the TAW (2002). This
equation is defined as:

𝑞
√𝑔 ⋅ 𝐻3𝑚0

= 0.2 ⋅ exp( − 2.6 𝑅𝑐
𝐻𝑚0 ⋅ 𝛾𝑓 ⋅ 𝛾𝛽

)

Because of the large uncertainty in sea level rise, rubble mound breakwaters possibly need adaptations
to ensure safety and limit wave overtopping. Four different adaptations are evaluated in this thesis: a
berm, a crest wall, a foreshore and a low­crested structure. The disadvantage of the equation above is
the lack of the influence of a berm. Therefore, an adapted TAW equation is investigated as well (Krom,
2012):

𝑞
√𝑔 ⋅ 𝐻3𝑚0

= 0.2 ⋅ exp( − 2.6 ⋅ 𝑅𝑐𝐻𝑚0
1

𝛾𝑏 ⋅ 𝛾𝑓,𝑠𝑢𝑟𝑔𝑖𝑛𝑔 ⋅ 𝛾𝛽
)
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Besides the influence of a berm, the influence of wave steepness is also included in this equation via
the roughness coefficient. In both equations, the influence of a crest wall is included by increasing the
crest height (𝑅𝑐) with the height of the wall. Furthermore, the influence of a foreshore is included with a
rule of thumb (H/d = 0.5). Finally, the low­crested structure is included based on the transmitted wave
height (Briganti et al., 2003).

Based on the empirical equations and adaptations measures described above, an adaptation path­
way is derived in Chapter 4. Adaptation pathways are developed to increase the managing strategies
of structures under a largely uncertain sea level rise. The tipping points of a solution determine the
moment in time at which the next solution should be implemented to ensure safety. By doing so, a
structure is not unnecessarily expensive.



3
Description of the Academic Case

This chapter describes the academic case study which is used as starting point for the implementation
of the different solutions that decrease the overtopping discharge in Chapter 4. Moreover, the chapter
presents the second methodological step. The stability of the structure for the situation without sea
level rise is calculated. The stability is assumed as sufficient for the remaining of the report in which
sea level rise plays an important role. The academic case is based on hydraulic conditions governing
for the Dutch coast and is used to compare the empirical formulas for overtopping defined in Chapter
2 with the numerical model in Chapter 6. A summary of the defined academic case is presented at the
end of this chapter. The summary includes a figure and table of all derived parameters. Because two
different guidelines for overtopping are investigated, two different case studies are elaborated as well.
Both case studies ensure safety until the maximum allowed mean overtopping discharge of 50 l/s/m.

3.1. Academic Case study
The hydraulic conditions derived for the case study are corresponding to conditions for the design
lifetime of a breakwater of 50 years. These conditions are derived at Scheveningen, located in the
middle part of the Dutch coast. As Scheveningen specifically is not important in this research, this
could be any place along the coast. However, a location had to be chosen to define the hydraulic
conditions for the academic case. In Figure 3.1, the location used for the derivation of the hydraulic
conditions is shown.

Figure 3.1: Location at which the hydraulic conditions are derived

20
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3.1.1. Hydraulic conditions Scheveningen
For the assessment of the hydraulic conditions in Scheveningen, the probabilistic model HydraNL (Hy­
draNL v2.7) has been used (Input=DEMO_HollandseKust). With this model, some realistic values for
the fictive case are found based on a certain return period. If a breakwater fails, the loss of life and eco­
nomic damage is limited and for this reason a target failure probability (𝑝𝑓,𝑇𝐿) of 20% is used (van den
Bos and Verhagen, 2018). Subsequently, based on Equation 3.1, the rewritten Poisson distribution,
the corresponding return period (𝑅) of 225 years for a design lifetime of 50 years (𝑇𝐿) is found.

𝑅 = 𝑇𝐿
− ln (1 − 𝑝𝑓,𝑇𝐿)

(3.1)

Figure 3.2: Wave height versus return period at
Scheveningen

Figure 3.3: Spectral period versus return period at
Scheveningen

3.1.2. Deep water conditions
The significant wave height (𝐻𝑚0) and spectral wave period (𝑇𝑚−1,0) for a return period of 225 years are
respectively, 6.29 meters and 11.26 seconds (Figure 3.2 and Figure 3.3). The data in HydraNL is in
correspondence with the WBI2017 (WBI 2017), an assessment criteria tool for hydraulic conditions and
structures in the Netherlands. Within HydraNL the wave model SWAN is used to derive the hydraulic
conditions for coastal areas. Because at the location investigated no bathymetry data is available in
HydraNL for the calculation, it is assumed that the conditions are not depth­limited yet.

Based on the wave data gathered with HydraNL, the deep water wave length (𝐿𝑚−1,0) and wave steep­
ness (𝑠𝑚−1,0) are calculated according Equation 3.2 and Equation 3.3.

𝐿𝑜 =
𝑔 ⋅ 𝑇2𝑚−1,0
2𝜋 (3.2)

𝑠𝑚−1,0 =
𝐻𝑚0
𝐿𝑚−1,0

(3.3)

On the basis of the derived parameters in HydraNL the wave steepness represents a developed wind
sea:

𝐿𝑜 =
9.81 ⋅ 11.262

2𝜋 = 199.4[𝑚]

𝑠𝑚−1,0 =
6.29
199.4 = 0.032[−]

3.1.3. Toe conditions
The conditions at the toe of the breakwater depend on the water depth. In this thesis a wave height
(𝐻𝑚0) over depth (d) ratio of 0.2 is applied such that the waves are not breaking too much. With a wa­
ter depth of 12.5 meters, the corresponding maximum wave height is 2.5 meters. To remain the same
conditions as derived in Hydra for deep water, the same steepness is applied. With this assumption,
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the wave period and length are calculated.

𝐿0 =
𝐻𝑚0
𝑠𝑚−1,0

= 2.5
0.032 = 78.7[𝑚]

𝑇𝑚−1,0 = √
𝐿0 ⋅ 2𝜋
𝑔 = 8.15[𝑠]

Note that the notional wave steepness is used, i.e. the actual wave height over the deepwater wave­
length. The results are visualized in Figure 3.4.

Figure 3.4: Deep water conditions versus toe conditions

3.1.4. Crest height rubble mound breakwater
Because the original TAW equation lacks the influence of a berm, two different guidelines are used.
Therefore, two different case studies should be derived as well.

TAW and EurOtop 2007
The crest height for rubble mound structures depends on the acceptable limit of overtopping discharge,
defined with a maximum of 50 l/s/m for this structure. At this rate, vessels start to encounter damage
due to the overtopping waves (TAW 2002). As stated in Chapter 2, the older guidelines are used be­
cause recent research (den Bieman et al., 2020) showed that the EurOtop 2018 seems less accurate
than the original TAW equations. The mean overtopping equation according to the TAW is:

𝑞
√𝑔 ⋅ 𝐻3𝑚0

= 0.2 ⋅ exp( − 2.6 𝑅𝑐
𝐻𝑚0 ⋅ 𝛾𝑓 ⋅ 𝛾𝛽

)

With:

𝑞 = Overtopping discharge [l/s/m]
𝑔 = Gravitational acceleration=9.81m/s2 [m/s2]
𝐻𝑚0 = Spectral wave height [m]
𝑅𝑐 = Crest height [m]
𝛾𝑓 = Influence factor roughness ≈ 0.40 for rubble mound structures [­]
𝛾𝛽 = Influence angle of wave attack [­]

Subsequently, based on the previously derived significant wave height at the toe, the minimum crest
level is determined. With waves approaching normal incident (𝛾𝛽 = 1) and a roughness of 0.40 (𝛾𝑓) the
minimum required crest height is:

𝑅𝑐 =
𝐻𝑠 ⋅ 𝛾𝑓 ⋅ 𝛾𝛽

2.6 ⋅ ( − ln( 𝑞𝑚𝑎𝑥
√𝑔 ⋅ 𝐻3𝑠 ⋅ 0.2

)) = 2.5 ⋅ 0.4 ⋅ 1
2.6 ⋅ ( − ln( 50/1000

√9.81 ⋅ 2.53 ⋅ 0.2
)) = 1.5[𝑚]
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Crest height Adapted TAW equation
The adapted TAW overtopping equation is almost the same as the original TAW overtopping equation.
The equation proposed by Krom (2012) contains a different factor for the roughness and berm. Because
the influence of the berm is one at first, the only difference compared to the TAW overtopping equation
is the roughness. The roughness includes both the steepness of waves and structure and is calculated
with Equation 3.4.

𝑅𝑐 =
𝐻𝑠 ⋅ 𝛾𝑓,𝑠𝑢𝑟𝑔𝑖𝑛𝑔 ⋅ 𝛾𝛽

2.6 ⋅ ( − ln( 𝑞𝑚𝑎𝑥
√𝑔 ⋅ 𝐻3𝑠 ⋅ 0.2

)) = 2.5 ⋅ 0.6 ⋅ 1
2.6 ⋅ ( − ln( 50/1000

√9.81 ⋅ 2.53 ⋅ 0.2
)) = 2.26[𝑚]

With the influence of roughness:

𝛾𝑓,𝑠𝑢𝑟𝑔𝑖𝑛𝑔 = 𝛾𝑓 + (𝜉𝑚−1,0 − 1.8) ⋅
(1 − 𝛾𝑓)
4.2 = 0.4 + (3.22 − 1.8) ⋅ 1 − 0.44.2 = 0.6[−] (3.4)

And the breaker parameter:

𝜉𝑚−1,0 =
tan(𝛼)
√𝑠0

= 0.5
0.032 = 3.22[−]

3.1.5. Safety included for sea level rise
In this research, a safety factor for sea level rise is not necessary because the aim is to investigate
adaptation possibilities. With a safety factor, the starting point of such a measure is only moved in time.
However, as currently designed structures also include a certain safety and to make the design more
realistic a safety level according to the Delta scenario has been included. The Delta scenario represents
the sea level rise prediction according to the KNMI’14 scenarios (KNMI 2015) and is used in the design
of coastal structures in The Netherlands. In Figure 1.2 this prediction and two other predictions based
on the emission rates set by the IPCC are shown. The assumed lifetime for the rubble mound structure
is approximately 50 years and the average expected sea level rise with the Delta scenario in 2070 is
0.6 meters. From that point on adaptation measures are necessary to ensure safety. Therefore, with
the extra safety included the minimum required crest height for the TAW and adapted TAW equations
are respectively 2.1 and 2.85 meters.

3.1.6. Stability of the Rubble Mound Breakwater
The stability of the structure only has been assessed for the base case and is assumed as stable for an
increased sea level. For the rock stability of a rubble mound breakwater thorough research has been
performed by Hudson (1953) and van der Meer (1988) as can be seen in Section 2.5. However, these
researches are both validated for deepwater conditions.

More recently van Gent et al (2003) gave a better­fitted equation for shallow water conditions based
on the van der Meer equation. In the mentioned research of van Gent, a stability equation was derived
for the situation with limited information about the wave heights (𝐻2%). This equation can easily be
applied to determine the required rock sizes because for this thesis only information about deepwater
wave conditions are derived. In Chapter 2 this equation has been defined, but is stated again for con­
venience in Equation 3.5. The permeability is defined as the ratio between the core (𝐷𝑛50,𝑐) and the
armour layer (𝐷𝑛50), with validated ratio’s between 0 and 0.3.

𝑆
√𝑁

= (0.57 𝐻𝑠
Δ𝐷𝑛50

√tan(𝛼) 1
1 + 𝐷𝑛50,𝑐/𝐷𝑛50

)
5

(3.5)
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Layer Standard grading D𝑛50 [m]
Armour HM𝑎 3­6T 1.18
Filter HM𝑎 0.3­1T 0.59
Core Quarry run 0.21

Table 3.1: Standard grading classes according to NEN­EN 13383­1 (2002) applied on the fictive case study

Where:

𝑆 = Damage number [­]
𝑁 = Number of waves [­]
𝐻𝑠 = Wave height at toe of structure [m]
𝐷𝑛50 = Nominal diameter rocks armour layer [m]
𝐷𝑛50,𝑐 = Nominal diameter rocks core layer [m]
𝛼 = Slope structure=1:2 [°]
Δ = Relative buoyant density(𝜌𝑠 − 𝜌𝑤)/𝜌𝑤 ≈ 1.59 [­]

The damage number (S) is assumed as 2, at this point start of damage has been defined for rubble
mound breakwaters. The number of waves is limited to the maximum value of 7500. For a larger
number of waves, the construction is assumed in equilibrium. To increase the stability of the layers, a
filter layer has been implemented. In the Rock Manual (Rock Manual 2007) a ratio between the two
layers of 2.2 is advised (𝐷𝑛50,𝑎𝐷𝑛50,𝑓

= 2.2) as rule of thumb. Taking all the layers into account the ratio
between the core and armour layer is determined as:

𝐷𝑛50,𝑐
𝐷𝑛50

= 0.21

Applying all parameters in Equation 3.5 gives a nominal armour layer diameter of:

2
√7500

= (0.57 2.5
1.59 ⋅ 𝐷𝑛50

√𝑡𝑎𝑛(26.6) 1
1 + 0.21)

5

𝐷𝑛50 = 1.18[𝑚]

According to the NEN­EN 13383­1 (2002), the first standard grading would be HMa 3­6T with a nominal
diameter of 118 centimeters. With the given relation between the layers, the nominal diameters for the
remaining layers are calculated as:

𝐷𝑛50,𝑓 = 1.18/2.2 = 0.54[𝑚] 𝐷𝑛50,𝑐 = 1.18/2.2/2.2 = 0.24[𝑚]

In correspondence with NEN 13383­1, the layers are divided into standard grading classes summarized
in Table 3.1. For the core material often a quarry run is used to decrease construction costs. Quarry
run consists of a relatively wide range of material.

3.2. Summary of the main dimensions
In this chapter the defined hydraulic conditions at Scheveningen are used to determine the stability of
the rubble mound structure. As the stability of a breakwater is not the objective of this thesis it is not
important. However, to give some realistic rock sizes for the governing conditions they are elaborated
for the situation without sea level rise. The stability is assumed as sufficient for the remaining part
of the report in which sea level rise is taken into account. In Figure 3.5 and Figure 3.6 the important
parameters for both case studies are presented. Finally, all derived parameters are presented in Table
3.2. The only difference between both case studies is the difference in crest height (highlighted in the
red circle). The wave overtopping is approximately 50 l/s/m at the presented crest heights.
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Case study 1

Figure 3.5: Case study 1 based on the original TAW equations

Case study 2

Figure 3.6: Case study 2 based on the Adapted TAW equations

Summary of used parameters

Parameter Definition Value Unit
Hm0,offshore Spectral wave height in deep water 6.3 [m]
Tm­1,0,offshore Spectral wave period 11.3 [s]
s0,offshore Wave steepness 0.032 [­]
L0 Deep water wave length 199.4 [m]
h Water depth at toe of structure 12.5 [m]
𝛼 Slope of structure (1:2) 26.6 [°]
Hm0 Significant wave height at toe of structure 2.5 [m]
Tm­1,0 Wave period at toe of structure 8.15 [s]
sm­1,0 Notional wave steepness at the toe 0.032 [­]
𝜌w Density sea water 1025 [kg/m3]
𝜌s Density rock material 2650 [kg/m3]
Δ Relative buoyant density 1.59 [­]
S Damage number 2 [­]
N Number of waves 7500 [­]
Dn50 Nominal diameter armour layer (HM𝑎 3­6T) 1.18 [m]
Dn50,f Nominal diameter filter layer (HM𝑎 0.3­1T) 0.59 [m]
Dn50,c Nominal diameter core layer (Quarry run) 0.21 [m]
qmax Maximum allowed wave overtopping 50 [l/s/m]
Rc,min,1 Minimum height crest level TAW 1.5 [m]
Rc,1 Height crest level TAW including some safety for sea level rise 2.1 [m]
Rc,min,2 Minimum height crest level adapted TAW 2.25 [m]
Rc,2 Height crest level adapted TAW including some safety for sea level rise 2.85 [m]

Table 3.2: Summary of parameters used to set­up the fictive cases



4
Adaptive Pathways for Rubble Mound

Breakwaters
The third methodological step is performed in this chapter by elaborating an adaptive pathway scheme.
The pathways provide a guideline for adaptation possibilities of a rubble mound breakwater to reduce
wave overtopping and can be applied to different climate scenarios. The effects of the different adap­
tation measures on the overtopping discharge for the proposed academic cases are determined based
on the empirical formulas elaborated in the literature review in Chapter 2. At the end of the chapter,
the economically most attractive solutions are presented.

4.1. Selection of adaptation pathways
Because of the adaptive approach, different paths are created for which structures could be protected
against a certain amount of sea level rise, each path corresponds to an adaptation strategy. For each
unique path the costs are calculated to illustrate which combination of solutions is beneficial at larger
predicted sea level rises. The four different adaptation possibilities to limit wave overtopping which are
considered in this thesis are:

• The addition of a berm

• The addition of a crest­wall on top of the structure

• The addition of a low­crested structure in front

• Increasing the foreshore

Besides the previous described adaptations, in Chapter 1, also the option for the influence of oblique
waves or an increased roughness is suggested as a solution for the rubble mound structure. The latter
is not elaborated further as the roughness of a rubble mound structure depends on the stability of the
structure. The correct influence of the oblique waves is indeed important but can not directly be cou­
pled to implementation costs. In contrast to the correct influence of the oblique waves, the four options
stated above can easily be compared to each other based on the costs.

A solution can be seen as sufficient if the wave overtopping remains smaller than 50 l/s/m, the point at
which significant damage at vessels occurs (TAW 2002). When the sea level rise becomes too high to
meet this requirement the so­called tipping point of a solution has been reached. At this point in time,
other solutions are necessary to ensure enough safety. Theoretically, the solutions are always able to
cope with the sea level rise if they are just made large enough. To prevent that the solutions become
too large to be realistic, a few boundary values have been defined in the next section. Moreover, the
dimensions of each adaptation determine the tipping points.
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4.2. Tipping points different adaptations
4.2.1. Hydraulic conditions adaptive approach
Each possible adaptation measure has a boundary for which the adaptation is reasonable regarding the
economical and constructability aspect. In the next sections, these conditions are defined. The dimen­
sions of the considered solutions determine the tipping points in the pathway scheme. The maximum
sea level rise considered in the adaptive pathway approach is 1.7 meters. Due to the initial crest level
of 2.1 or 2.85 meters depending on the academic case investigated, multiple adaptations are required
to prevent a severe amount of overtopping. Also, more than 1.7 meters sea level rise only occurs for
the most extreme scenario published by the IPCC at the end of this century as can be seen in Figure
1.2. The 1.7 meter sea level rise corresponds to the upper limit of the RCP4.5 scenario adopted by the
IPCC. In Figure 4.1, the ultimate scenario is presented for the case study based on the TAW equations
without any adaptation measures.

Figure 4.1: Maximum sea level rise considered (Academic case based on TAW overtopping equations)

The wave height (𝐻𝑚0) and spectral wave period (𝑇𝑚−1,0) are assumed as constant for an increasing
sea level Therefore, the wave steepness remains constant. It is known that due to wave breaking
the wave period changes, for example when waves travel over a low­crested structure. This fact is
investigated in more detail for the final solution if this phenomenon is important to give a conclusion
about the accuracy. Only for the solution in which the foreshore increases, a reduction in wave height
is assumed. Therefore, with the same wave period, the waves become less steep. For the situation in
which a foreshore is implemented at first, following with a berm or low­crested structure as second or
third, it is assumed that these two adaptations are placed directly on the bottom of the situation without
increased foreshore to remain enough space to implement a low­crested structure or berm with an
armour and core layer.

4.2.2. Tipping point of a Berm
In Section 2.4.5 the optimal berm width according to the TAW (TAW 2002) has been elaborated. If the
berm width is 40% of the length (𝐵𝑏𝑒𝑟𝑚 = 0.4 ⋅ 𝐿𝑏𝑒𝑟𝑚), along with a berm at still water level, the influ­
ence factor of a berm is 0.6. The maximum berm width is assumed as five meters with the crest level
just above still water (≈ 0.5). Therefore, just after construction, the influence factor is a bit larger than
the maximum. However, with the sea level rising in the years after, the influence of the berm becomes
larger until the maximum of 0.6. Moreover, Krom (2012) proved that berms above mean sea water level
in front of a rubble mound breakwater have more influence than berms below still water. The total berm
height depends on the moment of implementation and the corresponding sea level rise at that moment.

In Section 2.4.5 it is mentioned that waves should be breaking for the berm to become influential in the
TAW overtopping equations. This is the case when the Iribarren number is lower than approximately
2.5 (𝜉𝑚−1,0 ≤ 2.5). According to these equations, the berm will not influence the overtopping rate for
larger Iribarren numbers. Figure 4.2 presents a sketch of the berm at the moment op implementation.

4.2.3. Tipping point of a Crest Wall
A crest wall is often used to limit wave overtopping or serve as a road for construction and maintenance
operations. Therefore, a minimum width is applied to make it possible for machines to pass safely.
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Figure 4.2: Berm in front of a rubble mound structure (NTS)

The height of the crest wall should not be too high as the wave load increases for higher crest walls.
Therefore, the maximum height of a crest wall above the armour layer is assumed to be limited to 0.5
meters in this thesis. In Figure 4.3 the location of the crown wall is shown, it is placed directly on the
core. Because of the size of the wall above the initial crest height, it is cheaper to increase the crest
with 0.5 meters of rocks. First, a trench should be dug to create enough space to implement a wall.
Whilst for the increased crest only rocks are dumped. However, the accuracy of the guidelines for
combinations of solutions is investigated in this thesis and therefore a crest wall is relevant.

Figure 4.3: Crest wall on top of a rubble mound structure (NTS)

4.2.4. Tipping point of a Foreshore
A length of one deepwater wavelength is proposed for a foreshore in the TAW guideline (TAW 2002).
Within this length, most waves will break if the foreshore is shallow or very shallow. One of the biggest
disadvantages of nourishing the foreshore could be that erosion prevails at this part of the coast, for
example, due to longshore transport. Due to this nourishing, the foreshore could be a frequently hap­
pening operation every few years, depending on the amount of erosion. The increase in foreshore level
is approximately ten meters for this adaptation measure (Figure 4.4). From this point on, the influence
of the foreshore becomes significant with the assumed rule of thumb (𝐻/𝑑 ≈ 0.5).

Figure 4.4: Increased foreshore (NTS)

4.2.5. Tipping point of a Low­Crested Structure
The crest width of the low­crested structure has been set to a maximum of 5 meters. The crest height
is set below still water level at a minimum level of ­1 meters relative to mean sea level. In Figure 4.5 an
indication of the low crested structure is presented. The same slope and protection as for the rubble
mound breakwater is used (1:2).
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Figure 4.5: Low­crested structure in front of a rubble mound structure (NTS)

4.3. Cost estimation different solutions
4.3.1. Literature on price indications
For the cost estimation of the different adaptation measures only limited information is available in litera­
ture. In the past, several types of research compared the different costs of rubble mound breakwaters.
First, Hauer (1995) presented some numbers for the construction of the different layers of a rubble
mound breakwater. A few years later Tutuarima (1998) extended these costs and added transport and
production costs of the different materials. As these costs are very outdated, in the master thesis by
Van Rooijen (2005) a cost­estimation was made for the sea defence of Maasvlakte 2. In this research,
some production and construction costs for different rock sizes and other materials are provided. These
researches provide enough information to elaborate the economically most beneficial sequence from
the adaptation pathways. Mainly, because the ratio of the cost­estimation between the different items
is important and not the exact costs.

4.3.2. Cost indication of different materials
The costs of the different rock sizes are estimated based on the numbers in Table 4.1. Rocks are used
to create a berm or a low­crested structure in front of the current structure determined in Chapter 3.
Because the numbers in the thesis of Van Rooijen (2005) are based on a very large project more than
fifteen years back, the costs are assumed as doubled due to inflation and the scale of this case study
(larger orders of items are cheaper in general). Also, it has been assumed that these costs hold for
The Netherlands and transport costs are already included in the unit price. The costs indication for the
remaining materials are also provided in Table 4.1. The price of the crest wall is based on the unit price
of concrete of 300€/m3, which includes the transport and construction costs as well. Finally, the sand
is used to increase the foreshore. In The Netherlands the price variate between 4 and 10 euros per
cubic meter and for this case study a cost price of 6 euro per cubic meter has been chosen.

Material Price indication Unit
Rock 50 €/T
Sand 6 €/m3

Concrete 300 €/m3

Table 4.1: Production and construction costs

4.3.3. Pathway calculation method
The total costs per adaptation measure are calculated per meter length (i.e. width of the structure is
1 meter) by multiplying the volume of the adaptation measure with the costs per unit defined in the
previous section. As rocks are ordered in tonnes at the quarry, the total weight of the layer is calculated
based on Equation 4.1, in which information on the porosity (𝑛𝑣) of the layer is necessary. Because
this requires detailed information on the placement of the rocks, a porosity of 0.4 has been assumed
for the rubble mound structure.

𝑊 = 𝑡 ⋅ 𝐴 ⋅ 𝜌𝑠 ⋅ (1 − 𝑛𝑣) (4.1)
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𝑊 = Weight of the rock layer [kg/m]
𝐴 = Area of the layer (plane parallel to the breakwater) [m2]
𝑡 = Thickness of the layer [m]
𝜌𝑠 = Density rock layer=2650 [kg/m3]
𝑛𝑣 = Void porosity=0.4 [­]

The total costs are summed up according to Equation 4.2, for which the costs are zero if no adaptation
at all is constructed. The first part of the equation describes the costs for the rock type of adaptation
(i.e. a berm or a low­crested structure). The second part of the equation describes the two remaining
adaptation types (i.e. increased foreshore or a crest wall).

𝐶𝑇𝑜𝑡𝑎𝑙 =
2

∑
𝑖=1
(𝐶𝑐,𝑝,𝑖 ⋅ 𝑊𝑖) +

2

∑
𝑗=1
(𝐶𝑐,𝑝,𝑗 ⋅ 𝑉𝑗) (4.2)

𝐶𝑡𝑜𝑡𝑎𝑙 = Total costs per sequence of adaptation measures (per meter width) [€/m]
𝑖, 𝑗 = Type of adaptation measure (Section 4.2) [­]
𝐶𝑐,𝑝,𝑖 = Construction and production costs per adaptation measure i (Table 4.1) [€/T]
𝐶𝑐,𝑝,𝑗 = Construction and production costs per adaptation measure j (Table 4.1) [€/m3]
𝑊𝑖 = Total weight of adaptation measure i [T/m]
𝑉𝑗 = Total volume of adaptation measure j [m3/m]

4.4. Results of the adaptation pathways
Based on the empirical formulas defined in Chapter 2, this section elaborates on the different pathways
for the applied case studies. The empirical equations investigated can be found in the TAW/EurOtop
2007 manual (TAW, 2002) and in the master thesis of Krom (2012), who proposed an adapted TAW
overtopping equation that includes the influence of a berm. For each theoretical guideline, a separate
academic case study is proposed in Chapter 3. In both cases, the initial overtopping is 50 l/s/m at 0.6
meters sea level rise.

4.4.1. Possible pathways
A solution can be seen as sufficient until the so­called tipping point is reached, the dots in Figure 4.6.
From these points on, a new adaptation measure is necessary to ensure the functionality of the break­
water. This process is repeated until the maximum sea level rise of 1.7 meters has been reached. All
sequences of solutions together are put into one adaptation pathway scheme. Subsequently, the costs
are used to estimate the economically best sequence of solutions. For all possible solutions holds the
fact that the dimensions are of maximum size like defined at the beginning of the chapter. However, an
exception can be made for the final solution. The last solution can be reduced in size if the limit of 1.7
meters sea level is exceeded by an adaptation measure (e.g. the adaptation measure decreases the
overtopping rate more than 50 l/s/m). By doing so, the costs are significantly reduced. In Appendix A,
the paths with the four different starting points are presented separately and give a more clear overview
of the situation.

TAW and EurOtop 2007 (Case 1)
Figure 4.6 presents the adaptation pathway based on case study 1 (Chapter 3) and the TAW overtop­
ping equations. A pathway is formed if the individual adaptations are combined. The tipping points of
an individual adaptation depend on the empirical formulas stated in Chapter 2, but also on the dimen­
sions defined previously. The vertical lines at the end of an individual solution mark the moment until
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Figure 4.6: Adaptive pathways based on case 1 and the TAW overtopping equations

a solution ensures safety. Before this point is reached, the next adaptation measure should be imple­
mented in the system. Therefore, the tipping points are used as a warning system. Due to the included
safety of 0.6 meters defined in Chapter 3, the first adaptation measure is required after 0.6 meters of
sea level rise. Different management strategies can be chosen based on the derived pathways. This
strategy depends for example on the space available to implement solutions or the availability of dif­
ferent materials in the region.

Adapted TAW equation (Case 2)
The same steps are performed for case 2 and the empirical equation proposed by Krom. Because the
influence of a berm is included in the adapted TAW overtopping equation for non­breaking waves, this
solution is added in the pathway scheme (Figure 4.7).

Figure 4.7: Adaptive pathways based on case 2 and the proposed equation by Krom

Lifetime of the structure in the adaptation paths
Currently, the adaptation paths are based on a maximum sea level rise of 1.7 meters. However, this
sea level rise only occurs for the most extreme scenarios adopted by the IPCC (RCP 4.5 and 8.5) at
the end of the century. With an average lifetime of 50 years, a breakwater constructed in the year
2020 only requires one or two adaptations. The average lifetime for both climate scenarios is also
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highlighted in Figure 4.6 and Figure 4.7. However, if the lifetime of a structure is extended through the
implementations of adaptations, the pathways schemes derived previously can be used.

4.4.2. Pathway costs
In the previous section two different adaptation pathway schemes were elaborated. Subsequently,
the economically most attractive solutions are determined in this section, based on these pathway
schemes. The different sequences are referred to according their first letter. Therefore: Foreshore (F),
Crest wall (C), Berm (B) and Low­crested structure (L).

Case 1
In Table 4.2 the production and construction costs according to Tables 4.1 and 4.1 for each pathway
are presented. As can be seen, the costs for each unique path are in the same order of magnitude.
This is because each path contains the same three adaptations. After all, the berm is not included in
the non­breaking overtopping equation. For the final sequence, the dimensions of the adaptation might
be lower to limit the costs while the safety requirement is still met. Appendix A presents the reduced
dimensions for the final solution in a sequence. Together with the the detailed costs and the individual
paths. Again, the solutions implemented before the final solution in a path are always of maximum
dimension. Those dimensions are defined in the first sections of this Chapter. For example, a crest
wall is always 0.5 meters above the armour layer unless stated otherwise.

Sequence Costs Unit Sequence Costs Unit
C­F­L 42 300 €/m F­L­C 44 100 €/m
C­L­F 43 800 €/m L­C­F 42 350 €/m
F­C­L 43 150 €/m L­F­C 42 000 €/m

Table 4.2: Production and construction costs per solution (Case 1)

Case 2
The costs per path for the adapted overtopping equation are presented in Table 4.3. The economically
most attractive and the economically least attractive combination are highlighted in bold. The imple­
mentation costs of a low­crested structure are quite expensive because of the relatively expensive costs
in combination with a large water depth. In contrast to the low­crested structure, the implementation
costs of a berm and mainly the crest wall are much lower. The implementation of a foreshore can also
be beneficial due to the relatively low material costs of sand.

Sequence Costs Unit Sequence Costs Unit
B­C­F 19 900 €/m F­B­C 19 900 €/m
B­C­L 33 350 €/m F­B­L 47 500 €/m
B­F­C 19 950 €/m F­C­B 18 150 €/m
B­F­L 47 200 €/m F­C­L 40 200 €/m
B­L­C 37 300 €/m F­L­B 45 150 €/m
B­L­F 48 650 €/m F­L­C 44 200 €/m
C­B­F 19 650 €/m L­B­C 35 900 €/m
C­B­L 32 900 €/m L­B­F 47 100 €/m
C­F­B 17 400 €/m L­C­B 32 350 €/m
C­F­L 40 300 €/m L­C­F 41 900 €/m
C­L 31 150 €/m L­F­B 57 500 €/m

L­F­C 41 900 €/m

Table 4.3: Production and construction costs per solution (Case 2)

4.4.3. Future value of adaptation paths
In the previous section, the pathway costs are elaborated based on the present value of the costs. Be­
cause the moment in time at which an individual adaptation measure should be implemented depends
on the rate of sea level rise, the costs might differ. As this is a largely uncertain prediction, see Figure
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1.2, the moment of implementation is also uncertain. Therefore, the costs of each path are compared
for different climate scenarios according to their future value (FV). Due to inflation, the costs of an
individual adaptation increase over time, the future value is calculated based on Equation 4.3.

𝐹𝑉 = 𝑃𝑉(1 + 𝑟)𝑛 (4.3)

𝐹𝑉 = Future Value [€/m]
𝑃𝑉 = Present Value [€/m]
𝑟 = Interest rate [­]
𝑛 = Number of years included [­]

The present value (PV) is calculated and presented in Table 4.2 and 4.3. When the annual inflation rate
(r) is included, the costs of an investment in n years can be calculated. The average Dutch inflation
rate or consumer price index (CPI) was approximately 2.1% in the past 30 years (1990­2020) (CBS
2020). Due to the interest rate and year of implementation (n), a certain path can become more or
less attractive. Expected is that the most expensive adaptation (e.g. low­crested structure) becomes
relatively more attractive if constructed earlier in time compared to the cheaper adaptations.

Figure 4.8: Average CPI or inflation rate of the Netherlands in the past 30 years

Because of the large uncertainty in sea level rise, increasing over time, a relatively conservative level
(upper limit) is chosen for the calculation of the future value of an investment. The two climate scenarios
evaluated are the two scenarios depending on the IPCC emission rates (Deltares 2018).

1.) RCP 4.5 scenario
First, the IPCC scenario in which the increase in emissions requires to stop in 2050 is evaluated and
applied to the costs of the adaptation pathways. Previously, it was found that the present value costs
of the solutions derived for case 1 are of the same order. As expected if the future value is included,
paths in which a low­crested structure is constructed at first become more relevant (Table 4.4).

Sequence Costs Unit Sequence Costs Unit
C­F­L 167 150 €/m F­L­C 148 500 €/m
C­L­F 161 600 €/m L­C­F 127 950 €/m
F­C­L 160 550 €/m L­F­C 119 100 €/m

Table 4.4: Future value of solutions based on the RCP 4.5 scenario (Case 1)

Likewise, the low­crested structure constructed at first also becomes more relevant for case 2. How­
ever, paths including a berm, crest wall and foreshore remain more attractive due to the lower im­
plementation costs. Compared to the present value analysis, the combination F­C­B becomes the
most relevant one. Again, the most expensive solution should be implemented at first in this sequence
(foreshore). In Table 4.5 the results of the future value calculation for case 2 are presented.
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Sequence Costs Unit Sequence Costs Unit
B­C­F 70 200 €/m F­B­C 56 600 €/m
B­C­L 126 300 €/m F­B­L 165 000 €/m
B­F­C 59 900 €/m F­C­B 54 100 €/m
B­F­L 169 000 €/m F­C­L 149 500 €/m
B­L­C 115 100 €/m F­L­B 142 700 €/m
B­L­F 164.200 €/m F­L­C 138 600 €/m
C­B­F 75 000 €/m L­B­C 98 600 €/m
C­B­L 130 000 €/m L­B­F 145 100 €/m
C­F­B 62 600 €/m L­C­B 86 200 €/m
C­F­L 161 900 €/m L­C­F 128 200 €/m
C­L 108 700 €/m L­F­B 183 200 €/m

L­F­C 120 800 €/m

Table 4.5: Future value of solutions based on the RCP 4.5 scenario (Case 2)

2.) RCP 8.5 scenario
The second and most extreme scenario evaluated on future value includes the fact that emission rates
do not stop rising before 2100 (IPCC 2014). Compared to the milder RCP 4.5 scenario the same paths
are economically more attractive for both case 1 and case 2 (Table 4.6 and 4.7). Notably, the total costs
decrease because the year of implementation is a few years earlier.

Sequence Costs Unit Sequence Costs Unit
C­F­L 132 750 €/m F­L­C 119 000 €/m
C­L­F 128 600 €/m L­C­F 105 200 €/m
F­C­L 128 500 €/m L­F­C 97 900 €/m

Table 4.6: Future value of solutions based on the RCP 8.5 scenario (Case 1)

Sequence Costs Unit Sequence Costs Unit
B­C­F 56 500 €/m F­B­C 48 900 €/m
B­C­L 100 700 €/m F­B­L 139 600 €/m
B­F­C 49 500 €/m F­C­B 44 900 €/m
B­F­L 135 400 €/m F­C­L 118 600 €/m
B­L­C 94 700 €/m F­L­B 124 700 €/m
B­L­F 133 400 €/m F­L­C 121 400 €/m
C­B­F 59 400 €/m L­B­C 82 600 €/m
C­B­L 102 800 €/m L­B­F 119 200 €/m
C­F­B 49 400 €/m L­C­B 72 500 €/m
C­F­L 126 100 €/m L­C­F 105 600 €/m
C­L 86 000 €/m L­F­B 149 600 €/m

L­F­C 98 000 €/m

Table 4.7: Future value of solutions based on the RCP 8.5 scenario (Case 2)

4.4.4. Conclusion on the future value calculations
As expected does the moment of implementation influences the different costs of paths. If a certain
climate scenario with a large sea level rise is expected to occur in the next century, the more expensive
solutions like a low­crested structure or a foreshore should be implemented earlier in time. However,
not all solutions of a path might be required due to the large uncertainty of the predictions. Therefore,
the costs are much larger than necessary if a more expensive solution is constructed as first instead
of the economically more attractive solutions (e.g. berm or crest­wall).

The costs could be evaluated in a better way if the probability of occurrence would be available for
each climate scenario adopted by the IPCC. Based on the probability of occurrence, the expected
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pathways to ensure safety during the expected lifetime of a structure are computed. Subsequently, the
costs are estimated. However, these probabilities are not known at the moment. Therefore, a large
uncertainty about the cost estimation remains.

A berm and crest wall seem to be interesting solutions at the moment due to their large influence
and low implementation costs. Together, these solutions ensure safety until approximately one meter
of sea level rise. In none of the IPCC predictions this sea level rise is exceeded for the adopted lifetime
in this thesis.

4.4.5. Costs for expected lifetime
In section 4.4.1 the expected lifetime of a rubble mound breakwater is defined as 50 years. After 50
years the predicted sea level rise for the RCP4.5 and 8.5 scenarios is approximately 1 meter. If this is
the case, one adaptation would be sufficient to limit wave overtopping during the expected lifetime. The
costs for each adaptation are presented in Table 4.8. As can be seen, is the crest wall economically
more attractive compared to the other solutions. However, as this research focuses on the combination
of solutions it is assumed that the lifetime of the structure is not normative.

Solution Costs Unit
Berm 8 500 €/m
Crest wall 1 700 €/m
Foreshore 11 300 €/m
Low­crested structure 23 600 €/m

Table 4.8: Costs per adaptation measure to ensure safety during the lifetime of 50 years

4.5. Application of a machine learning tool
Besides the empirical equations in the current guidelines, machine learning has become more relevant
as well. With the XGB tool developed by Deltares, the case study derived in this thesis can be evalu­
ated easily with corresponding adaptation measures. In recent research (den Bieman et al., 2020) this
tool was already proven to be more accurate than the TAW and EurOtop 2018. By computing a path
in XGB, a conclusion to the accuracy of current guidelines compared to a machine learning tool could
be given.

Within the XGB tool, the mean value of the overtopping is calculated. Because the results are based on
large data sets, there is a possibility that the derived adaptation paths in this chapter are out of range.
If this happens, the results might not represent the correct physical processes. This is more likely to
occur for combinations of solutions as there is a lack of data for combinations in the overtopping data
set used in the XGB overtopping tool.

The influence of a berm is currently not included in the TAW overtopping equation for non­breaking
waves, while a berm is expected to have an influence. The XGB results present that a berm indeed
reduces the overtopping discharge. The reduction of a berm is even larger than computed with the
adapted overtopping equations and could ensure safety for at least 1 meter of sea level rise. How­
ever, when the crest wall was added, the overtopping discharge became larger than for the situation
with only 1 solution. As is expected that for a larger crest height the overtopping discharge should be
lower, this combination is probably out of range in the data set. Therefore, it is impossible to compare
the accuracy of the current guidelines for the proposed combinations with the machine learning tool.
Moreover, it is not possible to derive accurate adaptation pathways at the moment.
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4.6. Conclusion on the adaptation pathways
All the aspects described previously are used to answer the first research question. In Chapter 1 this
question is stated as:

What sequence of solutions is economically beneficial according to the adaptation pathways by
limiting wave overtopping of rubble mound breakwaters against sea level rise?

For now, the economically best sequences are considered as the most relevant solutions. Each of
the four possible adaptations meets the functionality requirement until the overtopping rate exceeds
50 l/s/m. From this point on, an extra adaptation should be implemented to meet the functional re­
quirements. Each solution is referred to their first letter: Berm (B), Crest wall (C), Foreshore (F) and
the Low­crested structure (L). Later on, for the computations in the numerical model, the most relevant
solution depends on the combination which is not validated or tested within current guidelines. If the
numerical model gives a better insight into the effect of certain adaptations, a path can become more
or less economically attractive.

TAW and EurOtop 2007 (Case 1)
The economically most attractive solution based on the present value analysis consists of a low­crested
structure, foreshore and a crest wall (L­F­C). However, the costs of each solution are of the same order
as the same adaptations are used in each path. If the future value is included for a certain climate
scenario (e.g. RCP 4.5 or RCP 8.5), the paths in which a low­crested structure is implemented at first
becomes more relevant as costs for expensive solutions increase relatively more over time. As for rub­
ble mound breakwaters, the non­breaking overtopping equation is normative, the influence of a berm
is not included. Therefore, only a limited number of paths are possible, all with the same adaptations.
However, in recent research, it was already concluded that a berm influences the overtopping rate (e.g.
Krom, 2012). In Chapter 6 the influence of a berm is investigated in more detail.

Adapted TAW equation (Case 2)
The solutions without a low­crested structure are the most attractive in the adaptation pathway for case
2 (C­F­B). Due to the relatively high water level and resource price, the costs of such a low­crested
structure are more expensive. The crest wall and berm are more attractive to implement due to the
smaller dimensions. Also, the foreshore is more attractive to implement than the low­crested structure
due to the low costs of sand. If it is required to implement only two solutions during the lifetime of the
rubble mound breakwater it is possible to combine a crest wall and a low­crested structure (C­L). The
economically most attractive solution based on the future value consists of a foreshore, a crest wall
and a berm (F­C­B).

Future value remarks
The future value makes certain paths more attractive compared to the situation in which the present
value is included. Especially the more expensive paths with a low­crested structure or a foreshore as
first become more attractive. In contrast, the paths in which these are constructed as latest become
much more expensive. Because of the large uncertainty for the prediction of sea level rise, two climate
scenarios were evaluated. Logically, the most extreme scenario (RCP 8.5) has lower costs than the
less extreme scenario (RCP 4.5). However, this is compensated by the longer expected lifetime for the
milder scenario.

The costs could be evaluated in a better way if the probability of occurrence would be available for
each climate scenario adopted by the IPCC. Based on the probability of occurrence, the expected
pathways to ensure safety during the expected lifetime of a structure are computed. Subsequently, the
costs are estimated. However, these probabilities are not known at the moment. Therefore, a large
uncertainty about the cost estimation remains. Solutions with a berm and crest wall seem to be inter­
esting solutions to implement. Both adaptations have low construction costs and are relatively easy to
implement.
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General aspects
The negative side of the increased foreshore is the fact that detailed information on longshore trans­
port is required and nourishment should happen regularly if this effect prevails. Moreover, the minimum
length for a foreshore of one wavelength is used to calculate the volume of the nourishment. In reality
there is a transition between the foreshore and the deeper water. The previous two effects are not
taken into account for the calculation of the costs. Therefore, the costs can increase significantly.

Currently, the crest wall is 0.5 meters above the armour layer. However, in reality it might be cheaper
to increase the crest with 0.5 meters of rocks. At first a trench should be dug to create enough space to
implement the crest wall. Whilst for the increased crest only rocks are dumped. However, the accuracy
of the guidelines for combinations of solutions is investigated in this thesis. Therefore, a crest wall is
relevant.

The currently defined costs are corresponding to pathways until the maximum sea level rise of 1.7
meters. Depending on the climate predictions, smaller sea level rises might become more relevant if
later in this century the RCP4.5 scenario would appear to overestimate the reality. In this case, the
same pathways in Figure 4.6 and Figure 4.7 can be used but the costs should be calculated again if
fewer solutions of the paths are implemented. If the most extreme case (RCP8.5) becomes more likely
to happen, the crest height of the rubble mound structure should increase to ensure the functionality
requirements. At 1.7 meters sea level rise, the crest height is relatively low and small waves would
already overtop the breakwater.

Besides the different climate scenarios, the lifetime of a structure also determines the number of re­
quired adaptations. In the derived case studies a lifetime of approximately 50 years was assumed.
The maximum sea level rise of 1.7 meters is exceeded in none of the climate scenarios adopted by the
IPCC within the expected lifetime. Therefore, only 1 or 2 solutions are required to reduce the overtop­
ping during the lifetime of a breakwater. However, if the lifetime of a structure is extended through the
implementations of adaptations, the pathways schemes derived previously can be used.

Eventually, the economically most attractive sequences based on the future value are highlighted in
Figure 4.9 and Figure 4.10 for both the original TAW overtopping equation and the adapted one (see
next page). In both figures the expected lifetime is highlighted as well. The economically most attrac­
tive solution for case 1 consists of a low­crested structure, foreshore and a crest wall (L­F­C). The most
attractive solution for case 2 consists of a foreshore, crest wall and a berm (F­C­B).

Figure 4.9: The economically most attractive adaptation paths based on the TAW overtopping equation
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Figure 4.10: The economically most attractive adaptation paths based on the adapted TAW overtopping equation



5
Set­up OpenFOAM model

A numerical model is used to test the accuracy of current guidelines for combinations of solutions that
limit wave overtopping. The model is configured for a base case without implementations before the
combinations are implemented in the model. This chapter starts with the theoretical aspects necessary
to set­up the model. Subsequently, the process of configuration is described. In the end, the model is
evaluated against the theoretical outcomes. All the previous, describe the fourth methodological step.

5.1. Description of the OpenFOAM model
5.1.1. Background of numerical models for coastal structures
In the previous days, many physical models were applied for the assessment of a coastal structure,
nowadays in addition to the physical models, a numerical model is used as well to optimize the initial
design. Partly because physical models are expensive. Many of the formulas used in the initial design
are based on empirical formulas, though it is not clear if the extrapolation of these formulas is always
correct (Jacobsen et al., 2015). Often, these equations are used outside the validation range or are
used in combinations that have not been tested in the experiments. Numerical models can remove
much of the uncertainties following from this extrapolation of formulas. However, validation data is
required for these models to be reliable.

For the application of breakwater structures, various models have been made in the past and in­
cluded the interaction of irregular waves with these coastal structures. Jensen (2014) investigated
overtopping and forces on crest elements because of irregular waves in OpenFOAM. OpenFOAM is
a so­called open­source Computational Fluid Dynamics (CFD) software that can solve complex fluid
flows, because it is a phase­resolving model the actual waves and set­up are described in detail. The
OpenFOAM software is operated with the C++ programming library that allows using a lot of solvers
and applications. The Navier­Stokes equation is most often used to solve these complex fluid flows. To
account for permeable structures like the rubble mound breakwater, the Darcy­Forchheimer approxima­
tion is used (van Gent, 1995). Within the OpenFOAM software, the toolbox Waves2Foam (Jacobsen,
2012) can generate and absorb free surface waves and can deal with the interaction between the free
surface waves and the permeable structure (Jensen, Jacobsen, et al., 2014). The waves are generated
and absorbed in the relaxation zones in the model, the relaxation zones prevent reflecting waves from
entering the model again.

5.1.2. Application of the OpenFOAM model
To investigate the uncertainties of empirical formulas for overtopping, the OpenFOAM software has
been applied in this thesis. The choice to use OpenFOAM for this thesis is because many tools are
available at the moment to describe the physical processes of waves in big detail. Based on the costs
for combinations of solutions elaborated in Chapter 4 and combinations that are not validated in current
guidelines, the solutions are computed in a numerical model to give more insight into the accuracy of
empirical formulas.
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In studies from Chen (2020) and van Gent (2019) it was already concluded that for a combination
of solutions the current guidelines are not always accurate or validated for such combinations. Chen
(2020) looked into the combination for increased roughness with a berm and proposed new equations
for both. Also, for a combination of oblique waves with or without increased roughness, the empirical
formulas in TAW (2002) and EurOtop (2007) seem inaccurate (van Gent, 2019). Accurate guidelines
are very important to design coastal structures and adapt these if sea level rise becomes larger than
currently designed for. The sequence of solutions that require extra research concerning the empirical
formulas is computed in the OpenFOAM model. The results that follow from the model are used to
compare them with the results from the current guidelines to give some more insight into the accuracy
of those empirical formulas. If these empirical formulas indeed seem inaccurate, a certain path can
become more or less economically attractive.

5.2. Theoretical aspects of the OpenFOAM model
This section describes the theoretical aspects that are included in the applied OpenFOAM model.
Based on the theoretical aspects it is possible to use the model correctly. As stated in the section
above, in recent years, a lot of research has been performed regarding porous media in OpenFOAM.
These studies are studied in detail and are referred to where necessary in the remaining of this section.

5.2.1. Reynolds Averaged Navier­Stokes Equation
In OpenFOAM, the fluid flow is described by computing the Navier­Stokes equation. The Navier­Stokes
(NS) equation consists of coupled differential equations, including the conservation of mass and con­
servation of momentum. This requires detailed information on the microscopic level, which is not desir­
able regarding computation time (Rusche, 2002). In OpenFOAM, often the Reynolds Averaged Navier­
Stokes equations (RANS) are used, in which the influence of turbulence is included in the resistance
term. The Reynolds stresses are modeled by the use of a turbulence model, e.g. an eddy­viscosity
model (𝜔−𝑘) (Liu et al., 1999). If these equations are volume averaged, the influence of porous media
like a breakwater is included. Because of this, the media can be seen as continuous and eliminates
the need for detailed information about the geometry of the porous structure (van Gent, 1995, Losada
et al., 2016). In Hsu (2002) this volume averaging approach was adopted and the turbulence inside
the porous structure was included in the Darcy­Forcheimer equations. Jensen (2014) investigated the
Volume­Averaged/Reynolds Averaged Navier­Stokes equations further and implemented the above in
OpenFOAM as part of the waves2Foam toolbox. The final momentum equation is stated as (Jacobsen
et al., 2015):

(1 + 𝐶𝑚)
𝛿
𝛿𝑡
𝜌u
𝑛 + 1𝑛∇ ⋅

𝜌
𝑛uu

𝑇 = −∇𝑝∗ + g ⋅ x∇𝜌 + 1𝑛∇ ⋅ (𝜇 + 𝜇𝑡)∇u− F𝑝 (5.1)

With:

𝐶𝑚 = Added mass coefficient
F𝑝 = Flow resistance, see section 5.2.2
𝜌 = Density of the fluid
𝑝∗ = Excess pressure (𝑝∗ = 𝑝 − 𝜌g ⋅ x)
𝑔 = Gravitational acceleration
𝑛 = Porosity
x = Cartesian coordinate vector (x,y,z)
u = Velocity field in Cartesian coordinates (u, v, w)
𝜇 = Dynamic molecular viscosity
𝜇𝑡 = Dynamic turbulent viscosity
∇ = Differential operator nabla:(𝛿/𝛿𝑥, 𝛿/𝛿𝑦, 𝛿/𝛿𝑧)𝑇

Assuming incompressible flow, the continuity equation is defined as:

∇ ⋅ u = 0 (5.2)
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For permeable structures the velocity field in Equation 5.2 is described as u𝑝 = u/𝑛, in which n is the
porosity and u𝑝 is the pore velocity (Jensen et al.,2014).

5.2.2. Resistance and turbulence terms
The influence of a structure inside the computational mesh is included via the Darcy­Forchheimer equa­
tion as a flow resistance term. Also, an extra term accounting for the inertia caused by the flow through
the porous media is included as the added mass(𝐶𝑚). The added mass is defined as:

𝐶𝑚 = 𝛾𝑝
1 − 𝑛
𝑛 (5.3)

Often, the empirical constant (𝛾𝑝) is set to 0.34 and was found as an average value in van Gent (1995).
In Jacobsen (2015) almost no difference in outcome was observed when this parameter was set to 0.

The Darcy­Forcheimer flow resistance equation is divided into a laminar and a turbulent part, if only the
laminar part is considered, the equation reduces to Darcy’s equation. As the flow through porous media
is considered, this is not the case in this thesis and can the Darcy­Forcheimer equation be described
as:

F𝑝 = 𝑎u+ 𝑏𝜌||u||2u (5.4)

The first term represents the laminar part and the second the turbulent part of the flow. Both include
a resistance coefficient based on the dissertation research concluded by van Gent (1995). These
coefficients are defined as:

𝑎 = 𝛼(1 − 𝑛)
2

𝑛3 ⋅ 𝜈
𝜌 ⋅ 𝑑250

𝑏 = 𝛽(1 + 7.5𝐾𝐶)
1 − 𝑛
𝑛3 ⋅ 1𝑑50

(5.5)

With:

𝛼, 𝛽 = Closure coefficients based on the type and shape of grading
𝑑50 = Nominal grain size
𝐾𝐶 = Keulegan­Carpenter number
𝜈 = Kinematic viscosity

Different values for the closure coefficients are found in the literature (Losada et al., 2016), but the
results are all of the same order (Jensen, Jacobsen, et al., 2014). Therefore, the coefficients are as­
sumed as recommended by van Gent (1995) with a value of: 𝛼 = 1000 and 𝛽 = 1.1. As these values
are found from measurements, the turbulence is already included. For this reason, Jensen (2014) con­
cluded that the turbulence model (e.g. 𝑘, 𝜔) is not necessary to compute the correct hydrodynamics at
a porous structure. When one includes a turbulence model, these closure coefficients can no longer
be used without overestimating the turbulence. However, as discussed in Losada (2016), when one
wants to know the exact turbulence in a structure and not on a macroscopic level, a turbulence model
should be included.

The Keulegan­Carpenter (KC) number describes the dimensionless ratio between the turbulence and
the inertia because of oscillatory flow through the porous media (van Gent, 1995). For higher KC num­
bers, the turbulence becomes more important than the inertia. In Jacobsen (2015) the KC number
was described as a hard parameter to estimate because of the rapid damping of the waves within the
breakwater structure. However, the KC number is estimated based on the shallow water wave theory
as:

𝐾𝐶 = 𝐻𝑚0
2 √𝑔ℎ

1.1𝑇𝑚−1,0
𝑑50

(5.6)
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5.2.3. Volume of Fluid method
In OpenFOAM, the free surface is tracked by the Volume of Fluid (VOF) method. The VOF method
allows capturing detailed information on propagating and breaking waves. The amount of water and
air in an individual computational cell is calculated according to the advection Equation 5.7 (Berberović
et al., 2009). In OpenFOAM, the IsoAdvection solver is used to track the free surface.

𝛿𝐹
𝛿𝑡 +

1
𝑛∇ ⋅ (u𝐹) +

1
𝑛∇ ⋅ [u𝑟𝐹(1 − 𝐹)] = 0 (5.7)

Where u𝑟 is the vector of relative velocity and 𝐹 represents the indicator function and can express
the spatial variation properties in the fluid (e.g. 𝜌 and 𝜇). To include the porous structure in the VOF
scheme, the velocity term in equation 5.7 is divided by the porosity. The indicator function is set to 1
if the computational cell is filled with water and 0 when filled with air. Therefore, the last term in the
equation (𝐹(1 − 𝐹)) is zero for cells completely filled with water. Likewise, the density and viscosities
are calculated according to this weighting (Jacobsen et al., 2015):

𝜌 = 𝐹𝜌1 + (1 − 𝐹)𝜌0
𝜇 = 𝐹𝜇1 + (1 − 𝐹)𝜇0

(5.8)

In which the indices refer to the properties of air and water. In Figure 5.1 an example of such a compu­
tational cell is shown. As the VOF method can not exactly calculate where the water or air is located
in the cell and only the fraction of both, it is clear that a finer mesh around the water line would predict
the actual wave in a better way.

Figure 5.1: Volume of Fluid method, the darker the color the more water is captured in the computational cell

5.2.4. Relaxation zones
Waves can be generated and absorbed in different manners in a computational model and play an
important role in the correct prediction of waves at the structure. For example, the generation and
absorption of waves could be implemented in the model via wave peddles. Like the wave paddles in
the flume, the paddle is corrected for reflection and other disturbances. However, in Jacobsen (2012)
another possibility has been elaborated. At both the inlet and outlet of the computational mesh, a re­
laxation zone is implemented to avoid reflection of waves at the boundaries.

One advantage of this method is that there is no volume build­up as the target water level is retained
in the relaxation zones. Also, this method is relatively easy to implement compared to wave paddles.
A disadvantage of the relaxation zones is the required minimum length to correctly generate and ab­
sorb the waves. Therefore, the computational mesh increases in size. Consequently, the computation
time also increases. The process of wave generation in the relaxation zone is described according to
Equation 5.9.

𝜙 = 𝛼𝑅𝜙𝑐𝑜𝑚𝑝𝑢𝑡𝑒𝑑 + (1 − 𝛼𝑅)𝜙𝑡𝑎𝑟𝑔𝑒𝑡 (5.9)

Where the relaxation function (𝛼𝑅) is defined as:

𝛼𝑅(𝜒𝑅) = 1 −
exp(𝜒3.5𝑅 ) − 1
exp(1) − 1 for: 𝜒𝑅 ∈ [0; 1] (5.10)

In which 𝜒𝑅 is the uniformly scaled x­coordinate and increases linearly from 0 at the left (or right at
the outlet) boundary to 1 at the interface between the relaxation zone and the computational domain.
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The weighting of 𝜙 is performed on either the u or the indicator function 𝐹. The relaxation function is
such that at the interface between the relaxation zone and the main computational grid, the 𝛼𝑅 is 1.
Therefore, the target value vanishes at the interface and only the computed value remains. Figure 5.2
shows a sketch of the relaxation zones. As a first estimation is the length of the inlet is approximately
one wavelength long and the length of the outlet is half of this.

Figure 5.2: Relaxation zones, including the distribution of the weight

5.2.5. Irregular waves
The applied wave component in this thesis is irregular, with a JONSWAP spectrum and a peak en­
hancement factor of 3.3. This wave component is divided into an incident component and a reflective
component because of the breakwater and is discussed in more detail in Section 5.5.2, in which the
wave signal is configured. At the free surface, the wave component is described according to the
first­order Stokes theory as (Jacobsen, 2017):

𝜂 =
𝑁

∑
𝑖
𝑎𝑖 cos (𝜔𝑖 − k𝑖 ⋅ x+ 𝜙) (5.11)

With:

𝜂 = Surface elevation
𝑁 = Number of wave components
𝑎𝑖 = Amplitude of the i’th wave component
𝜔 = Wave Frequency
k = Wave number vector
𝜙 = Phase

Where both the amplitude and frequency depend on the spectral shape. To get a good representation
of the wave, 100­500 wave components are often used. Within the waveInput file in OpenFOAM, the
wave signal is cosine stretched, therefore the discretization of the spectrum close to the peak is finer
and better described (Jacobsen, 2017). As described in Chapter 2, the corresponding wave height
and period are determined based on the wave spectrum. This allows calibrating the wave spectrum at
the toe of the structure in OpenFOAM with the used empirical parameters to determine the adaptation
paths in Chapter 4.

5.2.6. Wave overtopping
In OpenFOAM, it is possible to track the overtopping as a run­time sample. Therefore, detailed in­
formation about the overtopping rate is available after the computation. To do so, a cell face at the
crest of the breakwater is marked as the location to compute the wave overtopping output. Within the
wave2Foam toolbox, three types of fluxes are available at the cell face (Jacobsen, 2017). However,
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only one flux is interesting for the prediction of overtopping. This is the flux of water across the face
multiplied with the indicator function (F=1 for water). The function of all cell faces together which are
necessary to determine the complete overtopping is defined as:

q =∑𝜙𝐹,𝑓
S𝑓

||S𝑓||2
(5.12)

Where 𝜙𝐹 , 𝑓 is defined as the flux of water through the cell face as defined in Figure 5.3. The flux is
positive in the direction of the normal vector S𝑓. The sum of each time step together gives the total
overtopping volume.

Figure 5.3: Side view: overtopping face on top of the crest

5.2.7. Courant number
The Courant Friedrich­Lewy (CFL) condition is necessary to accomplish convergence of a finite differ­
ence scheme (Zijlema, 2015). If this condition is not met, divergence could occur for the solution. For
explicit methods, the CFL conditions should always be smaller than 1 to ensure stability and accuracy.
The CFL condition for 1D is defined as:

𝐶 = 𝑢Δ𝑡
Δ𝑥 ≤ 𝐶𝑚𝑎𝑥 (5.13)

In which u is the magnitude of the velocity, Δ𝑡 the time step and Δ𝑥 the length interval. As can be seen,
is the maximum time step limited by this condition. Because OpenFOAM solves implicit (solving with
the next time step, e.g. Euler scheme), the maximum courant number can be higher than 1 to ensure
stability. However, if the courant number is much larger than 1 the accuracy decreases significantly as
a larger time step misses out much of the information. For this reason, the maximum courant number
is taken as 0.8 in this thesis.

5.3. Model set­up
5.3.1. Properties computational mesh
The total size of the mesh, including the inlet and outlet, is 210 meters in length and twenty meters
in height (210m x 20m). Within the mesh, about 98762 cells are included with each a length and
height depending on the location in the mesh. The cell size should not be too big because important
information about the physical processes occurring in the model could be under­ or over­ estimated.
The ideal aspect ratio (Δ𝑥/Δ𝑦) of each cell is one. However, if the cell size is very small, the computation
time significantly increases and therefore the ratio is slightly lower than 1 in this thesis. The individual
grid size is shown in Table 5.1 (Without refinement). In Section 5.5.5 the influence of different grid
sizes on the wave spectrum and the overtopping rate is evaluated. Depending on the results, the
applied grid might change. To predict the behavior of the waves as accurately as possible with the
VOF method (Section 5.2.3), the mesh around the still water line has been refined two times with the
snappyHexMesh tool (Mesh tool OpenFOAM). Additionally, the mesh is refined across the crest of the
breakwater. To correctly simulate the interaction between structure and wave. The mesh defined in
blockMesh (mesh tool OpenFOAM) is divided into three blocks on top of each other in which the water
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surface part is the middle block and contains approximately the area between the highest crest and
lowest trough of the wave. Because this area is important to predict the physical processes, the cells
are finer compared to the atmospheric and wet block (Below the waves). Also, the mesh is divided into
three blocks because different refinements are applied depending on the area of interest. In Figure 5.4
the used mesh refinement is shown around the rubble mound structure. Figure 5.5 shows the grid in
total size. The refinement area starts after the inlet relaxation and reaches just after the crest of the
breakwater. The axes are orientated such that the Z­direction is pointed into the mesh.

Refinement Δx [m] Δy [m] Δz [m] # Cells
Wet block 0.25 0.53 0.020 15 120
Surface block 0.25 0.12 0.020 48 720
Atmospheric block 0.25 0.57 0.020 5 040

Table 5.1: Numerical discretisation of the OpenFOAM model

Figure 5.4: Overview mesh around the structure

Figure 5.5: Configuration of the grid in OpenFOAM

5.3.2. Properties of the Rubble mound breakwater
Some properties are already discussed in short in the previous sections but are summarized again in
this section in a table. The rubble mound breakwater consists of three different layers, i.e. the armour­
and filter layer and the core. The porosity (n) of each layer is defined as 0.4. As stated in Section
5.2.2, the closure coefficients (𝛼, 𝛽) adopted by van Gent (1995) proved to be a good estimation for
different ranges of data sets Jacobsen (2018). As such, the same closure coefficients are used in
this thesis. Also, because of the lack of experimental data for this thesis, these parameters can not
be calibrated in detail. The rock sizes used in the different layers are the same as derived in the
assessment of the academic case in Chapter 3. All parameters used as the starting point for the
computations and configuration of the academic case are summed in Table 5.2. Additionally, the added
mass term required for the resistance term of the averaged Navier­Stokes equation is set to 0.34.
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𝛼 [­] 𝛽 [­] n [­] KC [­] Dn50a Dn50f Dn50c
Rubble mound breakwater 1000 1.1 0.4 1000 1.18 0.59 0.21

Table 5.2: Parameters applied on the breakwater in the OpenFOAM model

5.3.3. Boundary conditions
In OpenFOAM, three types of boundary conditions are specified to describe the flow; the phase, the
velocity and the pressure. For each patch, a condition is applied, where the patches are specified in
the blockMesh file in OpenFOAM. The irregular waves are generated and absorbed in the relaxations
zones as discussed in Section 5.2.4. In the inlet relaxation, 500­1000 waves are generally generated
to simulate an irregular wave spectrum. The applied boundary condition for flow at the bottom and
contact with the crest wall is the slip (symmetry) condition. The atmospheric boundary condition allows
water and air to flow out of the numerical mesh, but only air can flow back in again (Jacobsen et al.,
2018).

If a wave wall is implemented in the model an extra condition is included to prevent that air becomes
trapped between the water and the wall. Because of this entrapment, the wave forces are much bigger
compared to a situation in which air is allowed to escape. In Jacobsen (2018) this entrapment was
investigated and a ventilated boundary condition was suggested for the validation of wave forces. This
allows air to flow in and out between the water and the impermeable wave wall. The new boundary
condition included an openness of the structural element and a loss coefficient. In Jacobsen (2018) an
openness of 3% proved to be the most accurate for the tested data sets. As no data sets are available
for this thesis, the openness of 3% is also applied if a wave wall is implemented in the solution.

5.4. Set­up adaptation measures
As discussed in Chapter 4 a total of four different adaptation measures are evaluated. For the berm
and crest wall, the computational grid remains the same and is computed as shown in Figure 5.6.

Figure 5.6: Configuration of a berm and crest wall in OpenFOAM

For both the low­crested structure and the increased foreshore, the computational grid as determined
in Section 5.3.1 should be increased. If the low­crested structure is implemented, the grid increases
by 80 meters. Because of the increase, there is enough space to compute the waves in the inlet and
to adapt to the new situation in which the wave height is reduced. In Figure 5.7 this situation is shown,
including a crest wall and berm at the original breakwater.

Figure 5.7: Configuration of a Low­crested structure in OpenFOAM
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If the foreshore increases, the grid increases also because of the required gradual change from the
deeper water (12.5 meters) to the new water depth. With a water depth of 5 meters and an assumed
foreshore slope of 1:50, the minimal required increase in grid is 375 meters, which is almost 200% of
the current grid length (210 meters).

5.5. Calibration of the numerical model
Often, a numerical model is calibrated to experimental data executed in the wave flume for example.
If this is the case, the model can be calibrated for wave height and reflection at the toe of the structure.
However, for this thesis, no experimental data is available and an academic case study is applied.
Therefore, the calibration process is limited to the wave parameters used for the calculation of the
overtopping with the empirical equations. The configuration process consists of four steps:

• Configure the wave spectrum at the toe of the structure

• Evaluate number of simulated waves

• Evaluate overtopping rate

• Evaluate change of cell size

5.5.1. Approach for configuration
For the set­up of the adaptation pathways in Chapter 4 a JONSWAP (developing wind sea) spectrum
with a spectral wave height (𝐻𝑚0) of 2.5 meters and a spectral period (𝑇𝑚−1,0) of 8.15 seconds is
applied. The configuration process is done such that the spectrum initiated in the inlet generates the
same wave characteristics at the toe of the structure as applied in Chapter 4. To do so, the waves
should not break as this will alter the spectrum. The initiated JONSWAP spectrum is shown in Figure
5.8. In the OpenFOAM model, a constant wave seed is used such that the same phase and wave train
are reproduced for each unique computation.

Figure 5.8: Initiated JONSWAP spectrum with a peak enhancement factor (𝛾) of 3.3

5.5.2. Configuration of the wave height
The objective of the configuration process is to get the same wave spectrum at the toe of the structure
as used in the assessment of the adaptation paths in Chapter 4. As stated, the waves should not break
too much as this will alter the spectrum. Because the spectrum at the toe consists of both incoming and
reflected waves, the spectrum is significantly different. Zelt investigated this process and derived a set
of equations to separate the incoming and reflective waves (Zelt and Skjelbreia, 1992). This theory is
based on the surface elevation simulated at three locations or more. When only three wave gauges are
evaluated, this theory is the same as investigated by Mansard (1980) who applied a least­squares ap­
proach with uniform weighting to solve wave direction. Also, the wave gauges should not be evaluated
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at the half wavelength of each other (|𝑥2 − 𝑥1| ≠ 𝑛𝜆𝑗/2). This criterion should be taken into account
when choosing the locations of the wave gauges and for the correct prediction of the frequencies.

Based on Zelts equations, the waves in the OpenFOAM model are divided into an incident wave and
a reflective wave. Subsequently, only the incident wave is of importance for the correct configuration.
In OpenFOAM, 30 non­equidistant wave gauges are placed between 0 and 20 meters offshore of the
rubble mound structure (See Figure 5.9). By doing so, different sets can easily be checked on the
correct configuration of the spectrum. Below the overview of the computational domain, the idea of
configuration is shown, for which both spectra are almost the same. It may not possible to have identi­
cal spectra just after the inlet and at the toe of the breakwater because of some small wave breaking.
Therefore, the spectral parameters including steepness at the toe of the structure, are compared with
the theoretical parameters. If these parameters are of the same order, the configuration can be seen
as successful.

Figure 5.9: Overview computational mesh including the Wave Gauges

The applied JONSWAP spectrum in the academic case (Chapter 3) has a spectral wave height (𝐻𝑚0)
and spectral mean period (𝑇𝑚−1,0) of 2.5 meter and 8.15 seconds. This theoretical spectrum is also
defined in Table 5.3, together with the first configuration steps. As can be seen, when in the Open­
FOAM model a spectrum with the same parameters has been applied, as in the academic case, the
final spectrum differs a lot because of small wave breaking. For example, because of the superposition
of the initial and reflective wave, the maximum steepness is exceeded and therefore waves start to
break a bit. To preserve almost the same spectral parameters at the toe of the structure as applied in
the academic case study, the initial spectral wave height at the end of the relaxation zone is increased
by a certain percentage. Because of the small amount of energy dissipating out of the spectrum, the
same spectrum occurs at the toe of the breakwater. Initially, the spectral wave height is increased with
relatively big steps of 13, 14 and 15% (See Table 5.3 for the results).

H𝑚0 input [m] H𝑚0 [m] % T𝑚−1,0 [s] % T𝑝 [s] % s [­] %
Theoretical JONSWAP 2.50 2.50 ­ 8.150 ­ 8.965 ­ 0.0311 ­
H250T082+0% 2.50 2.42 ­3.34 8.163 0.16 8.901 ­0.72 0.0300 ­3.54
H250T082+13% 2.90 2.75 11.27 8.168 0.22 8.906 ­0.66 0.0342 9.97
H250T082+14% 2.93 2.78 11.94 8.151 0.02 8.907 ­0.64 0.0346 11.25
H250T082+15% 2.95 2.82 12.82 8.157 0.08 8.906 ­0.66 0.0348 12.86

Table 5.3: Configuration steps to the correct spectral parameters

The wave parameters for the initial increase in wave height seem not to be sufficiently accurate, there­
fore a lower percentage is initiated at the inlet. The final configuration results are shown in Table 5.4. If
the wave height has an initial increase of 4%, the final wave parameters at the toe of the structure are
approximately of the same order as applied in the academic case study. With the 4 percent increase in
spectral wave height at the inlet of the OpenFOAMmodel, all the important parameters are within 1% of
the theoretical spectrum. The number of simulated waves might alter the wave spectrum. Therefore,
the effect of the number of generated waves is evaluated in the next section. In general, 500­1000
waves should be enough to correctly represent the spectrum.
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H𝑚0 input [m] H𝑚0 [m] % T𝑚−1,0 [s] % T𝑝 [s] % s [­] %
Theoretical JONSWAP 2.50 2.50 ­ 8.150 ­ 8.965 ­ 0.0311 ­
H250T082+3% 2.58 2.48 ­0.79 8.158 0.10 8.902 ­0.70 0.0309 ­0.79
H250T082+4% 2.60 2.51 0.20 8.158 0.10 8.903 ­0.69 0.0311 0.20
H250T082+5% 2.63 2.52 0.95 8.155 0.06 8.902 ­0.71 0.0314 0.95
H250T082+6% 2.65 2.54 1.77 8.163 0.16 8.902 ­0.70 0.0316 1.77

Table 5.4: Further configuration of the correct spectral parameters

Figure 5.10 shows the incident wave spectrum as computed in the OpenFOAM model using the Zelt
& Skjelbreia (1992) method to separate the incident and reflective wave. As can be seen in the figure
are the peaks for both the computed and theoretical JONSWAP of the same order. The computed
spectrum has a small tail at higher frequency waves compared to the original JONSWAP, with a peak
enhancement factor of 3.3. It should be noted that the waves might be less affected by dissipation for
higher sea levels and therefore, the spectrum can slightly differ if the model is computed with a larger
water depth. If this difference becomes too large, the configuration step should be performed again.

Figure 5.10: Comparison of the computed and theoretical spectrum at the toe of the breakwater

5.5.3. Evaluate number of simulated waves
In this section, the influence of the number of simulated waves is evaluated. To get a good representa­
tion of the spectrum, at least 500­1000 waves should be simulated. If this is less, the bigger waves may
not have occurred yet and the spectrum is underestimated. However, the number of waves simulated
determines the computation time. The total time simulated is defined approximately as (not the actual
computation time):

𝑇𝑡𝑜𝑡𝑎𝑙 = 𝑇𝑚−1,0 ⋅ 𝑁𝑤𝑎𝑣𝑒𝑠 (5.14)
Thus, if 500 waves are evaluated with a mean period of 6 seconds, the total time simulated is 3000
seconds. In Williams et al., 2014 a large number (5000) of simulated waves was compared to smaller
numbers (500) and was concluded that for numbers larger than 500­1000 there was almost no differ­
ence in results. To verify this, a simulation of 750 and 1000 waves is compared to a simulation of 500
waves. For the simulation with 750 or 1000 waves, the spectral wave height (𝐻𝑚0) is slightly lower

H𝑚0 input [m] H𝑚0 [m] % T𝑚−1,0 [s] % T𝑝 [s] % s [­] %
Theoretical JONSWAP 2.50 2.50 ­ 8.150 ­ 8.965 ­ 0.0311 ­
H250T082 500 waves 2.60 2.51 0.20 8.158 0.10 8.903 ­0.69 0.0311 0.20
H250T082 750 waves 2.60 2.49 ­0.49 8.159 0.11 8.878 ­0.97 0.0309 ­0.64
H250T082 1000 waves 2.60 2.48 ­0.68 8.141 ­0.11 8.849 ­1.30 0.0310 ­0.32

Table 5.5: Difference in number of simulated waves

than the required spectral wave height of 2.5 meters (Table 5.5). For the seed used (generated phases
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and wave trains) the higher waves are generated within the first 500 waves. In the second half, the
generated waves are slightly lower, causing the decrease in spectral wave height. Therefore, it is also
expected that the simulated average wave overtopping is lower in the second half of the computation
(563 l/s/m over 610 l/s/m). However, as all the important parameters in the table are of the same order
it can be assumed that 500 waves give a good representation of the wave spectrum.

5.5.4. Evaluate overtopping
Because the wave spectrum at the toe of the structure is configured, the overtopping rate can be eval­
uated. As the accuracy of current guidelines is checked in this thesis, the overtopping rate can differ
from what is being expected. Also, because of the lack of experimental validation data, the different
applied theoretical guidelines and OpenFOAM can not be calibrated further at the moment and certain
assumptions regarding the parameters are made (Section 5.3.2).

In Figures 5.11 and 5.12 the evaluation of the overtopping rate in OpenFOAM compared to current
guidelines is computed. The confidence intervals are plotted with the standard deviation given in the
applied guidelines (TAW 2002 and Krom, 2012). As can be seen, the computed overtopping rate dif­
fers a factor of 7 to 12 times the theoretical overtopping. This is quite a big difference and almost
continuous overtopping is present for the base case with no implementations. As stated, this can be
because of multiple assumptions made in Section 5.3.2 regarding the structural properties. Because of
the lack of experimental data, it is not possible to calibrate the model further. However, it is possible for
the remainder of this thesis to evaluate the influence of different adaptations on the overtopping rate.
Therefore, it is evaluated if the overtopping difference becomes larger or smaller when one of the four
possible adaptions is implemented in the model.

Figure 5.11: Cumulative overtopping OpenFOAM versus
current guidelines

Figure 5.12: Comparison dimensionless overtopping
OpenFOAM versus current guidelines

In Table 5.6 the calculated average overtopping rates according to the guidelines and OpenFOAM are
presented. As was already concluded in the figures above does the average overtopping rate differs
for the theoretical and computed case. In the table also the conditions applied for the overtopping
calculations in both the theoretical guidelines and OpenFOAM model are presented.

R𝑐 [m] SLR [m] h [m] H𝑚0 [m] q [l/s/m] q𝑂𝑝𝑒𝑛𝐹𝑂𝐴𝑀/q𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 [­]
TAW 1.5 0.6 13.1 2.505 50.67 12.04
Adapted TAW 1.5 0.6 13.1 2.505 84.15 7.25
OpenFOAM 1.5 0.6 13.1 2.505 610.04 ­

Table 5.6: Comparison between the applied guidelines and OpenFOAM

5.5.5. Evaluate change of cell size
Not only the number of simulated waves has an influence on the wave spectrum at the toe. Also,
different cell sizes can alter the output of the spectrum. The limitation of smaller cell sizes is the number
of extra iterations during the computation of the model. As a consequence does the simulation time
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increase. Contrastingly, the cell size should not be too big, as important physical processes are not
correctly included in the model.

Figure 5.13: Cumulative overtopping OpenFOAM versus
current guidelines

Figure 5.14: Comparison dimensionless overtopping
OpenFOAM versus current guidelines

In Figure 5.13 and 5.14 can be seen that for a refined mesh with approximately 127.000 cells, the
overtopping rate is slightly lower (≈ 70 l/s/m) compared to the original mesh. In Table 5.7 the different
refinement details are presented. With the applied grid sizes, there are approximately 300­400 cells
per wavelength. As no experimental data is available, it is impossible to determine the best cell size
in the OpenFOAM model. However, for an aspect ratio of 1 (dy/dx) the physical processes are often
better captured. The most refined case gave no significant change in output compared to Refined 1
and therefore the refined grid with a cell size of 0.25 will be used in the remaining of this thesis. This
cell size also decreases the simulation (𝑇𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛) time by almost 14 hours. For the refined cases, it
was verified that the wave spectrum remains constant.

# Cells Δy [m] Δx [m] AR [­] T𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 [hr] q [l/s/m]
H250T082 Configured 98762 0.12 0.25 0.5 46 610.04
H250T082 Refined 1 80862 0.25 0.25 1 32.5 424.63
H250T082 Refined 2 126982 0.2 0.2 1 70 540.44

Table 5.7: Comparison between the different cell sizes

5.6. Conclusions on the applied and configured OpenFOAMmodel
To analyze the accuracy of current guidelines in a numerical model, themodel should first be configured.
This chapter is used to describe the setup of the OpenFOAM model. In Figure 5.15 the final set­up is
presented. The inlet and outlet are used to generate and absorb waves and do also prevent reflecting
waves within the model.

Figure 5.15: Overview computational mesh including the Wave Gauges

Subsequently, the model as derived based on the performed checks is summarized in this section.
Again, the performed steps are:

• Configure the wave spectrum at the toe of the structure

• Evaluate number of simulated waves
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• Evaluate overtopping rate

• Evaluate change of cell size

The configuration step applied in Section 5.5.2 shows that the wave height initiated at the inlet should
be increased by 4% to preserve the same spectrum at the toe of the structure as applied for the adap­
tation paths in Chapter 4 (𝐻𝑚0 = 2.5𝑚 and 𝑇𝑚−1,0 = 8.15𝑠). Therefore, the wave height at the inlet is
2.60 meters with a mean wave period of 8.15 seconds. As no validation data is available for this thesis,
the previous is the only calibration step executed for the OpenFOAM model.

Besides the configuration of the wave hydrodynamics, three evaluation steps were performed. In Sec­
tion 5.5.3 is found that a simulation of 500 waves gave a good representation of the wave spectrum
and a simulation with more generated waves (750 or 1000) is not necessary.

Next, based on the evaluated and configured wave spectrum at the toe of the structure, the wave
overtopping was evaluated at the top of the crest (Section 5.5.4). For both applied theoretical guide­
lines (TAW 2002 and Krom, 2012) the overtopping rate is underestimated compared to the OpenFOAM
simulation with a factor between 7 and 12. Because the accuracy of current guidelines is tested in this
thesis, there is a possibility that the current guidelines are indeed not accurate enough. However, be­
cause of the lack of validation data, the model is not calibrated for the structural parameters. The lack of
this data could also cause the difference in the overtopping rate. Therefore, in Chapter 6 the influence
of an adaptation in OpenFOAM has been compared relative to the influence in current guidelines.

The final evaluation step performed is the influence of the cell size in Section 5.5.5. The physical
process of a wave is best captured with an aspect ratio (Δ𝑦/Δ𝑥) of 1. Again, because of the lack of
validation data, it is hard to determine the best cell size. However, the computations with a cell size
of 0.25 meters in width and height gave the lowest overtopping rate and computation time. Also, the
discrepancy with the other refinement which uses an aspect ratio of one was negligible. Table 5.8
presents the final numerical discretization applied in OpenFOAM. Because different refinements are
applied depending on the important areas (e.g. water surface), the mesh is divided into three blocks.
See Section 5.3.1 and Figure 5.4 for the exact definition of the different blocks.

Refinement Δx [m] Δy [m] Δz [m] # Cells
Wet block 0.25 0.26 0.020 31 920
Surface block 0.25 0.25 0.020 23 520
Atmospheric block 0.25 0.26 0.020 10 920

Table 5.8: Final numerical discretization applied in the OpenFOAM model

The remaining parameters which are applied in the OpenFOAM model are presented in Table 5.9.
These structural parameters are used to simulate the flow through porous media and are not calibrated
further in this research because of the lack of validation data. The closure coefficients (𝛼, 𝛽) are inves­
tigated in more depth in van Gent (1995) together with the applied added mass (𝐶𝑚) term of 0.34. The
applied rock sizes are elaborated in the academic case study in Chapter 3.

𝛼 [­] 𝛽 [­] n [­] KC [­] Dn50a Dn50f Dn50c
Rubble mound breakwater 1000 1.1 0.4 1000 1.18 0.59 0.21

Table 5.9: Parameters applied on the breakwater in the OpenFOAM model



6
Application of adaptive pathways in

OpenFOAM
This chapter describes the final and fifth methodological step. The accuracy of current guidelines is
tested in the OpenFOAM model. In Chapter 5, the model set­up and configuration is presented. First,
the equation proposed by the TAW (2002) is evaluated against the OpenFOAM computations. Next,
the adapted overtopping equation proposed by Krom (2012) is evaluated. At the end of this chapter,
a conclusion about the accuracy of both methods for the evaluated path is presented. Moreover, the
conclusion answers the second research question.

6.1. OpenFOAM
6.1.1. Different OpenFOAM simulations
The adaptive approach performed in Chapter 4, analyses two case studies. The case studies are based
either on the original TAW overtopping equation or on the adapted TAW overtopping equation. The
biggest difference between both of the case studies is the crest height. The analyzed path is computed
for both case studies. Subsequently, the effects compared to guidelines are presented. Again, the
case studies are referred to as Case 1 or Case 2. The corresponding sea level rise (in centimeters)
and adaptation is referred to as: Case X­Adaptation+Sea level rise (e.g. Case1­B060), where the
adaptation is expressed with the first letter of a solution: Berm(B), Crest wall(C), Foreshore(F) and
Low­crested structure(L).

6.1.2. OpenFOAM without adaptation measures
As reported in Chapter 3, there is an initial safety of 0.6 meters included in the crest height before the
first adaptation measure is constructed. This section evaluates the OpenFOAM results for the situation
without a berm, crest wall, foreshore or low­crested structure.

Figure 6.1 presents the difference between the results in OpenFOAM and the theoretical guidelines.
The terms TAW and Adapted TAW (ATAW) represent the different theoretical guidelines. In Table 6.1,
the differences between the computed and predicted values for the two different scenarios are pre­
sented. Both the predicted values based on the theoretical guidelines are underestimating compared
to the OpenFOAM results. The adapted equation predicts higher overtopping rates for the same crest
height compared to the overtopping equation proposed by the TAW (2002). This difference in overtop­
ping rate is caused by the different influence of roughness. As the OpenFOAMmodel computes higher
overtopping rates, the discrepancy with the adapted TAW equations is smaller compared to the original
TAW equations.
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Figure 6.1: OpenFOAM versus theoretical guidelines for the situation without adaptation measures

SLR [m] h [m] R𝑐,1 [m] q𝑇𝐴𝑊,1 [l/s/m] q𝑂𝐹,1 [l/s/m] q𝑂𝐹,1/q𝑇𝐴𝑊,1 [­] R𝑐,2 [m] q𝐴𝑇𝐴𝑊,2 [l/s/m] q𝑂𝐹,2 [l/s/m] q𝑂𝐹,2/q𝐴𝑇𝐴𝑊,1 [­]
0.0 12.5 2.1 10.53 205.22 19.5 2.85 18.14 63.43 3.50
0.6 13.1 1.5 50.12 424.63 8.5 2.25 51.07 148.22 2.90

Table 6.1: Comparison of the overtopping rates for both case studies and the situation without adaptation measures (SLR
0­0.6m)

6.2. Evaluated combination of solutions in OpenFOAM
At first, only one unique path is computed in the OpenFOAMmodel to evaluate the accuracy of the cur­
rent guidelines. By doing this thoroughly, a conclusion about current guidelines is presented. Based
on the conclusions it is decided whether an extra path is computed or if a certain combination requires
more research later on in this chapter. For each different adaptation measure, the effects compared
to the OpenFOAM results are discussed. The two applied methods are first separated in the original
and adapted TAW overtopping equations. At the end of this chapter, a conclusion for both theories
combined is presented.

The path evaluated is the solution in which a berm, a crest wall and a low­crested structure are con­
structed. This path is not the economically most attractive solution (Chapter 4) but is interesting to
compute as the TAW overtopping equation for non­breaking waves described in Section 2.4.1 not in­
cludes the effect of a berm. Because it is expected that a berm influences the average overtopping
rate, in Section 2.4.2 an adapted TAW overtopping equation proposed by Krom (2012) is described as
well. The latter method is applied to include the berm in the pathway scheme.

The influence of a foreshore is not evaluated further in this thesis because of time limitations. The
grid should increase with a few wavelengths to gradually increase the bottom to the final height of the
foreshore. The extra grid space significantly increases the computational time compared to the current
computation time of approximately 1.5 days. To decrease the computation time, OceanWave3D could
be used (Ensig­Karup et al., 2009) as extension of the current model. However, this model cannot deal
with breaking waves.

6.3. Solution: Berm ­ Crest wall ­ Low­crested structure
Figure 6.2 highlights the evaluated path. The overtopping events are evaluated at the start of each
adaptation (the circles) and at the end of an adaptation (|). Therefore, a total of six evaluation moments
per path and two per individual adaptation measure are analyzed. By doing so, the effects on the
overtopping rate of an adaptation are compared to the current guidelines. In Chapter 5 it is concluded
that the current guidelines are under­estimating the average overtopping discharges compared to the
OpenFOAM results.
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Figure 6.2: Path evaluated in OpenFOAM based on the Adapted TAW equations (Case 2)

6.3.1. Adaptation 1: Berm
The first evaluated solution is the construction of a berm at 0.6 meters sea level rise. As the influence
of a berm is not included into the original TAW overtopping equation, the adapted TAW equations are
used to determine the tipping point of this adaptation measure. The next adaptation measure should be
implemented at 0.94 meters sea level rise to ensure safety according to the adapted TAW equations.
See also Figure 6.2. At the moment of implementation, the berm height is 0.5 meters above the water.
The berm height above water becomes lower for a rising sea level.

Accuracy TAW (Case 1)
The influence of a berm is currently not included in the maximum overtopping equation proposed in
the TAW (2002). As can be seen in Figure 6.3, a berm decreases the overtopping rate compared to
the situation without this implementation. Thus, in contrast to the theoretical guideline does a berm
influences the overtopping rate. In Figure 6.3, the range at which a berm ensures safety according to
the evaluated path is presented and compared to the TAW overtopping equation. Notably, the com­
puted overtopping rate is still overestimating compared to the TAW equation for the implementation of
a berm. However, the difference between OpenFOAM and the overtopping equation becomes less.

The previous also follows from the results in Table 6.2, in which a clear reduction in overtopping dis­
charge is found for implementing a berm in OpenFOAM. The reduction (𝑞𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛) in overtopping
discharge (%) is caused by implementing an adaptation measure (i.e. 𝑞𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 = (𝑞𝑖+1 − 𝑞𝑖)/(𝑞𝑖),
with i represents the current situation and i+1 the next situation with an extra adaptation). The effect
of a berm is 30% when implemented at 0.6 meter sea level rise and increases to 43 % at 0.94 meters
sea level rise. Therefore, the berm becomes more influential closer to still water level as the initial
height of the berm was 0.5 meters above still water level at construction. The discrepancy between
the computed and predicted overtopping rate is calculated as the difference between a solution with
and without adaptation at a certain sea level rise for both the OpenFOAM and theoretical calculated
situation (Δq𝑂𝐹/Δq𝑇𝐴𝑊). If this value is smaller than 1, the theory predicts a larger influence of the adap­
tation. For a value larger than 1, the OpenFOAM model computes a larger influence. The influence of
a berm is not accounted for in the overtopping equation proposed by the TAW (2002). Therefore, the
ratio can not be computed for the current situation.
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Adaptation SLR [m] h [m] R𝑐,1 [m] q𝑇𝐴𝑊,1[l/s/m] q𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 [%] q𝑂𝐹,1 [l/s/m] q𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 [%] q𝑂𝐹,1 / 𝑞𝑇𝐴𝑊,1 Δ q𝑂𝐹,1 / Δ q𝑇𝐴𝑊,1
0.6 13.1 1.5 50.12 ­ 424.63 ­ 8.5 ­­ 0.94 13.44 1.16 121.32 ­ 887.23 ­ 7.31 ­

+ Berm 0.6 13.1 1.5 50.12 ­ 295.16 ­30.49 5.88 ­
0.94 13.44 1.16 121.32 ­ 503.56 ­43.24 4.15 ­

Table 6.2: Influence of a berm compared to the TAW overtopping equations.

Figure 6.3: Comparison of the dimensionless overtopping in OpenFOAM to the TAW overtopping equation

6.3.2. Adaptation 2: Crest wall
The second adaptation measure is the implementation of a crest wall at 0.94 meters sea level rise.
According to the adapted TAW overtopping equation, this ensures safety until 1.44 meters sea level
rise (Figure 6.2).

Accuracy TAW (Case 1)
In contrast to the influence of a berm, the crest wall is included in the overtopping equations by simply
increasing the crest height (𝑅𝑐). Figure 6.4 presents the influence of a crest wall at a sea level rise of
0.94 and 1.44 meters.

Table 6.3 presents the results from the figure. The reduction (𝑞𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛) represents the reduction
in the overtopping rate compared to the previous situation. The influence of a crest wall remains con­
stant (72.75%) in the TAW overtopping equation. The influence of a crest wall slightly decreases in
OpenFOAM for a higher sea level rise. Finally, the OpenFOAM model reduces the wave overtopping
with a larger value compared to the theory (Factor 2.5).

Adaptation SLR [m] h [m] R𝑐,1 [m] q𝑇𝐴𝑊,1[l/s/m] q𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 [%] q𝑂𝐹,1 [l/s/m] q𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 [%] q𝑂𝐹,1 / 𝑞𝑇𝐴𝑊,1 Δ q𝑂𝐹,1 / Δ q𝑇𝐴𝑊,1
0.94 13.44 1.16 121.32 ­ 503.56 ­ 4.15 ­Berm 1.44 13.94 0.66 445.17 ­ 918.00 ­ 2.06 ­

+ Crest wall 0.94 13.44 1.66 33.06 ­72.75 281.28 ­44.14 8.51 2.52
1.44 13.94 1.16 121.32 ­72.75 584.93 ­36.28 4.82 2.36

Table 6.3: Influence of a crest wall compared to the TAW overtopping equations
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Figure 6.4: Comparison of the dimensionless overtopping in OpenFOAM to the TAW overtopping equation

6.3.3. Adaptation 3: Low­crested structure
The final and third adaptation includes the construction of a low­crested structure. The grid increases
by approximately 80 meters (Section 5.4) to ensure enough space for the adaptation measure. The
low­crested structure decreases the wave height and thus the average overtopping rate. In Figure 6.2
can be seen that the low­crested structure ensures safety until 1.70 meters sea level rise if the adapted
TAW equation is applied on case 2.

Accuracy TAW (Case 1)
The implementation of a low­crested structure in OpenFOAM causes a significant reduction in over­
topping discharge (Figure 6.5). Figure 6.5 and Table 6.4 show that the computed overtopping values
are larger than what is being expected from theory. The absolute reduction caused by the low­crested
structure is a factor 6­7 larger in OpenFOAM than the reduction based on the applied theory.

An important side note is the fact that the hydrodynamics are not configured again at the toe of the
breakwater for the increased grid. Therefore, the waves at the toe might be reduced too much over
the length. However, the hydrodynamics at the toe of the low­crested structure are of the same or­
der. As the exact wave height is not known, the model can not be configured for this effect. Also,
the transmission coefficient computed in OpenFOAM is lower than the applied transmission coefficient
in the theoretical part (Section 2.4.8). The transmission coefficient computed in OpenFOAM is 74%
compared to 82% calculated based on the Briganti equations (Briganti et al., 2003).

Adaptation SLR [m] h [m] R𝑐,1 [m] q𝑇𝐴𝑊,1[l/s/m] q𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 [%] q𝑂𝐹,1 [l/s/m] q𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 [%] q𝑂𝐹,1 / 𝑞𝑇𝐴𝑊,1 Δ q𝑂𝐹,1 / Δ q𝑇𝐴𝑊,1
1.44 13.94 1.16 121.32 ­ 584.93 ­ 4.82 ­Berm +

Crest wall 1.70 14.2 0.9 238.52 ­ 847.99 ­ 3.56 ­
+ Low­crested
Structure

1.44 13.94 1.16 44.46 ­63.35 116.31 ­80.12 2.62 6.10
1.70 14.2 0.9 154.38 ­35.28 275.41 ­67.52 1.78 6.81

Table 6.4: Influence of a Low­crested structure compared to the TAW overtopping equations
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Figure 6.5: Comparison of the dimensionless overtopping in OpenFOAM to the TAW overtopping equation

6.3.4. Conclusions on the computed path
The path evaluated in OpenFOAM consists of a berm, crest wall and a low­crested structure. This
path is evaluated against the results from the theoretical predictions of overtopping proposed by the
TAW (2002). Furthermore, case study 1 is evaluated to determine the discrepancy between theory
and OpenFOAM. Figure 6.6 presents the difference in mean overtopping rate between the calculated
(empirical formula) and simulated (OpenFOAM). The black line represents the maximum allowed wave
overtopping of 50 l/s/m as applied for the adaptation paths in Chapter 4.

The berm reduces the overtopping rate for the applied case study in contrast to the equation proposed
by the TAW (2002). Moreover, both the crest wall and low­crested structure have a larger reduction in
OpenFOAM than based on the empirical equation. Regarding the low­crested structure, two aspects
should be considered. The first aspect is the increased grid to include the low­crested structure in
OpenFOAM. This new situation is not configured and therefore the waves are possibly decreased too
much over the extra length. The second aspect is the extra reduction compared to the applied theory
for transmitted waves. In OpenFOAM 74% of the original wave height traveled across the low­crested
structure compared to 82% in the pathway analysis. If the lower wave height is applied to the theory,
the difference between both calculation methods becomes smaller.

Figure 6.6: Overtopping rate in OpenFOAM compared to the TAW (2002) overtopping formula
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6.4. Effect of adaptations
In the previous sections, the applied crest heights at the tipping points for both the theory and Open­
FOAM calculations were equal. As observed, the overtopping rate in OpenFOAM differs from what is to
be expected based on the empirical overtopping equations. Because the calculated overtopping rates
for the model and theory are in a different regime, the effect of an adaptation can be different as well.
Therefore, this section compares the effect of an adaptation for an equal overtopping rate at the start.
In other words, the applied crest height in the theoretical part is lowered. By doing so, the overtopping
rate will be approximately the same (𝑞𝑂𝐹/𝑞𝑇𝐴𝑊 ≈ 1) at the start of an adaptation.

6.4.1. Effect without adaptations
At first, the difference in overtopping rate for the situation without implementations is computed again.
Therefore, the overtopping rate in both the theory and OpenFOAM is equal at zero meters sea level rise
(𝑞𝑂𝐹/𝑞𝑇𝐴𝑊 ≈ 1). As can be seen in Table 6.5, the discrepancy between theory and model increases
for a larger sea level. The original TAW equation predicts almost twice the overtopping rate simulated
in OpenFOAM (subscript 1). For the adapted case (ATAW,subscript 2), the discrepancy is smaller.

SLR [m] h [m] R𝑐,1 [m] q𝑇𝐴𝑊,1 [l/s/m] q𝑂𝐹,1 [l/s/m] q𝑂𝐹,1/q𝑇𝐴𝑊,1 [­] R𝑐,2 [m] q𝐴𝑇𝐴𝑊,2 [l/s/m] q𝑂𝐹,2 [l/s/m] q𝑂𝐹,2/q𝐴𝑇𝐴𝑊,2 [­]
0.0 12.5 0.96 204.07 205.22 1.01 2.12 63.91 63.43 0.99
0.6 13.1 0.36 971.12 424.63 0.44 1.63 179.92 148.22 0.82

Table 6.5: Comparison of the overtopping rates for both case studies and the situation without adaptation measures (SLR
0­0.6m)

6.4.2. Effect of adaptations in OpenFOAM compared to the TAW equations
The overtopping equation proposed by the TAW (2002) lacks the influence of a berm as mentioned in
Chapter 2. In other words, the reduction of a berm is zero percentage. In Section 6.3.1 the reduction of
a berm for case study 1 was found as approximately 40% in OpenFOAM. The discrepancy in reduction
of a crest wall or low­crested structure between OpenFOAM and theory has been elaborated in the
remaining of this section. Again, the ratio 𝑞𝑂𝐹/𝑞𝑇𝐴𝑊 is equal to one at the start of an adaptation. The
starting point is the situation just before the adaptation is implemented. In Table 6.6 and Table 6.7 the
results are presented.

Adaptation: Crest wall
Compared to the situation with equal crest height, the reduction percentage in theory remains the same.
Obviously, the difference in overtopping rate between OpenFOAM and the applied empirical equation
is smaller for the new situation. The biggest difference is the fact that for the same overtopping rate as
starting point, the absolute reduction based on the empirical equation is larger than in OpenFOAM(Δ
q𝑂𝐹 / Δ q𝑇𝐴𝑊 < 1).

Adaptation SLR [m] h [m] R𝑐,𝑇𝐴𝑊 [m] q𝑇𝐴𝑊[l/s/m] q𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 [%] q𝑂𝐹,1 [l/s/m] q𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 [%] q𝑂𝐹,1 / 𝑞𝑇𝐴𝑊 Δ q𝑂𝐹,1 / Δ q𝑇𝐴𝑊
0.94 13.44 0.61 506.97 ­ 503.56 ­ 0.99 ­Berm 1.44 13.94 0.11 1860.23 ­ 918.00 ­ 0.49 ­

+ Crest wall 0.94 13.44 1.11 138.17 ­72.75 281.28 ­44.14 2.04 0.60
1.44 13.94 0.61 506.97 ­72.75 584.93 ­36.28 1.15 0.25

Table 6.6: Influence of a crest wall compared to the TAW overtopping equations with equal starting point (𝑞 ≈ 504 l/s/m)

Adaptation: Low­crested structure
The reduction (%) according to the theory is smaller compared to the situation with equal crest height.
The ratio between OpenFOAM and theory becomes smaller as the calculated overtopping rate is larger
for the situation with lower crest height. However, the absolute reduction in OpenFOAM remains larger
than the reduction based on the empirical equations. Therefore, the ratio (Δ q𝑂𝐹 / Δ q𝑇𝐴𝑊) is larger than
one. But again, this is partly because of the larger reduction of wave height in OpenFOAM (i.e. lower
wave height computes a lower overtopping rate).
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Adaptation SLR [m] h [m] R𝑐,𝑇𝐴𝑊 [m] q𝑇𝐴𝑊[l/s/m] q𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 [%] q𝑂𝐹,1 [l/s/m] q𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 [%] q𝑂𝐹,1 / 𝑞𝑇𝐴𝑊 Δ q𝑂𝐹,1 / Δ q𝑇𝐴𝑊
1.44 13.94 0.55 592.56 ­ 584.93 ­ 0.99 ­Berm +

Crest wall 1.70 14.2 0.29 1164.97 ­ 847.99 ­ 0.73 ­
+ Low­crested
Structure

1.44 13.94 0.55 312.72 ­47.23 116.31 ­80.12 0.37 1.67
1.70 14.2 0.29 905.91 ­22.24 275.41 ­67.52 0.30 2.21

Table 6.7: Influence of a Low­crested structure compared to the TAW overtopping equations with equal starting point (𝑞 ≈ 590
l/s/m)

6.4.3. Conclusions on equal overtopping rate
The previous can be summarized in Figure 6.7. The figure presents the average reduction of an adap­
tation in both OpenFOAM and based on the empirical formula. The current design formula proposed
by the TAW (2002) lacks the influence of a berm. Therefore, the reduction is zero percent. However,
for the applied case study, the berm reduces the overtopping rate by approximately 40%. In contrast to
the berm, the crest wall is included in the design formula. The reduction based on the formula is larger
than the simulated overtopping rate. Finally, when the low­crested structure is included, the reduction
in OpenFOAM is larger than the calculated overtopping rate.

Summarizing, the berm and low­crested structure are underestimated in the applied theory. There­
fore, both adaptations have a larger influence on the adaptation pathway analysis than determined in
Chapter 4. On the flip side, the crest wall is overestimated in current theory. This means that the crest
wall becomes less effective in the adaptation pathways.

Figure 6.7: Reduction per adaptation in OpenFOAM compared to the TAW overtopping formula

6.5. Accuracy Adapted TAW
Besides the overtopping equation proposed in the TAW, an adapted overtopping equation (Krom, 2012)
is applied as well in this thesis. This section evaluates the accuracy of the formula which includes the
effect of a berm. Therefore, the same procedure is followed as for the TAWovertopping formula (Section
6.3 and Section 6.4). Apart from the different formula, Case 2 is now computed in OpenFOAM. Case 2
is derived in Chapter 3 based on the Adapted overtopping formula and has the same overtopping rate
as Case 1 at first.
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Figure 6.8: Overtopping rate in OpenFOAM compared to the Adapted TAW (2012) overtopping formula

Figure 6.8 presents the difference between the simulated (OpenFOAM) and calculated (empirical for­
mula) overtopping rate for the computed path (berm, crest wall, low­crested structure). In contrast to
the simulated overtopping rate, the calculated overtopping rate is much lower. Moreover, the reduction
of an adaptation in OpenFOAM is larger than calculated with the Adapted TAW formula. The previous
makes the reductions be underestimated in the empirical equation. However, the initial discrepancy in
the overtopping rate is already significant.

Next, the crest height is lowered in the empirical equation. By doing so, the calculated overtopping
rate is equal to the simulated overtopping rate at the start of an adaptation. Therefore, the reduction in
OpenFOAM is better comparable to the reduction based on the empirical formula. Figure 6.9 presents
the discrepancy between the simulated and calculated reduction. In the proposed case study, the
empirical equation is overestimating the reduction for a berm and a crest wall. Because of the overesti­
mation, a solution is less effective than determined in the adaptation pathway analysis. If a low­crested
structure is implemented last, the current theory is underestimating the reduction. In contrast to a berm
in combination with a crest wall, the solution is more effective than determined in the pathway analysis.

Figure 6.9: Reduction per adaptation in OpenFOAM compared to the Adapted TAW overtopping formula

See Appendix B for more details on the exact reduction and discrepancy between calculated and sim­
ulated overtopping rates. Within the Appendix, the same tables and figures are presented as derived
for the comparison between OpenFOAM and the TAW overtopping formula at the start of this chapter.
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6.6. Conclusion on the OpenFOAM computations
All the aspects described previously are used to answer the second research question. This question
is defined in Chapter 1 as:

How do the relevant combinations of solutions perform in the numerical model if the outcome is
compared to the current guidelines?

First, the most interesting adaptation path is computed and compared to the empirical equation pro­
posed by the TAW (2002). Next, because of the large discrepancy in the overtopping rate between
theory and model, the crest height in the empirical equation is lowered. By doing so, the overtopping
rate in model and theory is equal at the start of an adaptation. Therefore, the effect of an adaptation in
the model is better comparable to the effect according to the theory. Finally, the same procedure has
been performed for the adapted TAW overtopping equation proposed by Krom (2012).

The computed path consists of a berm, a crest wall and a low­crested structure (derived with the
Adapted TAW equations). In contrast to the results from Chapter 4 this is not the economically most
attractive solution. However, the solution is relevant to compute in OpenFOAM and compare with the
economically most attractive solution. The solution is interesting because the overtopping formula pro­
posed by the TAW (2002) lacks the influence of a berm. Also, the influence of a crest wall is rather
crude by simply increasing the crest height. The influence of an increased foreshore is not considered
as the computation time significantly increases for this.

Accuracy TAW compared to the OpenFOAM results
A large discrepancy between model and theory is observed for the situation with equal crest height.
The average wave overtopping is much larger in the model. Moreover, the absolute reduction per
adaptation is also much larger compared to the theory. Therefore, the applied theory is underestimat­
ing for the applied case study. However, because of the initial difference in overtopping rate, the effect
of each adaptation could be different as well.

Next, the crest height in the theoretical part is lowered. Such that at the start of an adaptation the
overtopping rate in both the model and empirical formula is equal. The current theory lacks the influ­
ence of a berm. Therefore, the effect is underestimated compared to the OpenFOAM results ( 40%
reduction). On the flip side, the effect of a crest wall is overestimated. Furthermore, the effect of a
low­crested structure is underestimated by almost 50%. However, two possibilities could explain the
large difference between theory and model. First, because of the increase in grid length, the waves
could decrease extra over the length. Second, the simulated transmission coefficient in OpenFOAM is
smaller compared to the applied transmission equation (74% in OpenFOAM compared to 82% for the
theoretical part).

At the moment, a berm and low­crested structure seem to be less effective in the derived adapta­
tion pathways than simulated in OpenFOAM. Further, the crest wall is currently more effective in the
adaptation pathways than simulated in OpenFOAM. In other words, the berm and low­crested structure
are underestimated and the crest wall is overestimated in applied theory.

Accuracy Adapted TAW compared to the OpenFOAM results
The discrepancy in overtopping rate between the Adapted TAW formula and OpenFOAM is smaller
compared to the original TAW overtopping formula. However, the difference is still significant. Again,
the theory is underestimating the overtopping rate for the applied case study.

Next, the crest height is lowered in the empirical equation. By doing so, the calculated overtopping
rate is equal to the simulated overtopping rate at the start of an adaptation. Therefore, the reduction
in OpenFOAM is better comparable to the reduction based on the empirical formula. The reduction of
a berm and crest wall is overestimating compared to the OpenFOAM results. On the other hand, the
effect of a low­crested structure is underestimated in the applied theory. Therefore, the berm and crest
wall are less effective in the adaptation pathway scheme than currently designed for. Furthermore, the
low­crested structure becomes more effective in the adaptation pathway scheme.
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General conclusion
Based on the performed computations it is concluded that a berm influences the overtopping rate. It
can also be concluded that the current method of increasing the crest height with the height of the wall
overestimates the reduction. Therefore, one should carefully test the effect of a crest wall. Finally,
implementing a low­crested structure underestimates the effect on the wave height. It is found that the
transmitted wave height in OpenFOAM is decreased by 10% more than calculated with the empirical
equation for transmitted waves. However, the increased grid is not configured again for the applied
hydrodynamics at the toe. Therefore, the wave height at the toe is slightly lower.

Thus, comparing the OpenFOAM results with the TAW (2002) equations, shows that adaptation path­
ways that include a berm are relatively more attractive than if these pathways are calculated based on
the TAW (2002). Pathways including a crest wall could be slightly less attractive than those pathways
calculated with TAW (2002) would suggest. The (limited) computations with a low­crested structure
indicate that an adaptation pathway with a low­crested structure could be more relevant than expected
based on the TAW (2002).

Overall, the performance of combinations of solutions can be computed with OpenFOAM. Adaptation
pathways including a berm and a crest wall seem to be relevant pathways, either in combination with
a shallow foreshore or with a low­crested structure. Nevertheless, these results need to be validated
based on data from experiments.

Also, the computations indicate it is likely that the original TAW (2002) equations are not suitable to
account for the effects of berms in the seaward slope of breakwaters. Thus, adaptation pathways in­
cluding a berm are highly relevant but cannot be computed accurately with the original TAW (2002)
equation. Until a sufficiently validated empirical method is available, the adapted TAW formula as pro­
posed by Krom (2012) is likely to lead to more realistic adaptation pathways than using the original
TAW equations.



7
Discussion

This chapter focuses on the climate adaptation of rubble mound breakwaters. Because of climate
change, these structures possibly need one or more adaptations to fulfill their function. Accurate design
formulas are required to create multiple adaptation paths with a combination of solutions. Currently,
the design formulas to calculate the wave overtopping do not seem to be accurate enough. Therefore,
existing prediction methods for wave overtopping discharges are discussed in this chapter.

7.1. Applied theory
Two empirical equations are applied to calculate the overtopping rate of a rubble mound breakwater in
this thesis. Either the equation presented by the TAW, or the adapted TAW equation derived by Krom.
One of the disadvantages of the original TAW overtopping equation is that the influence of a berm or
wave steepness is not included. Therefore, the current theory is overestimating the overtopping rate
for rubble mound structures with a berm. The wave steepness, on the other side, can decrease or in­
crease the occurring wave overtopping. The wave overtopping decreases for steeper waves because
of the faster wave damping and vice versa.

Consequently, a second empirical equation is applied: the adapted TAW equation derived by Krom
(2012). This equation includes the effect of wave steepness and a berm. However, this equation is
valid for a limited data range. It is unsure whether the equation is well­founded outside the data range.
Also, the proposed equation is validated for a situation with a berm. Therefore, it is unclear how accu­
rate the equation is for configurations without a berm.

Besides the influence of wave steepness and a berm, the influence of a crest wall is implemented
in the TAW (2002) in a rather crudely way. The TAW proposes to increase the crest height (𝑅𝑐) with the
height of the crest wall above the current armour layer level. The results in OpenFOAM show that the
reduction is about a factor 5 smaller than calculated with the empirical equations for the applied case
study. In van Doorslaer (2015), it also seems that the method applied in the TAW is overestimating
the reduction in overtopping. In the same research, a new formula for the influence of a crest wall is
presented.

7.2. Hydraulic and structural assumptions
Some assumptions are made in the applied theory. One of the assumptions is that the wave period
(𝑇𝑚−1,0) remains constant in all conditions. The results of the hydrodynamics in OpenFOAM show that
the wave steepness slightly lowers for a rising sea level. At the maximum sea level adopted in this the­
sis, the wave steepness is approximately 5% lower than applied in the empirical equations. The lower
steepness causes more wave overtopping at rubble mound structures. However, as the difference is
negligible it is not expected that the extra overtopping is significant. The assumption of a constant wave
period also applies to waves traveling over a low­crested structure. One should account for the fact
that the wave spectrum alters because of energy dissipation at the porous low­crested structure.
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To include the increased foreshore within the adaptation pathway scheme, a rule of thumb of H/d = 0.5
is applied. This rule should only be used in a preliminary design phase. For a more detailed research,
a wave model like SWAN or OceanWave3D can be used to determine the exact wave transformation.
Besides the applied rule of thumb, possible erosion of the foreshore is not accounted for in the design.
Therefore, costs could significantly increase due to frequently occurring maintenance.

The TAW proposes to apply a roughness coefficient (𝛾𝑓) of 0.40 for a two­layer rubble mound structure
with a porous core. In recent research, it is concluded that this value could be higher (Molines and
Medina, 2015). Consequently, the overtopping rate increases and matches more with the simulated
overtopping rate in OpenFOAM. For example, a roughness coefficient of 0.53 decreases the gap be­
tween OpenFOAM and theory by approximately 20%.

Regarding the stability of the structure, two assumptions are made. Both the crest wall and the rubble
mound structure are assumed to be stable. The stability of the rubble mound breakwater is calculated
in the setup of the academic case study to give some representative values. For a larger water depth,
however, the wave height could increase. The stability of the structure will therefore decrease. In ad­
dition, the wave impact increases for higher crest walls. Therefore, the stability of a crest wall should
be verified. One is advised to carefully consider those aspects.

7.3. Applied case study
The case study examined in this thesis uses constant parameters for both the hydraulic and structural
conditions. The hydraulic conditions applied are representative for the Dutch coast. The most impor­
tant parameter which influences the overtopping rate and corresponding adaptation measures is the
wave period. As discussed, the overtopping rate increases for a lower wave steepness. Subsequently,
because of the lower wave steepness, all adaptations become less effective. Therefore, the applied
adaptation should increase in width to overcome the larger wavelength. Consequently, a low­crested
structure becomes too expensive compared to other adaptations, in projects with a budget cap for ex­
ample.

If the slope of the structure is smaller than the applied 1:2 slope, the TAW formula for breaking waves
might become normative. However, breakwaters generally have slopes between 1:2 and 1:1.5. Thus,
this does not apply to this research.

7.4. Applied data
This research is based on certain assumptions regarding the applied literature. The hydrodynamics
derived for this thesis are based on governing conditions for the Dutch coast with a certain return period.
Based on the wave height and period, the structural parameters were determined. As no physical data
is available to verify the accuracy of the computations during this research, the discrepancy between
model and theory can be different. Therefore, a conclusion about the accuracy is not presented in this
research.

7.5. Applicability adaptation pathways
Adaptation pathways increase the capability to manage structures during a largely uncertain sea level
rise. The tipping points in such a scheme determine the moment at which the next solution should be
implemented to ensure safety. The adaptation pathways derived in this thesis depend on the fact that
all resources are available at the location. However, the outcome of these pathways depends on local
conditions and resources available at that moment. Also, the costs included are relative and based on
outdated projects. One should carefully investigate the local conditions and local market to determine
the economically most attractive solution. Furthermore, costs like labor, preparation of the site, main­
tenance and many more are not included in the current cost estimation.

Besides the derived pathways and estimated costs, the expected lifetime of structures also determines
the outcome. If the most extreme climate scenario occurs, it is best to implement the most expen­
sive solution at first. On the flip side, if a milder scenario occurs and the most expensive solution is
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already implemented, the costs are unnecessarily high. Moreover, the required lifetime of a structure
can become larger than expected initially. The most likely climate scenario could be determined if the
probabilities of occurrence are available for each climate scenario. However, these are not available
at the moment.

In the this research, the adaptation pathways are derived based on empirical equations. However,
for a realistic project, it is possible to derive these pathways with OpenFOAM. The possibility to do so
depends on the data available to calibrate the model. Furthermore, on the number of simulations com­
puted simultaneously. The project time significantly increases if a limited number of simulations are
performed at the same time. In the tender phase of a project, the applicability of OpenFOAM depends
on the funds available for the project. For projects with a limited budget, the current guidelines can be
applied to derive the adaptation pathways at first. The adapted TAW equation can be used as a first
estimation of the impact of a berm.

7.6. Applicability on different structures
This research focuses on rubble mound breakwaters. However, there are many more coastal struc­
tures that protect the hinterland. Dikes, for example, apply the same empirical equations to determine
the overtopping rate. Dikes are often less steep and therefore the equation for ”breaking” waves is
used instead of the maximum for ”non­breaking” waves, as applied in this thesis. Furthermore, the
equation for breaking waves includes the influence factor of the berm.

The framework of this research can also be applied on vertical walls. The equations used are slightly
different, but the principle remains the same. Besides the equations, other adaptation possibilities can
be applied as well (e.g. a bullnose). Adding a berm in front of a vertical wall may be less realistic since
a berm can significantly increase the wave impacts on vertical walls. Also, the water depth decreases
for a berm. This water depth may be necessary for shipping.

Summarizing, one can apply the adaptation pathways on many structures if the different equations
and conditions are taken carefully into account. Moreover, the previously described structures are
computable in the OpenFOAM model.
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Conclusions and Recommendations

This chapter presents the conclusions on the proposed research questions and objective. Based on
the performed research, recommendations for further investigation are given.

8.1. Conclusions
In Section 1.3, the objective of this thesis was defined as:

”The objective of this research is to elaborate several relevant combinations of adaptation
solutions that limit wave overtopping at rubble mound breakwaters, where the sequence of
solutions with lack of validation in current guidelines is computed in a numerical model to
enhance insight into the accuracy of those combinations.”

Based on the objective and the findings of the two proposed research questions, a final conclusion is
given.

Conclusions on performed research
In this research it is concluded that for a large sea level rise (>1 meter) during the lifetime of a structure,
multiple solutions are required to ensure safety against wave overtopping. These combinations of solu­
tions were derived based on the applied theoretical guidelines (i.e. TAW and the adapted TAW). As the
influence of a berm is not included in the original overtopping equation proposed by the TAW (2002),
this solution is further investigated in OpenFOAM. From the OpenFOAM results, it can be concluded
that a berm, in contrast to the TAW overtopping equation for ”non­breaking” waves, has a significant
influence on the wave overtopping. Furthermore, the effect of a crest wall in combination with a berm
seems to be overestimated in the TAW (2002). Additionally, a low­crested structure is implemented
in the solution. A low­crested structure in front of the rubble mound breakwater in combination with a
berm and a crest wall seems to underestimate the reduction in wave overtopping.

In conclusion, the berm and low­crested structure are relatively more effective in the adaptation paths
than currently presented in the TAW (2002). On the flip side, the pathways which include a crest wall
seem to be less effective. Overall, the performance of combinations of solutions can be computed with
OpenFOAM. Adaptation pathways including a berm and a crest wall seem to be relevant pathways,
either in combination with a shallow foreshore or with a low­crested structure. Nevertheless, these
results need to be validated based on data from experiments.

Also, the computations indicate that it is likely that the original TAW (2002) equations are not suitable
to account for the effects of berms in the seaward slope of breakwaters. Thus, adaptation pathways
including a berm are highly relevant but cannot be computed accurately with the original TAW (2002)
equation. Until a sufficient empirical validation method is available, the adapted TAW formula as pro­
posed by Krom (2012) is likely to lead to more realistic adaptation pathways than the original TAW
equations.
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Conclusions on research questions
The findings in this report are based on two research questions which are elaborated in Chapter 1. The
answers to these research questions are summarized below.

1.) What sequence of solutions is economically beneficial according to the adaptation path­
ways by limiting the wave overtopping of rubble mound breakwaters against sea level rise?
The performed research shows that the economically most attractive solution depends on multiple fac­
tors. The number of adaptations required depends on the occurring climate scenario and the lifetime
of a structure. In this thesis, the lifetime of a rubble mound structure was approximately 50 years. Two
climate scenarios were applied in the adaptation pathways, the RCP 4.5 and RCP 8.5. For both cli­
mate scenarios, a single adaptation is sufficient to ensure safety during the lifetime of the breakwater.
However, because the influence of a combination of solutions is investigated, the maximum sea level
rise is set to 1.70 meters, the maximum sea level rise at the end of the century predicted in the RCP4.5
scenario. Therefore, multiple solutions are required to ensure safety (𝑞𝑚𝑎𝑥 < 50 l/s/m).

The adaptation pathways based on the overtopping equation proposed in the TAW (2002) consist of
a crest wall, increased foreshore and a low­crested structure. Three adaptations are required at the
maximum sea level rise adopted in this thesis. Therefore, the order of construction is not of importance
if the present value is evaluated. However, if the future value is included, the most expensive solution
should be implemented first.

Furthermore, this thesis presents the adaptation pathways based on the adapted TAW overtopping for­
mula proposed by Krom (2012). In total four solutions were applied: a berm, a crest wall, an increased
foreshore or a low­crested structure. The solutions without a low­crested structure are economically
more attractive due to the lower investment costs. The economically most attractive solution if the fu­
ture value is included consists of a foreshore followed by a crest wall and a berm.

The research conducted shows that it is difficult to directly calculate the costs of an adaptation path
because of the large uncertainty in climate scenarios. If the most extreme solution is constructed at first
and a much milder climate scenario occurs, the project becomes unnecessarily expensive. Moreover,
the lifetime of the structure will become longer than adopted during the construction phase. The prob­
ability of occurrence for each climate scenario should be determined in order to calculate the expected
costs of a solution. However, these probabilities of occurrence are not available at the moment.

Solutions which include a berm or crest wall are economically more attractive compared to a fore­
shore and low­crested structure. A berm and crest wall together would cover almost one meter of sea
level rise and are relatively easy to implement. During the adopted lifetime of the structure, none of the
climate scenarios exceeds this sea level rise. Therefore, solutions with a berm and crest wall seem to
be most interesting to add to a rubble mound breakwater at the moment.

2.) How do the relevant combinations of solutions perform in the numerical model if the out­
come is compared to the current guidelines?
In this research, the accuracy of current guidelines is verified in a numerical model. The computed
path, based on the adapted TAW equation, consists of a berm, a crest wall and a low­crested structure.
It is found that in contrast to the overtopping equation proposed by the TAW (2002), the berm influences
the overtopping rate. A berm reduces the overtopping rate by approximately 40%. The current theory
proposes to increase the crest height (𝑅𝑐) with the height of the crest wall. It is found that this approach
is rather crude if a berm and crest wall are combined. Consequently, the reduction is overestimated.
Furthermore, the low­crested structure as final adaptation underestimates the reduction in the overtop­
ping rate.

Thus, comparing the OpenFOAM results with the TAW (2002) equations, shows that adaptation path­
ways that include a berm are relatively more attractive than when calculated based on the TAW (2002).
Pathways including a crest wall could be slightly less attractive than TAW (2002) would suggest. The
(limited) computations with a low­crested structure indicate that an adaptation pathway with a low­
crested structure could be more relevant than expected based on TAW (2002).



8.2. Recommendations 69

8.2. Recommendations
Based on the performed research, the following recommendations for further research are advised.
First, three recommendations about the adaptation criteria are given. Next, a recommendation for
the applied data is presented. Furthermore, recommendations regarding the application of adaptation
paths are given. Finally, two recommendations regarding the applicability in OpenFOAM are presented.

Adaptation criteria

• If one applies the adaptation pathways, it is advised to carefully investigate the local conditions
and market prices to determine the economically most attractive path. Besides the applied costs
in the performed research, there are many more possible costs that should be considered. Costs
like labor, preparation of the site, maintenance and many more are not included in the current
cost estimation.

• The cost­estimation in this thesis depends on the applied climate scenario. Currently, there are
many different climate scenarios adopted by the IPCC, depending on the emission rates. One is
advised to include the probability of occurrence of the different climate scenarios. By doing so,
an expected cost­estimation can be made.

• Apart from the costs, one could also include aspects like the carbon footprint or constructability
to determine the ”best” adaptation path. Just like a multi­criteria analysis, certain weighting can
be assigned to the points of interest.

Data

• In the conducted research, no data was available and assumptions regarding the hydrodynamics
were made. Therefore, it is advised to include physical data in the model and calibrate the struc­
tural parameters. This provides extra insight into how the overtopping performs when adaptations
are included. If data is included, the effects of a low­crested structure and a foreshore can be
investigated better as well. For these adaptations, the hydrodynamics at the toe of the structure
were not configured.

Application

• The effect of each adaptation is based on one case study. As the pathways can differ for other
adaptation dimensions or different wave conditions, it is advised to perform a sensitivity analysis.
Within this sensitivity analysis, the dimensions of an adaptation can be optimized such that the
effect is optimum (e.g. a berm above or below water level).

• The adaptation pathways derived in this thesis are based on the overtopping equation proposed
by the TAW. According to the OpenFOAM results in this research, the berm influences the over­
topping rate, in contrast to the predictions based on TAW (2002). Therefore, it is recommended
to perform further research on how to implement a berm in the empirical equation. Although an
adapted equation proposed by Krom (2012) is applied as well, no feedback about the accuracy of
this equation can be given. The adapted TAW equation is validated for a small number of tests.

• The method proposed in the TAW to account for a crest wall seems to overestimate the reduction
in wave overtopping compared to the results from OpenFOAM. If one includes a crest wall, it is
advised to verify the accuracy of different literature (e.g. van Doorslaer et al., 2015) and apply
this in the empirical equation.

• For the equation proposed by the TAW, it is advised to perform research on the influence of the
roughness. The proposed influence factor (𝛾𝑓) is based on the average of different measure­
ments. A smaller or larger value can make a big difference in the calculated overtopping rate.
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• Based on the performed research, a realistic combination of the adaptation measures consists of
a combination of a berm, a crest wall and a shallow foreshore. Therefore, it is advised to focus
more on this combination of adaptation measures. It is necessary to improve the guidelines for
combinations of these measures since the existing ones seem to be either incorrect (TAW, 2002)
or require a better validation (Krom, 2012).

OpenFOAM

• Unlike the three other adaptation possibilities, the size of a crest wall is limited because of the
wave force on this crest wall. For the berm and low­crested structure, the forces acting on it do
not change and are already calculated in the stability assessment. The wave force acting on
the wave wall can be calculated in OpenFOAM as well. This is elaborated in various studies
(Jacobsen et al., 2018). If one wants to implement the crest wall as defined in this report, it is
recommended to simulate the wave forces to make sure the wall has the right dimensions.

• When one applies the OpenFOAM model to determine adaptation pathways it is recommended
to run simulations simultaneously to decrease the workload. If the adaptation paths are applied
to a real project, data is also necessary to calibrate for a base case.
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A
Individual Adaptation Pathways

In this Appendix the adaptive pathway generated in Chapter 4 is split into four individual pathways to
give a more clear view on the solutions. Subsequently, the costs per solution are elaborated based on
the defined costs per adaptation measure. The costs are defined in Table A.1. In the next sections

Material Price indication Unit
Rock 50 €/T
Sand 6 €/m3

Concrete 300 €/m3

Table A.1: Production and construction costs other materials

the different pathways and costs are elaborated. For the costs, the sequences are defined with the
first letter representing the corresponding adaptation measure. Therefore: Foreshore (F), Crest wall
(C), Berm (B) and Low­crested structure (L). Also, the reduced dimensions for the last chain in the
sequence are defined to lower the costs if the adaptation measure is much safer than 50 l/s/m.
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A.1. TAW: Crest wall

Figure A.1: Adaptive pathway TAW: Crest wall

Sequence Costs Unit Reduced dimension Unit
C­F­L 42 300 €/m 𝐵𝑙𝑐 = 5, 𝑅𝑙𝑐 = −1.8 m
C­L­F 43 800 €/m ℎ𝑓 = 9.8 m

Table A.2: Production and construction costs TAW: Crest wall
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A.2. TAW: Increased foreshore

Figure A.2: Adaptive pathway TAW: Increase foreshore

Sequence Costs Unit Reduced dimension Unit
F­C­L 43 200 €/m 𝐵𝑙𝑐 = 5, 𝑅𝑙𝑐 = −1.8 m
F­L 44 100 €/m ℎ𝑐 = 0.36 m

Table A.3: Production and construction costs TAW: Increased foreshore
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A.3. TAW: Low­crested structure

Figure A.3: Adaptive pathway TAW: Low­crested structure

Sequence Costs Unit Reduced dimension Unit
L­C­F 42 350 €/m ℎ𝑓 = 10.4 m
L­F­C 42 000 €/m ℎ𝑐 = 0.62 m

Table A.4: Production and construction costs TAW: Low­crested structure
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A.4. Adapted TAW: Berm

Figure A.4: Adaptive pathway adapted TAW: Berm

Sequence Costs Unit Reduced dimension Unit
B­C­F 19 900 €/m ℎ𝑓 = 9.9 m
B­C­L 33 350 €/m 𝑅𝑙𝑐 = −2.5 m
B­F­C 19 950 €/m ℎ𝑐 = 0.45 m
B­F­L 47 200 €/m 𝑅𝑙𝑐 = −1.35 m
B­L­C 37 300 €/m ℎ𝑐 = 0.23 m
B­L­F 48 700 €/m ℎ𝑓 = 10.45 m

Table A.5: Production and construction costs adapted TAW: Berm
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A.5. Adapted TAW: Crest wall

Figure A.5: Adaptive pathway adapted TAW: Crest wall

Sequence Costs Unit Reduced dimension Unit
C­B­F 19 600 €/m ℎ𝑓 = 9.8 m
C­B­L 32 900 €/m 𝑅𝑙𝑐 = −2.6 m
C­F­B 17 400 €/m 𝐵𝑏𝑒𝑟𝑚 = 3 m
C­F­L 40 300 €/m 𝑅𝑙𝑐 = −2.3 m
C­L 31 150 €/m 𝑅𝑙𝑐 = −1.2 m

Table A.6: Production and construction costs adapted TAW: Crest wall
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A.6. Adapted TAW: Increased foreshore

Figure A.6: Adaptive pathway adapted TAW: Increased foreshore

Sequence Costs Unit Reduced dimension Unit
F­B­C 19 900 €/m ℎ𝑐 = 0.44 m
F­B­L 47 500 €/m 𝑅𝑙𝑐 = −1.5 m
F­C­B 18 150 €/m 𝐵𝑏𝑒𝑟𝑚 = 3.5 m
F­C­L 40 200 €/m 𝐵𝑙𝑐 = 3.54,𝑅𝑙𝑐 = −2 m
F­L­B 45 100 €/m 𝐵𝑏𝑒𝑟𝑚 = 2 m
F­L­C 44 200 €/m ℎ𝑐 = 0.15 m

Table A.7: Production and construction costs adapted TAW: Increased foreshore
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A.7. Adapted TAW: Low­crested structure

Figure A.7: Adaptive pathway adapted TAW: Low­crested structure

Sequence Costs Unit Reduced dimension Unit
L­B­C 35 900 €/m ℎ𝑐 = 0.36 m
L­B­F 47 100 €/m ℎ𝑓 = 10.7 m
L­C­B 32 350 €/m 𝐵𝑏𝑒𝑟𝑚 = 2, 𝑑𝑏 = 0 m
L­C­F 41 900 €/m ­ m
L­F­B 57 500 €/m 𝐵𝑏𝑒𝑟𝑚 = 14 m
L­F­C 41 900 €/m ℎ𝑐 = 1.4 m

Table A.8: Production and construction costs adapted TAW: Low­crested structure



B
OpenFOAM results case study 2

This Appendix elaborates on the OpenFOAM results for case study 2. This case study is derived
based on the adapted TAW equation proposed by Krom (2012). First the computed path is evaluated.
Subsequently, the effect of an adaptation is evaluated in more detail.

B.1. Computed path
As discussed in Chapter 6, the most relevant solution consists of a berm, a crest wall and a low­crested
structure.

Adaptation 1: Berm

Adaptation SLR [m] h [m] R𝑐,2 [m] q𝐴𝑇𝐴𝑊,2[l/s/m] q𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 [%] q𝑂𝐹,2 [l/s/m] q𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 [%] q𝑂𝐹,2 / 𝑞𝐴𝑇𝐴𝑊,2 Δ q𝑂𝐹,2 / Δ q𝐴𝑇𝐴𝑊,2
0.60 13.10 2.25 51.07 ­ 148.22 ­ 2.90 ­­ 0.94 13.44 1.91 91.81 ­ 231.82 ­ 2.52 ­

+ Berm 0.60 13.10 2.25 24.94 ­51.17 101.74 ­31.36 4.08 1.78
0.94 13.44 1.91 50.94 ­44.52 182.37 ­21.33 3.58 1.21

Table B.1: Influence of a berm compared to the Adapted TAW overtopping equations.

Figure B.1: Comparison of the dimensionless overtopping in OpenFOAM to the adapted TAW overtopping equation
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Adaptation 2: Crest wall

Adaptation SLR [m] h [m] R𝑐,2 [m] q𝐴𝑇𝐴𝑊,2[l/s/m] q𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 [%] q𝑂𝐹,2 [l/s/m] q𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 [%] q𝑂𝐹,2 / 𝑞𝐴𝑇𝐴𝑊,2 Δ q𝑂𝐹,2 / Δ q𝐴𝑇𝐴𝑊,2
0.94 13.44 1.91 50.94 ­ 182.37 ­ 3.58 ­Berm 1.44 13.94 1.41 139.59 ­ 406.86 ­ 2.91 ­

+ Crest wall 0.94 13.44 2.41 18.43 ­63.82 111.09 ­39.09 6.03 2.19
1.44 13.94 1.91 50.34 ­63.94 235.76 ­42.05 4.68 1.92

Table B.2: Influence of a crest wall compared to the Adapted TAW overtopping equations

Figure B.2: Comparison of the dimensionless overtopping in OpenFOAM to the adapted TAW overtopping equation

Adaptation 3: Low­crested structure

Adaptation SLR [m] h [m] R𝑐,2 [m] q𝐴𝑇𝐴𝑊,2[l/s/m] q𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 [%] q𝑂𝐹,2 [l/s/m] q𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 [%] q𝑂𝐹,2 / 𝑞𝐴𝑇𝐴𝑊,2 Δ q𝑂𝐹,2 / Δ q𝐴𝑇𝐴𝑊,2
1.44 13.94 1.91 50.34 ­ 235.76 ­ 4.68 ­Berm +

Crest wall 1.70 14.2 1.65 84.66 ­ 342.33 ­ 4.04 ­
+ Low­crested
Structure

1.44 13.94 1.91 15.63 ­68.95 16.32 ­93.08 1.04 6.32
1.70 14.2 1.65 48.90 ­42.24 35.59 ­89.60 0.73 8.58

Table B.3: Influence of a Low­crested structure compared to the Adapted TAW overtopping equations

Figure B.3: Comparison of the dimensionless overtopping in OpenFOAM with the adapted TAW overtopping equation
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B.2. Effect of adaptations
Next, the overtopping rate at the start of an adaptation is set equal in both the formula and OpenFOAM.
Therefore, the crest height in the theory has been lowered.

Adaptation 1: Berm

Adaptation SLR [m] h [m] R𝑐,𝐴𝑇𝐴𝑊 [m] q𝐴𝑇𝐴𝑊[l/s/m] q𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 [%] q𝑂𝐹,2 [l/s/m] q𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 [%] q𝑂𝐹,2 / 𝑞𝐴𝑇𝐴𝑊 Δ q𝑂𝐹,2 / Δ q𝐴𝑇𝐴𝑊
0.60 13.10 1.63 148.82 ­ 148.22 ­ 1.00 ­­ 0.94 13.44 1.29 267.53 ­ 231.82 ­ 0.87 ­

+ Berm 0.60 13.10 1.63 85.57 ­42.50 101.74 ­31.36 1.19 0.73
0.94 13.44 1.29 172.69 ­35.45 182.37 ­21.33 1.06 0.52

Table B.4: Influence of a berm compared to the Adapted TAW overtopping equations with equal starting point (𝑞 ≈ 148 l/s/m)

Adaptation 2: Crest wall

Adaptation SLR [m] h [m] R𝑐,𝐴𝑇𝐴𝑊 [m] q𝐴𝑇𝐴𝑊[l/s/m] q𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 [%] q𝑂𝐹,2 [l/s/m] q𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 [%] q𝑂𝐹,2 / 𝑞𝐴𝑇𝐴𝑊 Δ q𝑂𝐹,2 / Δ q𝐴𝑇𝐴𝑊
0.94 13.44 1.26 182.24 ­ 182.37 ­ 1.00 ­Berm 1.44 13.94 0.76 505.61 ­ 406.86 ­ 0.80 ­

+ Crest wall 0.94 13.44 1.76 64.87 ­64.40 111.09 ­39.09 1.71 0.61
1.44 13.94 1.26 178.51 ­64.69 235.76 ­42.05 1.32 0.52

Table B.5: Influence of a crest wall compared to the Adapted TAW overtopping equations with equal starting point (𝑞 ≈ 182
l/s/m)

Adaptation 3: Low­crested structure

Adaptation SLR [m] h [m] R𝑐,𝐴𝑇𝐴𝑊 [m] q𝐴𝑇𝐴𝑊[l/s/m] q𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 [%] q𝑂𝐹,2 [l/s/m] q𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 [%] q𝑂𝐹,2 /𝑞𝐴𝑇𝐴𝑊 Δ q𝑂𝐹,2 / Δ q𝐴𝑇𝐴𝑊
1.44 13.94 1.12 235.11 ­ 235.76 ­ 1.00 ­Berm +

Crest wall 1.70 14.2 0.86 401.48 ­ 342.33 ­ 0.86 ­
+ Low­crested
Structure

1.44 13.94 1.12 100.69 ­57.17 16.32 ­93.08 0.16 1.63
1.70 14.2 0.86 277.06 ­30.99 35.59 ­89.60 0.13 2.47

Table B.6: Influence of a low­crested structure compared to the Adapted TAW overtopping equations with equal starting point
(𝑞 ≈ 235 l/s/m)
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