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SUMMARY

Currently, 70% of the sandy coasts in the world experience erosion. Simultaneously, the
biodiversity in the oceans is decreasing. Coral reefs play an important role in protecting
coasts as they provide a sheltered habitat for marine life and absorb wave energy in the
foreshore. Therefore, they are essential for the preservation of the biodiversity in the
oceans and morphology of the coastlines. However, already 60% of the coral reefs is
nowadays under threat, because of a combination of ocean warming, acidification, and
other anthropogenic impacts. In the next 50 years, the hydraulic conditions in which
coral reefs have lived in the past centuries will be exceeded. Moreover, since it takes
15 to 25 years for coral reefs to recover from destructing events, they might disappear
completely in the future. This can have serious consequences for the biodiversity in the
oceans and erosion of the coastlines.

In response to this threat, various artificial reefs are being designed. However, as ar-
tificial reefs are all very different in design, it is difficult to quantify the functioning of
artificial reefs as a coastal breakwater. As it is not realistic to test every artificial reef on
its wave transmission, a more fundamental approach to identifying the effect of artificial
reefs on the wave transmission is needed. This leads to the following research question
that will be answered in this thesis: How do the permeability and the porosity of an arti-
ficial coastal reef influence wave transmission and the sheltered habitat of marine life? A
physical model is used to answer this question.

In the physical model, five trapezoidal breakwaters are tested. One breakwater was
impermeable, one was a rubble mound breakwater, and three breakwaters were hollow
with a perforated outer surface. Thus, the permeability and (surface) porosity were var-
ied. It was concluded that the volume porosity is of great influence on the wave transmis-
sion since the hollow perforated breakwater showed very different wave transmissions
than the rubble mound breakwater with an identical surface porosity. However, similar
wave transmissions as for a smooth impermeable and rubble mound breakwater were
measured when a vertical impermeable screen was positioned inside this hollow perfo-
rated structure. From this, it was concluded that the permeability of the vertical screen
determines the wave transmission.

Moreover, it was concluded that the smooth impermeable breakwater showed mostly
lower wave transmissions than the rubble mound breakwater. This shows that the wave
dissipation due to more severe wave breaking for impermeable structures is stronger
than the dissipation due to roughness and friction inside the structure for permeable
structures.

As the smooth impermeable, rubble mound, and hollow perforated breakwater with
an impermeable screen showed similar wave transmissions, a new empirical relation
was derived. This relation takes into account the relative crest freeboard and the relative
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structure height. This new empirical relation is an improvement on existing empirical
relations.

For the measured velocities inside the structures, a clear correlation between the
velocity and wave height and wave length was observed only in the hollow perforated
breakwater with an impermeable screen. Therefore, only this breakwater has been ana-
lysed. From the measured velocities it was concluded that the structure reduces the ho-
rizontal orbital velocity inside the structure. Remarkable is that the highest velocities
measured in the structure, are on the lee side of the impermeable screen and in offshore
direction. This is probably caused by the formation of an eddy in the shadow zone of
the impermeable screen. The velocities were low enough for marine life to find shelter
during the tested storm conditions and therefore, it could function as an artificial reef
besides its function as a coastal breakwater.

Moreover, the transmitted wave spectrum of the breakwaters has been investigated.
From this, it was concluded that hollow perforated structures (also with a perforated
screen) transmit mostly longer waves. Whereas the smooth impermeable, rubble mound,
and perforated structure with an impermeable screen, transmit mostly shorter waves.
For these last structures also a cut in the higher frequencies was observed. From this it
was concluded that a cut in higher frequencies is not only caused by the flow through
the breakwater, but also caused by the permeability of the screen.

This newly obtained knowledge could affect the future design of artificial reefs. The
main finding of this research is that a hollow, perforated structure can act as both an ar-
tificial reef that provides a safe habitat for marine life, and as a breakwater that provides
sufficient coastal protection. This research therefore gives artificial reef designers the
freedom to focus more on the ecological aspects of the structure, as its proper function-
ing as a breakwater can now be quantified and guaranteed when an impermeable screen
is placed inside the artificial reef.
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1
INTRODUCTION

The coastline is defined as the boundary between sea and land. The coastline is highly
dynamic as it is constantly shifting due to changes in the hydraulic forces and natural
environment. As a consequence of these changes in the last decades, at the moment
70% of the sandy coasts in the world experience erosion (Yincan et al, 2017). As 37%
of the global population that lives in coastal communities is dependent on the oceans,
coastal, and marine resources, engineers are constantly battling coastal erosion (United
Nations, 2017).

Moreover, the biodiversity in the oceans is decreasing. 60% of the coral reefs nowa-
days is under threat by a combination of ocean warming, acidification and other anthro-
pogenic impacts (Hoegh-Guldeberg, 2010). Coral reefs are essential for the preservation
of biodiversity as they provide a sheltered habitat for marine life. However, in the next
50 years, the hydraulic conditions in which the coral reefs have lived in the past cen-
turies will be exceeded (T. P. Hughes et al., 2003). Already, 40-50% less coral cover than
30 years ago is observed, due to global warming and human interference such as over-
exploitation of key species and destructive fishing practices ((Hoegh-Guldeberg, 2010);
(T. P. Hughes et al., 1996); (T. P. Hughes et al., 2003)). As it takes 15-25 years for coral reefs
to recover, they may disappear completely in the future. In Figure 1.1, the changes on
coral reefs due to the warming of seas associated with a doubling of carbon dioxide over
pre-industrial levels, 560 ppm by 2100, are projected.

1



2 1. INTRODUCTION

Figure 1.1: Projections of change on coral reefs due to the warming of seas associated with a doubling of car-
bon dioxide over pre-industrial levels (Hoegh-Guldeberg, 2010). A: Sea surface temperature data for Tahiti,
Thailand, and Jamaica conform to IPCC scenario IS92a. Above the local thermal threshold bleaching begins.
B: Degree Heating Months (DHM = Anomaly above thermal tolerance treshold exposure x exposure time in
months) calculated for the climate modeling data shown in A. DHM 1-3 causes bleaching, DHM 3- 5 causes
mass mortality. Values higher than 6 have not been seen on reefs yet. C: Frequency of bleaching events and
mass mortality events.

1.1. PROBLEM STATEMENT
In response to this threat, various artificial coastal reefs are being designed. Artificial
reefs are defined as solid man-made structures that have been submerged in the natu-
ral environment (Bohnsack, 1998). Some artificial reefs are Lego-like structures, porous
blocks stacked onto each other. Other artificial reefs are individual structures grouped
together at the foreshore. The primary aim of these artificial reefs is to create a sheltered
habitat for marine life. Subsequently, these artificial reefs could function as a submerged
breakwater to decrease coastal erosion.

However, quantifying the function of artificial reefs as coastal breakwater is still diffi-
cult as they are all very different in design. Current empirical relations for the wave trans-
mission developed by for instance van der Meer (1990) and d’Angremond et al. (1996) are
primarily based on physical models with conventional breakwaters. For some artificial
reefs specific empirical relations are developed. However, it is unrealistic to test every
new developed artificial reef in a wave flume to determine its wave transmission. There-
fore, a more fundamental approach in identifying the effect of porosity and permeability
on the wave transmission over artificial reefs is needed.

The aim of this thesis is to provide more insight into the parameters permeability and
porosity, affecting the wave transmission over artificial reefs. With this knowledge, the
design of artificial reefs functioning as coastal breakwater could be improved. Moreover,
the influence of the permeability and porosity on the velocities inside the artificial reefs
is investigated to still enhance a sheltered habitat for marine life.
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1.2. RESEARCH QUESTIONS
The main research question that will be answered in this thesis is:

How do the permeability and the porosity of an artificial coastal reef influence wave
transmission and the sheltered habitat of marine life?

This research question is split into sub-questions and a physical model will be used
to obtain the knowledge needed to answer these questions.

• How can experiments in a flume be designed to obtain knowledge about the influ-
ence of permeability and porosity on the wave transmission and velocities inside
the structure of an artificial reef?

• What are the results of the physical model tests and how can they be interpreted?

(a) What are the measured wave transmissions from the physical model?

(b) What is the influence of the relative crest freeboard (Rc /Hs ), relative struc-
ture height (h/Hs ), and wave steepness (Hs /L) on the wave transmission (Kt )?

(c) What is the influence of an artificial reef on the horizontal orbital velocities
inside the structure?

• How do the measured wave transmissions from the physical model relate to the
existing empirical relations?

• Can a new empirical relation for the wave transmission over artificial coastal reefs
be derived from the physical model results?

1.3. RESEARCH METHODOLOGY AND SCOPE
In this section the research methodology used to answer the previously stated research
questions will be explained. This methodology is divided into three parts: literature
study, physical model, and data analysis. Moreover, the scope of the research is defined.

Literature Study In the literature study, the required existing knowledge on the func-
tioning of breakwaters and artificial reefs is obtained. The literature study is divided in
two parts. The first part covers coral reefs, knowledge about the marine life and current
artificial reefs is obtained here. The second part covers breakwaters. Here, the current
available knowledge and relations on the wave transmission is obtained.

Physical Model A physical model is used to obtain the required data that is needed
to answer the research questions. A physical model is used to predict physical phe-
nomena from the real world in a down-scaled environment which can not be accurately
simulated with numerical models. For this physical model, a two-dimensional flume at
Deltares is used. Scaling laws are used to guarantee representativity between the model
and the prototype. In 4 weeks time, 208 tests were performed to obtain the required data
on wave transmission and water velocities.
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Data Analysis In this part of the research, the obtained results from the physical model
will be interpreted. For this, the knowledge gained in the literature study is used to com-
pare the results to existing empirical relations. Python Notebook is used to analyse and
plot the data. Following from this data analysis, the remaining answers to the research
questions are found. Finally, this leads to the answer on the main research question.

Although the research has an ecological interest, the ecological function of artificial
reefs will be considered out of scope. However, some hydraulic boundary conditions
will be assumed from which it is known that certain organisms can survive. In this way,
also the ecological value can be indirectly considered. Moreover, only the wave-induced
forces and velocities are investigated. In reality, side-specific forces will be present at
the artificial reef too, such as oceanic currents. As for this research, the interest lies pri-
marily with storm conditions. Other processes, such as oceanographic currents, can be
neglected. Lastly, only normal incident waves are tested, obliquely incident waves are
left out of scope for this research.

1.4. READING GUIDE
• 2. Literature Review: In chapter 2, a literature study is performed to gain insight

into the development of coral reefs and the function of a submerged breakwater.

• 3. Physical Model: In chapter 3, the physical model that is used to find the answer
to the main research question is elaborated upon. In this section, the scaling of the
model, the experimental setup in the flume, and the performed runs are discussed.

• 4. Data Analysis: In chapter 4, the data analysis that is performed using the data
of the conducted experiments is discussed. First, the results from the measured
wave transmissions are analysed. Consecutively, the wave spectrum, and orbital
velocities measured inside the breakwaters are elaborated upon.

• 5. Discussion: In chapter 5, the discussion points and main limitations of this re-
search will be discussed.

• 6. Conclusion and Recommendations: In chapter 6, the conclusions from the re-
search are made. This includes the answers to the (sub-) research questions that
were previously stated. Also, some recommendations for further research are pro-
posed.
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LITERATURE REVIEW

In this chapter, a literature study is performed to gain insight into the development of
coral reefs and the functioning of a submerged breakwater. First, the factors influencing
the development of coral reefs is investigated. This is followed by examples of artificial
reefs that are designed nowadays. Thereafter, the marine life which lives in coral reefs are
investigated. Next, submerged breakwaters are elaborated upon, followed by the already
existing empirical relations for wave transmission.

2.1. CORAL REEFS
Coral reefs are mainly found in regions within 30 degrees north or south of the equator,
as the water temperature must not be lower than 18 degrees (Hoegh-Guldeberg, 2010).
Because of their need for abundant light, they grow in shallow seas and avoid areas where
turbidity from the sediment transport of rivers is present (Hoegh-Guldeberg, 2010). An-
other factor that is important for the development of coral reefs is the concentration
of carbonate ions, which is dependent on the acidity of the ocean. This, in turn, follows
from the carbon dioxide concentration in the atmosphere (Hoegh-Guldeberg, 2010). The
degree of saturation is mostly influenced by the temperature and decreases towards the
poles. This means that coral reefs are mostly found in shallow equatorial coastal regions
that are warm, sunlit, and saturated with carbonate ions.

The events that are threatening these conditions nowadays are sea-level rise, global
warming, storm intensity and frequency, and acidification. The impacts of these events
are briefly explained:

• Sea-Level Rise - A feature of coral reefs is that they can grow with the sea-level
rise (SLR). However, if SLR goes too fast, the coral reefs will not be able to keep
up. As a result, the light intrusion will be affected as the coral reef will receive
less light for photosynthesis, which will accelerate the calcification rate of corals.
Furthermore, the SLR will impact the hydrodynamics as the water depth above
the reef is increased. This impacts the flow velocities and wave-breaking above
the coral reef. This will result in higher hydraulic forces and pressures.

5
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• Global Warming - The thermal conditions highly influence the development of
coral reefs. As the temperature of the water increases, some coral reefs will not be
able to survive (Hoegh-Guldberg et al., 2007)

• Storm intensity and frequency - Due to climate change, the intensity and fre-
quency of storms can increase. This results in higher hydraulic loadings on the
reef structure which could lead to severe damage. It may take 15-20 years for coral
reefs to recover from such an impact. So if in that time too many storms occur, the
coral reefs may disappear completely.

• Acidification - With the increase in CO2 concentration in the atmosphere, the pH
of the water is also affected. This negatively influences the calcification of corals
and thereby their growth. The increase in CO2 concentration in the ocean is called
acidification.

There are also cold-water coral reefs. These reefs do not need light to survive and
can be found in deeper depths. You can find cold coral reefs at depths of 40 to 1000
meters with temperatures as low as 4 degrees (WWF, 2004). Due to their basic lifestyle,
they are extremely vulnerable. Any change in their hydraulic environment could result in
damage. Therefore you will only find them in environments which have low and stable
hydraulic forces. Moreover, they develop slowly, so if any damage occurred, it could take
up to a hundred years to rebuild (WWF, 2004). As a result, these coral reefs will not be
found in the nearshore where they could function as a wave energy absorber.

2.1.1. ARTIFICIAL REEFS

Artificial reefs can be defined as solid, man-made structures that have been submerged
in the natural environment (Bohnsack, 1998). These reefs are often called low-crested
structures (LCS). Artificial reefs are used primarily for habitat restoration and beach ero-
sion control (Cardenas-Rojas et al., 2021). The succes of these artifical reefs to fulfil this
function depends on: hydrodamic, morphological, and ecological performance.

Hydrodynamic performance The hydrodynamic performance of an artificial reef is
the extent to which the reef reduces the energy of the waves that attack the beach. The
goal of the structure is to have a low transmission coefficient, which is the proportion of
waves on the protected side with respect to the waves before the structure. When waves
interact with an obstacle, the energy transformation following from the energy law is
breakage, steepening, reflection, and dissipation. Submerged structures that have a low
water depth above the crest of the breakwater will cause breakage of a high percentage
of the waves which leads to more dissipation of energy. Moreover, structures that are low
in porosity will create greater reflection. When the water depth above the structure is
large, it can happen that the waves propagate over the structure and do not break. The
wave height could even slightly increase do to shoaling that is caused by the breakwater
(Cardenas-Rojas et al., 2021). The height of the structure, size, and its position to the
shoreline determine the coastal protection level (Pilarczyk, 2003).
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Morphological performance The morphological performance of an artificial reef is its
effect on the beach profile and sediment budget of the beach. The structure firstly serves
as a trap for the cross-shore sediment transport (Ma et al., 2020). This function could be
of use in areas where storms occur. Then the barrier is maintaining the beach as the
sediment is trapped when a storm transports sediment from the beach offshore.

Moreover, the breaking at the crest of the structure creates a calm zone behind the
structure. When extreme events occur and the sea level rises, the waves will break closer
to the shore as they are able to propagate over the structure. Sediment that is trapped
between the coast and the structure will then form bars which will contribute to the
protection of the beach (Kuang et al., 2019).

Ecological Performance The ecological performance of an artificial reef is its relation
with ecosystems and marine organisms (Cardenas-Rojas et al., 2021). By constructing
artificial reefs, the main ecological aspect that can be improved is the space inside the
structure that can be colonised by a variety of marine species. Swimming organisms will
be the first to find shelter and seek refuge inside the structure. From there, more diverse
communities will develop, all depending on the characteristics of the site. Some species
could even use it as a breeding area. Moreover, benthic colonisation will take place. With
successful colonisation, there is a beginning of a succession process and a food chain.
In some rare situation, this would include the growth of different coral species. Often it
takes a maximum of up to 5 years for a community structure to achieve equilibrium after
construction of the artificial reef (Bohnsack & Sutherland, 1985).

2.1.2. EXAMPLES OF ARTIFICIAL REEFS
The design of an artificial reef influences the marine life that it attracts (Lemoine et al.,
2019). Important factors in the design are the volume, area and profile of a reef. Reefs
with nearly vertical sides are considered to be the best because they increase turbulent
flow, producing attractive sounds and creating stagnation zones and lee waves which
attracts desired species of fish (Bohnsack & Sutherland, 1985). This is a good quality, as
complexity is important for succesful artificial reefs.

Moreover, artificial reefs should be oriented perpendicular to prevailing currents and
fish migratory pathways. Furthermore, spacing artificial reefs from 600 to 1000m from
natural reefs is recommended to minimize fish interaction between reefs (Bohnsack &
Sutherland, 1985). The effect of the artificial reefs on the species that it attracts is in-
vestigated by Lemoine et al. (2019). They concluded that concrete modules should be
deployed if the objective is to mimic rocky reefs. Deploying ships will create habitats
that are unlike natural reefs. However, it does creates fish abundance and biomass with
different communities.

Below, some examples of artificial reefs will be discussed and visually presented in
Figure 2.2.

MARS Modular Artificial Reef Structure (MARS) is a ceramic 3D printed structure which
is used for constructing a reef habitat without the need for heavy duty equipment. MARS
can be deployed from small boats and implemented by divers. Each unit has a spe-
cial surface geometry to encourage the development of juvenile coral. This 3D printed



8 2. LITERATURE REVIEW

and moulded ceramic is filled with marine concrete and steel reinforcement. Besides its
function of transplanting coral, it also acts as habitat protection for other species in the
area (“MARS — Reef Design Lab”, n.d.).

MOSES The MOdular SEalife System (MOSES) is a modular system to build artificial
reefs (“MOSES / Solutions | ReefSystems”, n.d.). These system modules serve as a habitat
for aquatic animals to find food, shelter and a safe space to reproduce. Moreover, these
reefs can also be installed as functional objects such as eco-anchors for floating solar
panels or coastal erosion protection units. Blast furnace cement is used to reduce the
CO2 emission by 50% compared to traditional concrete.

Reef Balls Reef balls are hollow, hemispherical-shaped artificial units primarily de-
signed for the stimulation of biological growth and coral reef restoration. Besides, they
could also function as coastal protection structures (Armono, 2004). A study has been
performed to develop a model for wave transmission past a submerged breakwater con-
structed of multiple hemispherical-shaped artificial reef (HSAR) units. In Figure 2.1 the
setup of the 5 different configurations that were tested are presented. Armono (2004)
concluded that HSAR was able to dissipate on average approximately 60% of the incom-
ing wave energy.

Figure 2.1: Test setup Reef Balls (Armono, 2004)

WABCORE WAve Breaker COral REstoration (WABCORE) was developed by the Na-
tional Hydraulics Research Institute Malaysia (NAHRIM). It consist of a prefabricated
concrete structure stacked together for a simple trapezoidal design. For coral restora-
tion WABCORE recorded a coral growth which increased from 8.66% to 29.75% on the
whole surface of WABCORE in three years (Na’Im et al., 2018). Furthermore, from the
physical model, 30% of the tests showed a wave dissipation of 50-75% and 40% showed
a dissipation of 25-50% (Na’Im et al., 2018).

REB The Reef Enhancing Breakwater (REB) is designed by Reefy and is a ’Lego-like’
structure that consists of building blocks that were hydrodynamically designed and tested
for stability. Through stacking and interlocking, these blocks can be assembled in differ-
ent configurations to form a stable artificial reef that can dissipate over 90% of wave



2.1. CORAL REEFS 9

energy. Also, a shelter for fish and invertebrate species is created. Therefore it provides
coastal protection while the marine ecosystem can restore itself (“Eco-solutions – Reefy”,
n.d.).

(a) MARS (b) MOSES

(c) Reef Balls (d) WABCORE

(e) REB

Figure 2.2: Examples of artificial reefs
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2.1.3. MARINE LIFE
In Table 2.1, an overview of the hydraulic boundary conditions for some marine life is
presented (Profile et al., 2005). These conditions can be taken into account for the design
of artificial reefs.

The feeding limit is the flow velocity needed to supply enough nutrients for the or-
ganisms. This flow velocity is mostly reached by the side specific oceanographic cur-
rents. The dislodgement and movement limits, are limits that might be exceeded during
storm conditions. Hereby, movement is defined as some displacement but the organism
is still attached or located in the reef. Dislodgement occurs when the organism gets fully
detached of the reef.

Organism Name Streamwise Velocity u [m/s]

Barnacle Belanus cretanis (a)
Growth optimum = 0.08
Movement limit: u >0.24

Balanus glandula (b) Feeding optimum u = 2-4

Sea urchin Strongylocentrotus nudus (c)
Feeding limit: u >0.40
Movement limit: u >0.80

Strongylocentrotus droebachienis (d) &
Seastar: Asterias forbesi (e)

Dislodgement start : u >7

Mussel
Mytilus trossulus (f) & Mytilus edulis (g)
(10-25 mm shell length)

Dislodgement start: u >7

Marine snail Astraea undosa (h) Dislodgement (50%): u >4

Table 2.1: Overview of hydrodynamic boundary organisms for certain marine life (Profile et al., 2005)
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(a) Balanus cretanis, photo
credit: Keith Hiscock

(b) Balanus glandula, photo
credit: n.a.

(c) Strongylocentrotus nudus,
photo credit: Totti

(d) Strongylocentrotus droe-
bachienis, photo credit: Hannah
Robinson

(e) Asterias forbesi, photo credit:
Paul Morris

(f) Mytilus trossulus, photo
credit: NNehring

(g) Mytilus edulis, photo credit:
IMAGO / Nature Picture Library

(h) Astraea undosa, photo credit:
Peter J. Bryant

Figure 2.3: Organisms in reefs
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2.2. BREAKWATERS
As a secondary function, artificial reefs could act as a submerged breakwater. In this sec-
tion, the function of traditional breakwaters will be elaborated upon. Moreover, the wave
transmission over submerged breakwaters will be explained, together with its empirical
solutions from previous research.

2.2.1. INTRODUCTION TO BREAKWATERS
Coastal protection has always been an essential challenge for engineers. Nowadays, they
are challenged even more as also non-physical parameters are introduced to the prob-
lem, such as the environmental and aesthetic value of the nearshore landscape (Makris
& Memos, 2007). Therefore, mild-type structures are preferred. Low-crested and sub-
merged breakwaters are increasingly used as they are considered mild-type structures.
Submerged breakwaters are designed to reduce the wave energy to protect the coasts
against erosion or protect areas from waves (Sharif Ahmadian, 2016).

By decreasing the wave energy on the lee side of the structure, the sediment transport
and the morphology of the coastal zone can be controlled. As the breakwater results in a
decrease of the wave energy and turbulence behind the structure, this ’shadow zone’ pre-
vents the sediment from being transported with the return flow. The wave transmission
over these structures is an important measure to identify the efficiency of the structure
protecting the coast. The transmission coefficient is defined as the ratio between the
transmitted and initial wave height.

The design of a submerged breakwater highly influences the wave transmission over
the structure. In Figure 2.4, a sketch of a breakwater with its most important parameters
according to van der Meer et al. (2005) is presented. Notice that these parameters are for
emerged and submerged breakwaters. However, when only submerged breakwaters are
considered some parameters such as the shape of the breakwater and roughness of the
armour layer are considered to be of less influence on the wave transmission.

Figure 2.4: Definition of the governing parameters involved in wave transmission (van der Meer et al., 2005)
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Where:

Hsi [m] = incident significant wave height
Hst [m] = transmitted significant wave height
Tp [s] = peak period
sop = wave steepness, sop = 2πHi /(g T 2

p )
Rc [m] = crest freeboard
hc [m] = structure height
Bc [m] = crest width
Dn50 [m] = nominal diameter armour rock (rubble mound structure)
Kt = transmission coefficient, Ht

Hi

ξop = breaker parameter, ξop = tanα
s−1/2

op

tanα [rad] = seaward slope of structure

The wave transmission coefficient increases with submergence depth and wave pe-
riod and decreases with raising the incident wave height and the breakwater crest width.
Moreover, the seaside slope of the breakwater influences the energy for emerged condi-
tions. Rock armour diameter and porosity can also play an important role in the dissi-
pation of wave energy (van der Meer et al., 2005).

2.2.2. WAVE TRANSMISSION

As previously stated, the effect of a wave reducing construction is expressed by the wave
transmission coefficient:

KT =
√

Ft

Fi
= Hs,t

Hs,i
(2.1)

where Ft and Fi are the energy flux. For irregular waves this can be expressed with
the significant wave heights as a first approximation (Gerrit & Verhagen, 2016).

A number of laboratory tests has been performed to quantify these transmission co-
efficients. Following these data, empirical relations were derived. These formulas all
come with their own limitations due to laboratory conditions and range of inputs. In
Figure 2.5, an example of such an empirical relation is presented. From this figure it can
be deducted that a breakwater can never completely reach a transmission coefficient of
0 or 1.
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Figure 2.5: Wave transmission over a dam from d’Angremond et al., 1996

In general the wave transmission is influenced by the local wave characteristics, lo-
cal bathymetry, design and placement pattern of the breakwater units, and the relative
submergence. Previous researches have identified that the submerged depth (Rc /d) and
crest width (Bc ) are the critical and most important factors influencing the transmis-
sion process, while others have reported that the relative water depth (d/Hi ), thickness-
depth ratio (h/d) and relative freeboard (Rc /Hi ) also contribute to wave transmission
(Armono, 2004).

The empirical formula found by van der Meer (1990) in which Kt linearly depends
on Rc /Hsi , presented in Equation 2.2. Here Kt is only dependent on the incoming wave
height and crest freeboard.

Kt = 0.46−0.3
Rc

Hsi
(2.2)

An overview of the existing empirical relations are presented in Table 2.2. Below,
these relations are elaborated upon.

• As a follow-up to the empirical relationship by van der Meer (1990), Daemen (1991)
included the diameter of the armour rock, therefore the permeability of the ar-
mour layer was included. For a reef-type breakwater a different formula is defined
as this shows different characteristics. Here the armour layer denotes a shallow
structure made of a single layer of rock material.

• d’Angremond et al. (1996) made use of the work by Daemen (1991) and van der
Meer (1990) and included the crest width in the formula. This made it possible
to derive a formula for rubble mound and smooth structures. Here, for smooth
impermeable breakwaters an almost identical formula was developed (now with
a coefficient of 0.80 instead of 0.64). This formula only accounts for small crest
widths. At that time, it was stated, using the limited available data, that rubble
mound and smooth breakwaters respond more or less the same. Moreover, data
from previous tests are filtered excluding high wave steepness’s and breaking waves.
Furthermore, structures that are highly submerged or emerged were excluded.
Later, Briganti et al. (2003) developed a formula that is valid for wider crests as
well.
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• A physical model test for submerged breakwaters was executed by Seabrook and
Hall (1998). Here, various values of the crest freeboard, crest width, water depth
and incident wave conditions were applied. The formula from Seabrook and Hall
(1998) is therefore restricted to submerged structures only.

• Bleck and Oumeraci (2001) designed a formula focusing on the energy transfer and
local effects occurring at the reef. Here, the wave transmission is only dependent
on the non-linearity parameter d/Hs .

• Calabrese et al. (2002) based their research on a large-scale test. The existing wave
transmission formula has been verified and the influence of crest width and breaker
index is highlighted. Later, Buccino and Calabrese (2007) formed a new prediction
method for wave transmission based on simplified modelling of phenomena that
rule wave energy transfer behind breakwaters, namely wave breaking, wave over-
topping, and seepage through the body of barrier (Buccino & Calabrese, 2007).

• Friebel and Harris (2003) developed a best fit empirical model on data sets pro-
vided by Seelig (1980), Daemrich and Kahle (1985), van der Meer (1988) Daemen
(1991) and Seabrook (1997). This study confirmed that the transmission coeffi-
cient is highly dependent on the non-dimensional freeboard Rc /Hsi . To a lesser
degree, the transmission coefficient also depends on the relative crest width Bc /L
or Bc /h, on the relative structure emergence above sea bed 1−Rc /h, and on the
ratio Rc /Bc .

• van der Meer et al. (2005) did a re-analysis on the research of d’Angremond et al.
(1996) which led to a new equation for wave transmission at smooth low-crested
breakwaters as it was observed that smooth and rubble mound breakwaters re-
spond differently. van der Meer et al. (2005) reasoned that the wave transmission
at smooth impermeable breakwaters is higher as there is no energy dissipation by
friction and porosity of the breakwater. This is in contrast to the findings by Sollitt
and Cross (1972) who observed that for a lower permeability the wave transmis-
sion reduces. Furthermore, it was stated that the crest width has less or no influ-
ence on the transmission as the smooth crest will not dissipate energy.
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Author Formula Range of validity

Van der Meer, 1990 Kt = 0.46−0.3 Rc
Hsi

0.1 < Kt < 0.8

−1.13 < Rc
Hsi

< 1.2

Daemen, 1991

Kt = a Rc
Dn50

+b

a = 0.031 Hsi
Dn50

−0.24

b =−5.42s0p +0.0323 Hsi
Dn50

+0.51−0.017 Bc
Dn50

1.84

Reeftype

Kt = a Rc
Dn50

+b

a = 0.031 Hsi
Dn50

−0.24

b =−2.6s0p −0.05 Hsi
Dn50

+0.85

0.075 < Kt < 0.75
−3 < Rc /Dn50 < 5
1 < Hsi /Dn50 < 6
0.01 < s0p < 0.05

Reeftype

0.015 < Kt < 0.6
1 < Hsi /Dn50 < 6
0.01 < s0p < 0.05

d’Angremond et al.
1996

Permeable

Kt =−0.4 Rc
Hsi

+0.64 Bc
Hsi

−0.31
(1−e−0.5ξ)

Impermeable

Kt =−0.4 Rc
Hsi

+0.8 Bc
Hsi

−0.31
(1−e−0.5ξ)

0.075 < K t < 0.8
Bc
Hsi

< 10

Seabrook & Hall
1998

Kt = 1− [e
0.65 Rc

Hsi
−1.09

Hsi
Bc −0.047 B ·Rc

L·Dn50
+0.067 Rc ·Hsi

Bc ·Dn50
]

−7.08 ≤ Bc ·Rc
L·Dn50

≤ 0

−2.4 ≤ Rc Hsi
Bc Dn50

≤ 0

Bleck & Oumarci
2001

Kt = 1−0.83 ·e−0.72 ds
H

Bc
Hsi

< 10

Calabrese & Buccino
2002

Kt = a Rc
Bc

+b

a = (0.6957 Hsi
hc

−0.7021) ·e
0.2568 Bc

Hsi

b = (1−0.562e−0.0507ξ) ·e
|−0.0854 Bc

Hsi
|

−0.4 ≤ Rc
Bc

≤ 0.3

1.06 ≤ B
Hsi

≤ 8.13

0.31 ≤ Hsi
h ≤ 0.61

3 ≤ ξ0p ≤ 5.2

Briganti et al.
2003

Kt =−0.35 Rc
Hsi

+0.51( Bc
Hsi

)−0.65(1−e−0.41ξ)
0.05 ≤ Kt ≤ 0.93−0.006 Bc

Hsi
Bc
Hsi

> 10

Friebel and Harris
2003

Kt =−0.4969 ·e
Rc

Hsi −0.0292 Bc
ds

−0.4257 h
ds
−

0.0696log Bc
L −0.1359 Rc

Bc
+1.0905

−8.696 ≤ Rc /Hsi ≤ 0
0.286 ≤ Bc /ds ≤ 8.75
0.44 ≤ h/ds ≤ 1
0.024≤ Bc /L ≤ 1.89
-1.050 ≤ Rc /Bc ≤ 0

van der Meer et al.
2005

K t =−0.3 Rc
Hsi

+0.75 · [1−exp(−0.5ξop )]

K t =−0.3 Rc
Hsi

+ [ B
Hsi

]−0.31 · [1−exp(−0.5ξop )] ·0.75

For ξ< 3:

For ξ> 3:

Buccino & Calabrese
2007

Kt = (−1.18( Hsi
Rc

)0.12 −0.33( Hsi
Rc

1.5 · Bcp
Hsi ·Lp0

))−1

Kt = [mi n(0.74;0.62 ·ξ0.17
0p )−0.25 ·mi n(2.2; Bcp

Hsi ·Lp0
)]2

−1/1.2 ≥ Rc
Hsi

≥−1/0.5

−1/1.2 ≥ Rc
Hsi

Table 2.2: Overview empirical formulations wave transmission over breakwaters
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The empirical relations from Table 2.2 are all considered for conventional breakwa-
ters. However, for artificial reefs these relations may not suffice. Therefore, already some
empirical relations have been developed for specific artificial reefs. Armono (2004) de-
veloped an empirical relation for the Reef balls, and Ibrahim et al. (2020) for WABCORE.

However, performing a physical test for every newly designed artificial reef is not
realistic, therefore a more general approach for quantifying the wave transmission over
artificial reefs is necessary.

2.2.3. POROSITY AND PERMEABILITY

In the empirical relations stated in the previous section, the permeability of the core,
surface, and volume porosity are not taken into account so far. However, some physical
model tests investigating the effects of permeability and porosity’s of submerged break-
waters do have been performed.

Sollitt and Cross (1972) concluded that the transmission coefficient decreases with
decreasing porosity and permeability. Permeability significantly affects the transmis-
sion, reflection, and dissipation of the wave energy. This is mainly due to the change of
friction and wave breaking characteristics. Mahmoudi et al. (2017) stated that the wave
transmission over an impermeable submerged breakwater is higher as there is no energy
dissipation by friction and porosity of the structure which is opposite to the statements
of Sollitt and Cross (1972).

Sidek et al. (2007) conducted a physical model with non-breaking wave transforma-
tion. From this, it is obtained that an increase in porosity resulted in an increase of
the transmission coefficient. Moreover, the porous models were relatively less effective
in dissipating wave energy against longer waves (lower kd values) compared to shorter
waves (high kd values). Lokesha et al. (2019) investigated the effect of perforations on
submerged artificial reefs for regular and random waves. Here, it was observed that an
perforated breakwater with a surface porosity of 11% resulted in a small decrease of the
wave transmission. This contradicts the findings of Koutandos et al. (2006). Probably
there is a turning point from when the porosity results in extra wave dissipation or when
the wave can just move through the structure without wave dissipation. Le Xuan et al.
(2022) tested a hollow perforated emerged breakwater. This showed that the transmis-
sion coefficient depends on the breakwater porosity screen on both sides. The wave
energy dissipation was highest when the porosity on the seaside is larger than on the
shore side.

2.3. SUMMARY
Artificial reefs have two functions: one is to provide a sheltered habitat for marine life
and one is to reduce the wave loads on the coastline. From section 2.1 it can be con-
cluded that artificial reefs are very different in design. Testing every type of artificial
coastal reef on its wave transmission does not seem realistic. However, it can be con-
cluded from the previously discussed examples of artificial reefs that the permeability
and porosity of the reefs differ greatly. Various researchers reached opposite conclu-
sions about its effect on the wave transmission. Some concluded that increasing the
permeability reduces the wave transmission while others concluded that increasing the
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permeability increases the wave transmission. Identifying the effects of these variables
on the wave transmission could already improve the knowledge about the functioning
of artificial reefs as coastal protection.

In section 2.2 different empirical formulations for the wave transmission over sub-
merged breakwaters are presented. Although, so far porosity and permeability effects
are not taken into account, subsection 2.2.3 shows that there have been physical model
tests on the wave transmission over breakwaters with different porosities and perme-
abilityies performed. Nevertheless, differences in surface and volume porosity relative
to each other together with the permeability of the core have not been investigated yet.
So it is still unknown whether these differences in wave transmission are caused at the
surface of the structure, or if this is caused at the core of the structure.



3
PHYSICAL MODEL

With the use of a physical model the influence of the permeability and porosity of artificial
reefs on the wave transmission and velocities inside the structure is investigated. In this
section, the scaling of the model, experimental setup in the flume and the performed runs
are discussed.

3.1. SCALING
The empirical relations from section 2.2 are all results of physical models. Physical mod-
els are used to predict physical phenomena from reality in a down-scaled environment.
A well-designed model should show similar behaviour to the prototype in real life. Phy-
sical modelling bridges the gap between what can be simulated accurately using nume-
rical models and the real world (Kirkegaard et al., 2011).

However, considerable differences between the down-scaled model and the real-
world prototype may result due to model, scale and measurement effects:

• Model effects result from incorrect reproduction of the prototype features such as
geometry, fluid properties, and flow or wave generation techniques (Heller, 2011).

• Scale effects are a result of the inability to keep each force ratio constant between
the real-world prototype and the model. Generally, scale effects increase with the
scale factor (S. A. Hughes, 1993). The scale factor is the ratio between the charac-
teristic length of the prototype and the model:

λ= Lp

LM
(3.1)

Here Lp is the characteristic length in the real-world prototype (P) and Lm is the
characteristic length in the model world (M), (Heller, 2011).

• Measurement effects are the non-identical measurement techniques used for data
sampling in the model and prototype (Heller, 2011).
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To get reliable results, the physical models have to fulfil geometrical, kinematical and
dynamical similarity. With ’similarity’, similar response of the model and prototype is
meant. Similitude criteria are mathematical conditions that must be met by the scale
ratios between the prototype and the real world. These criteria can be determined from
mathematical representations of the physical properties (Yalin, 1971). Similarity can also
be achieved if the similarity conditions are not met (S. A. Hughes, 1993).

3.1.1. SCALE RATIO’S

For a true similar physical model, for some phenomena in hydraulic engineering, the
Froude number, Reynolds number and Weber number must be the same in the model
and prototype (respectively represented in Equation 3.2, 3.3 and 3.4). However, this is
not physically possible, unless λ = 1. In a Froude model, the wave field is dominated
by the influences of gravity and inertia. If it can be ensured that the Reynolds number
is sufficiently large to guarantee a fully turbulent flow, the Reynolds number can be ne-
glected. The Weber number can also be neglected in situations where surface tension is
negligible in prototype waves. However, it must be noted that this is only permitted if
the wavelength is larger than 2 cm and the wave periods are longer than 0.35 seconds in
the model (Kirkegaard et al., 2011).

F r = u√
g ·L

(3.2)

Re = u ·L

vk
(3.3)

W e = ρw ·u2 ·L

σ
(3.4)

Where:

u [m/s] = flow velocity
L [m] = length
g [m/s2] = gravitational acceleration
vk [m2/s] = kinematic viscosity
ρw [kg /m3] = water density
Hs [m] = significant wave height
Dn [m] = armour rock diameter
σ [kg 2] = surface tension

For this physical model, the Scheldt Flume of Deltares is used. As gravitational forces
are dominant here, Froude scaling can be applied. Froude law can be used to scale down
the forces. The Froude number should be the same in the model and prototype to yield
a similar model. Equation 3.2 will be rearranged to the following scale ratio:

(
u√
g ·L

)p = (
u√
g ·L

)m (3.5)
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up

um
=

√
gp

gm

Lp

Lm
(3.6)

nF r = 1 = nup
ng nL

(3.7)

According to the Froude law, the scaling relations are expressed in terms of the length
scale factors nL :

Wave height (m) nH = nL

Time (s) nT = n0.5
L

Velocity (m/s) nu = n0.5
L

Acceleration (m/s2) na = 1
Mass (kg) nM = nρ ·n3

L
Pressure (kN /m2) np = nρ ·nL

Force (kN) nF = nρ ·n3
L

Discharge (l/s/m) nq = n1.5
L

In this model, a scale ratio of 20 is applied, based on the dimensions and limitation
of the flume and the tested storm conditions. This means that a wave height of 0.25 m
in the model, corresponds to a 5 m wave height in real-life. Note that the scale ratio
is hypothetical, since there is no real structure being modelled. The scale serves as an
indication. The analysis of the test will be based on Froude scaling such that the results
should be valid for other scales as well.

3.2. EXPERIMENTAL SETUP
In accordance to Froude scaling, the experimental setup is designed. This includes the
designs of the submerged breakwaters, flume setup, and input variables of the tests.

3.2.1. MODEL DESIGNS
To test the effect of permeability and porosity on the wave transmission and particle ve-
locities inside the structure, five distinct breakwaters are tested in the Scheldt Flume at
Deltares. A schematic representation of the designs can be found in Figure 3.1. More
detailed information of Breakwater B, C, D, and E can be found in Appendix B.

Breakwater A Is an impermeable breakwater that is built with the dimensions that are
presented in Figure 3.2. To ensure sufficient stability during the experiment, one vertical
plate is placed over the cross-section at a distance of 0.5 m from the side.

Breakwater B Is a permeable breakwater consisting of rubble mound rocks. Epoxy is
used to ensure stability of the stones during the test. This stability provides a constant
permeability as no shifting of stones can occur. A diameter of 4 cm for the rocks is cho-
sen. After construction of the breakwater, the exact porosity is determined by the weight
and the volume of the structure. The exact porosity is 0.44, the calculation of this poros-
ity and the construction can be found in Appendix B.
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Breakwater C Is a hollow perforated trapezoidal breakwater. Here, the surface poros-
ity of the perforated breakwater is the same as the volume porosity from structure B
(n ≈ 0.44). Furthermore, three velocity meters are placed 5 cm above the bed inside the
structure to measure the particle velocities.

Breakwater D Is a hollow perforated trapezoidal breakwater with a vertical imperme-
able screen through the middle of the cross-section. It has a surface porosity of approxi-
mately 0.44. Two velocity meters are placed 5 cm above the bed to measure the streaming
velocities.

Breakwater E Is a hollow perforated trapezoidal breakwater with a vertical perforated
plate in the middle. The perforated plate has the same surface porosity as the diago-
nal plates (n ≈ 0.44). Moreover, two velocity meters are placed 5 cm above the bed to
measure the streaming velocities.

(a) Breakwater A (b) Breakwater B (c) Breakwater C

(d) Breakwater D (e) Breakwater E

Figure 3.1: (a) impermeable breakwater, (b) rubble mound rock breakwater, volume porosity n = 0.44, (c) per-
forated hollow breakwater, surface porosity n ≈ 0.44, (d) perforated hollow breakwater with a surface porosity
n ≈ 0.44 and a vertical impermeable plate, (e) perforated hollow breakwater with a vertical perforated plate,
both with a surface porosity n ≈ 0.44

Figure 3.2: Model dimensions of a submerged breakwater
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3.2.2. FLUME SETUP
The experiments were carried out in the Scheldt Flume at Deltares. This flume is 55 m
long, 1 m wide and has a height of 1.2 m. Furthermore, it is equipped with an Active
Reflective Compensation (ARC) in order to minimize the effect of reflecting waves in the
flume. The maximum significant wave height that it can produce is 0.25 m (“Scheldt
Flume - Deltares”, n.d.).

A water depth of 0.75 m is chosen at the wave board since this is three times the
maximum wave height. The length before the start of the transition slope is 26.55 m.
This is longer than the required minimum of at least 3-5 times the water depth. This is
for practical reasons as now, the breakwater is fully visible behind the glass of the flume.
The structure is heightened to 0.35 m with a transition slope of 1:10 to reach the relative
water depth, as shown in Figure 3.3.

The gauges are placed at a distance of 2 m, 2.44 m and 3 m from the structure.
The distance between the three wave height meters are calculated by the program DIS-
TANCEMF from Deltares. The horizontal part of the foreshore should be about two wave
lengths before the first wave gauges. This is the distance that is needed to adjust to the
new water depth. At the end of the flume, a wave absorber is placed to absorb all the
wave energy to minimize reflection. Furthermore, in structure C, D and E, electromag-
netic liquid velocity meters (EMS) are placed inside the breakwater to measure the water
velocity. An overview of the flume setup is presented in Figure 3.3. In Figure 3.4, an
overview of the instruments measuring the wave heights and velocities is visualised. In
Appendix C, a more detailed description of the instruments used can be found.

Figure 3.3: Overview of the flume setup

Figure 3.4: Sketch of the WHM and EMS in the wave flume
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3.2.3. TEST CONDITIONS

The designs from Figure 3.1 are tested in the flume of Deltares for a duration of 1000
waves to obtain enough reliable data on the wave transmission. In Figure 3.5 an overview
of the most important parameters in the experiment setup is presented. This is summa-
rized in Equation 3.8.

Kt = Ht

Hi
= f [h,Rc ,d ,Tp ,ρw , Hi , Ht ,Bc , vk , g ,nsur f ace ,nvol ume ] (3.8)

As the crest width and water characteristics are constant in all five experiments, some
variables can be eliminated. Afterwords, the following variables influencing the wave
transmission are left remain:

Kt = Ht

Hi
= f [Rc ,h,d ,Tp , Hi , Ht ,nsur f ace ,nvol ume ] (3.9)

Figure 3.5: Definition of the governing parameters in the experiment setup

The most important variables that can be adjusted during the experiments are: wave
steepness (sm−1,0), water depth (d), significant wave height (Hm0) and peak period (Tp ).
Note that the wave steepness depends on the wave height and the wave period and is
therefore not an independent variable. The permeability and porosity are varied by the
different breakwater designs. Per breakwater, two wave steepnesses, four water depths
and four wave heights are tested. For structure C and E two more water depths are tested,
with three different wave heights. In total 208 tests were performed.

With Equation 3.10, the wave period resulting from the inserted wave height and
wave steepness is calculated. In deep water, a Rayleigh distribution can be assumed.
Here, a fixed ratio between the spectral period and sea-state period is valid. The ratio of
the peak period (Tp ) and the mean energy period (Tm−1,0) for a JONSWAP spectrum is
assumed to be 1.107 (CIRIA et al., 2012). For the ratio between the mean period (Tm−1,0)
and the mean energy period (Tm), 0.92 is found (Gerrit & Verhagen, 2016). An overview
of the input variables is presented in Table A.1.

Tm−1,0 =
√

2π ·Hm0

g · sm−1,0
(3.10)
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Test ID Parameter Test input Structure
SX X X Sm−1,0 0.02, 0.04 A, B, C, D, E

X d X X d [m]
0.25, 0.30, 0.35, 0.40, 0.45, 0.50
0.35, 0.40, 0.45, 0.50

C, E
A, B, D

X X Rc X Rc [m]
0.05, 0, -0.05, -0.10, -0.15, -0.20
-0.05, -0.10, -0.15, -0.20

C, E
A, B, D

X X X H Hm0[m]
0.10, 0.15, 0.20
0.10, 0.15, 0.20, 0.25

C, E
A, B, D

Table 3.1: Experiment Input

The numbers of the Test ID have the following meaning;

• S: [1,2] = [0.02,0.04]

• d:[4,5,0,1,2,3] = [0.25,0.30,0.35,0.40,0.45,0.50]

• H:[1,2,3,4] = [0.10,0.15,0.20,0.25]

• Rc : [4,5,0,1,2,3] = [0.05,0,−0.05,−0.10,−0.15,−0.20]

For example, Test ID A1233 means; Breakwater A is tested with a wave steepness of 0.02,
water depth of 0.45 m, wave height of 0.20 m and a crest freeboard of -0.20 m. For an
overview of all input variables see Appendix A.





4
DATA ANALYSIS

This chapter discusses the analysis performed on the data collected during the experi-
ments. First, the results from the measured wave transmission are analysed. Then, the
orbital velocities measured inside Breakwater C, D, and E are elaborated upon.

Considerations that should be kept in mind when reading this chapter:

• The relative crest freeboard (Rc ) is negative for submerged conditions.

• For the data analysis only submerged conditions (Rc < 0) are considered. The
emerged conditions for Breakwater E and C are not analysed, but presented in
Figure 4.2 for completeness.

• Tm−1,0 is used when analysing the results of the physical model as recommended
by van Gent (1999). When the expected wave transmission is calculated from lit-
erature, the wave period stated in the literature (Tp or Tm−1,0) is used.

4.1. WAVE TRANSMISSION
This section is divided into four parts. First, the results from the physical model are dis-
cussed. Subsequently, the expected results considering the existing empirical relations
from the literature review are analysed. The expected and measured results are then
compared relative to each other. A new empirical relation for breakwaters A, B, and D is
derived from these results. Lastly, the influence of the breakwaters on the wave spectra
is analysed.
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4.1.1. RESULTS FROM THE PHYSICAL MODEL
To facilitate the interpretation of the data, the designs discussed in chapter 3 are pre-
sented again in Figure 4.1.

(a) Breakwater A (b) Breakwater B (c) Breakwater C (d) Breakwater D (e) Breakwater E

Figure 4.1: Design of the breakwaters that were tested in the physical model

Following from the measured water levels by the wave height meters, the wave heights
are calculated using the Mansard and Funke method. With this method, the reflections
from the wave absorber and breakwater are excluded from the measured water levels
which results in the incoming and transmitted wave height. These wave heights are used
when calculating the wave transmissions.

In total, 208 tests were performed which resulted in the wave transmissions that are
presented in Table 6.1 and Figure 4.4. From this, it can be concluded that Breakwater C
and E, and Breakwater A, B, and D showed similar wave transmissions. The wave trans-
missions for Breakwater C and E are too high to function as a coastal breakwater. Break-
water E and C have in common that they both are hollow perforated breakwaters where
Breakwater E has an additional perforated vertical plate in the cross-section. From this,
it can already be concluded that the core of a perforated submerged breakwater greatly
influences the wave transmission.

A B C D E

Kt 0.54-0.96 0.62-0.92 0.82-0.95 0.57-0.89 0.77-0.93

Table 4.1: Measured wave transmissions

Figure 4.2: Measured wave transmission from Breakwater A, B, C, D, and E
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Furthermore, according to van der Meer et al. (2005), the smooth impermeable break-
water (A) should result in higher wave transmissions than the rubble mound breakwater
(B) as no energy dissipation at the crest can occur due to the absence of the hydraulic
roughness and permeability at the armour layer.

The results of this experiment show that the permeable rubble mound breakwater
(B) results in higher wave transmissions, and therefore it could be concluded that the
hydraulic roughness and permeability of the armour layer do not result in significant
extra wave dissipation. The permeability of the core at Breakwater B could explain the
increase in wave transmission compared to Breakwater A.

In the following sections, the effects of the dimensionless parameters, relative crest
freeboard (Rc /H), wave steepness (H/L), relative crest width (Bc /L), and relative struc-
ture height (h/H), will be further analysed.

4.1.2. INFLUENCE Rc /Hs
In Figure 4.4 the breakwaters are compared to each other. Hereby, an exponential re-
gression is applied to expose differences in dependency. For the exponential regression
analysis the following formula is applied:

Kt = a ·eRc /Hs +b (4.1)

With using exponential regression, the values a and b for each breakwater are calcu-
lated and presented in Table 4.2. In Figure 4.3 the dependency of the wave transmission
on Rc /Hs is visualised.

A B C D E

a -0.67 -0.46 -0.14 -0.48 -0.17
b 1.04 0.99 0.96 0.96 0.93

Table 4.2: Exponential regression of the wave transmission relative to Rc /Hs for Breakwater A, B, C, D, and E

Figure 4.3: Influence of the relative crest freeboard on the wave transmission for breakwater A, B, C, D, and E

In Figure 4.4 the different breakwaters are compared to each other.
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• From Figure 4.4 a) and Table 4.2, it can be concluded that Breakwater D and E show
different behaviours with respect to the relative crest freeboard. As Breakwater E
shows little wave dissipation, it can be concluded that the vertical impermeable
plate, as applied for Breakwater D, is causing most of the decrease in wave trans-
mission.

Thereby, Breakwater D and E look similar from the outside, however they result in
very different wave transmissions. This is valuable information for the design of
artificial reefs, as both designs enhance a sheltered habitat for marine life. How-
ever, by adding an impermeable plate, the primary function of coastal protection,
by dissipating wave energy, is also achieved with Breakwater D.

• From Figure 4.4 b) and Table 4.2, it is observed that Breakwater A and D show sim-
ilar wave transmissions. However, Breakwaters A and D do not show the same
dependency on Rc /Hs , meaning that the shape of the impermeable layers or the
perforated outer layer of D is causing a different dependency on the relative crest
freeboard. van der Meer and Daemen (1994) hypothesised that the shape of sub-
merged breakwaters is not significant for the wave transmission. However, as can
be seen from Figure 4.4 b), as Rc /H approaches 0, the wave transmission of Break-
water A is higher than Breakwater D. This could be explained by the suggestion that
when Rc approaches 0, the shape of the impermeable structure does influence the
wave transmission.

• From Figure 4.4 c) and Table 4.2, it is observed that Breakwater B and D show a
similar dependency on the relative crest freeboard. Placing a vertical imperme-
able screen in a hollow perforated breakwater, as done in Breakwater D, causes the
surface porosity to determine the dependency on the relative crest freeboard. Fur-
thermore, they show similar wave transmissions. However, Breakwater B shows a
consistently 0.3 higher wave transmission than Breakwater D. From this it can be
hypothesized that the hydraulic roughness and friction in the structure of Break-
water B is not adding significant wave dissipation.

• From Figure 4.4 d) and Table 4.2, it is observed that Breakwater B and C show dif-
ferent dependencies on Rc /Hs and thereby differ greatly in wave transmission.
From this, it can be concluded that the wave transmission is greatly affected by
the volume porosity, if the friction inside the structure is assumed to be negligible.

• From Figure 4.4 e) and Table 4.2, it is observed that Breakwater C and E show sim-
ilar dependency on Rc /Hs , although less dependency on Rc /Hs than other break-
waters. Moreover, Breakwater C shows a consistently 0.3 higher wave transmission
than Breakwater E. The perforated plate in the cross-section results in extra block-
ing of the orbital motion inside the breakwater, which results in this small decrease
in wave transmission.

• From Figure 4.4 f) and Table 4.2, it is observed that Breakwater A and B show a dif-
ferent dependency on the relative crest freeboard. The wave transmissions show
similar results. From this, it can be concluded that the porosity of Breakwater B
has little influence on the wave transmission compared to Breakwater A.
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Figure 4.4: Comparison between the different breakwaters relative to Rc /Hs
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4.1.3. INFLUENCE Hs/L
In Figure 4.5 the wave transmission relative to the wave steepness is presented. Linear
regression is used to identify any characteristic behaviour of the breakwaters.

Kt = a ·Hs /L+b (4.2)

The variables of a and b resulting from the linear regression analysis are presented
in Table 4.3. In Figure 4.5 the influence of Hs /L on the wave transmission is presented
for the different breakwaters.

A B C D E

d [m] 0.35 0.40 0.45 0.50 0.35 0.40 0.45 0.50 0.35 0.40 0.45 0.55 0.35 0.40 0.45 0.50 0.35 0.40 0.45 0.50

a -3.83 -7.01 -9.02 -7.54 -2.03 -3.11 -3.12 -2.89 0.15 -0.82 -1.00 -1.06 -1.60 -2.96 -2.80 -3.00 -0.68 -0.92 -1.27 -1.76
b 0.72 0.96 1.13 1.14 0.73 0.89 0.95 0.98 0.85 0.99 0.95 0.97 0.67 0.84 0.90 0.96 0.83 0.88 0.92 0.96

Table 4.3: Linear regression of the wave transmission relative to Hs /L for Breakwater A, B, C, D, and E

Figure 4.5: Influence of the wave steepness on the wave transmission for Breakwater A, B, C, D, and E

From Figure 4.5 and Table 4.3 it can be concluded that there is little influence of the
wave steepness (Hs /L) on the wave transmission. The numbers in Table 4.3 could be
misleading as the values of a are high, but the range of the wave steepness is small (from
0.01 to 0.05) and therefore results in small differences in wave transmission.

For Breakwater C and E the influence is almost 0. For Breakwater B and D there is
a small influence of the wave steepness. It can be observed that for Breakwater A the
influence of Hs /L increases with the water depth. The steeper waves are hypothesized
to dissipate more energy as they feel the structure more than the waves with a low wave
steepness that have the chance to move over the breakwater without feeling the structure
and therefore not dissipate energy. At Breakwater B and D, for low wave steepness’s dis-
sipation could be caused by the surface porosity which explains the lower dependency
on the wave steepness in deeper water.
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In general, shorter waves (higher sm−1,0 value) result in lower wave transmissions.
For Breakwater A there is a significant influence of Hs /L when the water depth increases.
However, because here the wave transmissions are high, it is irrelevant for the design
of breakwaters as a breakwater will not be designed for such high wave transmissions.
Therefore, the influence of Hs /L in practice will be marginal.

4.1.4. INFLUENCE Bc /L
In Figure 4.6 the wave transmission is presented relative to the relative crest width (Bc /L).
Here again, linear regression is used to identify characteristic behaviour of the breakwa-
ters. The variables of a and b resulting from linear regression are presented in Table 4.4.
In Figure 4.6 the wave transmissions relative to Bc /L are visualised.

Kt = a ·Bc /L+b (4.3)

A B C D E

d [m] 0.35 0.40 0.45 0.50 0.35 0.40 0.45 0.50 0.35 0.40 0.45 0.55 0.35 0.40 0.45 0.50 0.35 0.40 0.45 0.50

a -0.37 2.28 4.61 4.33 -0.36 1.30 2.13 2.01 0.58 0.95 0.72 0.87 -0.47 1.23 1.82 2.25 0.46 0.63 0.95 1.38
b 0.60 0.59 0.58 0.67 0.68 0.70 0.73 0.79 0.82 0.84 0.88 0.89 0.64 0.67 0.71 0.74 0.78 0.82 0.83 0.84

Table 4.4: Linear regression of the wave transmission relative to Bc /L for Breakwater A, B, C, D, and E

Figure 4.6: Influence of the relative crest width for Breakwater A, B, C, D and E

As the crest width (Bc ) is kept constant during the experiments, the range of Bc /L is
relatively small. Here, a range of 0.035-0.08 for Bc /L is tested to submerged structures
with a relatively narrow crest. However, characteristic behaviour of the breakwaters rel-
ative to Bc /L could still be observed.
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From Figure 4.6 and Table 4.4 it is observed that Breakwater C and E show little to no
dependency to Bc /L. Breakwater B and D show similar dependencies as well. For Break-
water A, the biggest dependency on Bc /L is observed when the water depth increases.
This is remarkable, as van der Meer et al. (2005) suggest that Bc /L would be of negligi-
ble influence for smooth impermeable breakwaters. But here, it is the structure with the
most influence on Bc /L. If the hydraulic roughness of rubble mound breakwaters in-
deed would result in extra wave dissipation, a stronger influence of Bc /L for Breakwater
B would be expected, which is not the case. This again indicates that the influence of the
hydraulic roughness and friction has no significant influence for submerged breakwa-
ters.

4.1.5. INFLUENCE h/Hs
In Figure 4.7 the wave transmissions relative to h/Hs are presented. Linear regression is
applied here too. The following formula is applied:

Kt = a ·h/Hs +b (4.4)

A B C D E

d [m] 0.35 0.40 0.45 0.50 0.35 0.40 0.45 0.50 0.35 0.40 0.45 0.55 0.35 0.40 0.45 0.50 0.35 0.40 0.45 0.50

a 0.014 0.060 0.090 0.076 0.0042 0.032 0.038 0.033 0.010 0.016 0.014 0.014 0.00 0.030 0.033 0.035 0.012 0.013 0.016 0.022
b 0.55 0.57 0.61 0.72 0.65 0.70 0.76 0.81 0.83 0.86 0.88 0.90 0.61 0.66 0.73 0.77 0.78 0.82 0.84 0.85

Table 4.5: Linear regression of the wave transmission relative to h/Hs for Breakwater A, B, C, D, and E

Figure 4.7: Influence of h/Hs on the wave transmission for breakwater A, B, C, D, and E

From Figure 4.7 and Table 4.5 it can be concluded that Breakwater C and E again
show little dependency on h/Hs . Breakwater B and D show similar behaviour and Break-
water A shows the most dependency on h/Hs . Moreover, for Breakwater A, the influence
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of h/Hs increases when the water depth increases. Apparently, at low water depths all
waves feel the structure. But when it gets deeper, some waves will feel the structure and
others will not. For Breakwater B and D, the surface porosity will always cause some
energy dissipation, also for the longer waves.

4.1.6. CONCLUSION OF RELEVANT PARAMETERS AND BREAKWATERS

OF INTEREST
Concluding from the physical model results, the parameter affecting the wave transmis-
sion the most is the relative crest freeboard (Rc /H). Bc /L, Hs /L, and h/Hs showed lit-
tle dependency on the wave transmission. For these three parameters, when the water
depth increased the dependency on the parameter for Breakwater A, increased as well.
This is likely because at lower water depths all waves feel the structure, but when it gets
deeper, and the water depth above the structure increases, some waves feel the struc-
ture and others do not. This becomes mostly visible at the higher wave transmission in
deeper water. However, no breakwater will be built for these high wave transmissions,
therefore they do not significant impact the wave transmissions.

The theory by van der Meer et al. (2005) that the hydraulic roughness and permeabil-
ity of the armour layer result in extra wave dissipation is neither confirmed nor rejected
by the results of this physical model. But the statement that a permeable low-crested
structure in general results in less wave transmission than the same impermeable struc-
ture, is rejected.

The breakwaters that are considered to be of most interest resulting from the physical
model are Breakwater A, B, and D. This is because they show similar wave transmissions
but differ greatly in design which could be of use for the design of artificial reefs.

4.1.7. EXPECTED RESULTS FROM THE EXISTING EMPIRICAL RELATIONS
From the literature review in chapter 2, the empirical formulations of van der Meer
(1990), d’Angremond et al. (1996), Bleck and Oumeraci (2001), Friebel and Harris (2003),
and van der Meer et al. (2005) are used to predict the wave transmissions.

Using the input variables from the physical model which are listed in Appendix A,
and the empirical formulations from Table 2.2, the expected wave transmissions are cal-
culated and presented in Figure 4.8. Notice that the expected results from Bleck and
Oumeraci (2001) are not presented in this figure as there is no dependency on Rc /Hs in
this formula.
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Figure 4.8: Wave transmission according to van der Meer (1990), d’Angremond et al. (1996), Friebel and Harris
(2003), and van der Meer et al. (2005)

From Figure 4.8 it can be concluded that according to van der Meer (1990) and d’Angremond
et al. (1996) the wave transmission will never exceed 0.8. Moreover, according to d’Angremond
et al. (1996), the wave transmission for permeable breakwaters is lower than for imper-
meable breakwaters. The best empirical fit from Friebel and Harris (2003) does allow
wave transmissions above 0.8, even some wave transmissions that slightly exceed 1.0.
This is not physically impossible, but only happens rarely.

4.1.8. RESULTS COMPARED TO LITERATURE
Subsequently, the results of the physical model are compared to the existing empirical
relationships. In Figure 4.9 an overview of the results from the physical model and liter-
ature is presented.

Figure 4.9: Comparison between the existing empirical relationships and measured wave transmissions

To quantify the applicability of the existing empirical relations, the Root Mean Squared
Error (RMSE) is calculated and presented in Table 4.6, with N the number of experiments
performed per breakwater.
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RMSE =
√
Σ(Kt ,pr edi cted −Kt ,measur ed )2

N
(4.5)

A B C D E
van der Meer,
1990

0.042 0.095 0.23 0.060 0.18

d’Angremond et al.,
1996, impermeable

0.12 0.074 0.11 0.090 0.076

d’Angremond et al.,
1996, permeable

0.079 0.052 0.15 0.044 0.11

Bleck and Oumeraci,
2001

0.19 0.14 0.044 0.17 0.059

Friebel and Harris,
2003

0.074 0.086 0.18 0.092 0.15

van der Meer et al.,
2005

0.093 0.056 0.13 0.059 0.097

Table 4.6: Overview of the RMSE from existing empirical relations

From Table 4.6 it can be concluded that for Breakwater A, the relation found by van
der Meer (1990) is the best fit, for Breakwaters B and D d’Angremond et al. (1996) pro-
vides the best fit, and for Breakwaters C and E, Bleck and Oumeraci (2001) provides the
best match. Friebel and Harris (2003) and van der Meer et al. (2005) are not the most
accurate fit for any of the breakwaters.

4.1.9. DERIVING A NEW EMPIRICAL RELATIONSHIP FOR THE

WAVE TRANSMISSION
From subsection 4.1.1 it was concluded that the most import parameter influencing the
wave transmission is Rc /Hs . Moreover, Breakwater A, B, and D showed similar wave
transmissions and Breakwater B and D show similar dependencies on the dimensionless
parameters. Also, from the current literature, one design formula to predict the wave
transmission for breakwaters like A, B, and D is lacking. Therefore , a new formula for
predicting the wave transmission over submerged breakwaters is derived here.

As Rc /Hs was considered to be the most important parameter, initially only the ex-
ponential dependency on Rc /Hs is taken into account. With an exponential regression
analysis, this resulted in the following formula:

Kt =−0.53 ·e
Rc
Hs +1.0 (4.6)
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(a) Newly predicted wave transmissions using
Equation 4.6

(b) Expected and measured wave transmissions
using Equation 4.6 resulting in a RMSE of 0.041

Figure 4.10: Wave transmissions calculated using Equation 4.6

A+B+D A B D

RMSE 0.041 0.045 0.040 0.038

Table 4.7: Root mean squared error using Equation 4.6 for Breakwater A, B, and D

The RMSE’s from Table 4.7 are no improvement on the existing literature presented
in Table 4.6 as the RMSE is higher than in the existing empirical relations. Therefore
another parameter should be taken into account to improve the formula and decrease
the RMSE.

The other three dimensionless parameters that had similar influence on the wave
transmission were Bc /L, Hs /L, and h/Hs . Hs /L does not contain a dimension parameter
from the structure and therefore will not contribute to the design phase of artificial reefs.
The next parameter to be taken into account is h/Hs , as here, the structure height is
made dimensionless by the same parameter as the relative crest freeboard. From this, a
multiple regression analysis is applied, resulting in the following formula:

Kt =−0.59 ·e
Rc
Hs −0.042

h

Hs
+1.12 (4.7)

With a range of validity of:

0.014 ≤ H
L ≤ 0.032

0.6 ≤ h
d ≤ 0.86

−2.30 ≤ Rc
Hs

≤−0.3

1.2 ≤ h
Hs

≤ 3
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It can be observed that after using Equation 4.7, the influence of the relative crest
height has almost doubled, making the relative crest height still the most important pa-
rameter influencing the wave transmission. In Figure 4.11, Equation 4.7 is plotted and
in Table 4.8 the RMSE’s are presented. From this it can be concluded that Equation 4.7 is
a slight improvement for Breakwater A, and a significant improvement for Breakwater B
and D compared to existing empirical relations.

(a) New predicted wave transmissions using
Equation 4.7

(b) Expected and measured wave transmissions
using Equation 4.7 resulting in a RMSE of 0.032

Figure 4.11: Wave transmissions calculated using Equation 4.7

A+B+D A B D

RMSE 0.032 0.040 0.031 0.023

Table 4.8: Root mean squared error using equation Equation 4.7 for Breakwater A, B, and D

In Figure 4.12 the influence of the parameters Rc /Hs and h/Hs is visualised within
the range of validity. From this, it can be seen that h/Hs has less influence on the wave
transmission than Rc /Hs

Figure 4.12: Visualisation of the influence of the parameters Rc /Hs and h/Hs

In Figure 4.13 an overview of the current empirical relation compared to Equation 4.7
for each breakwater is presented. From Figure 4.13 it is visible that the new formula
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represents the measured wave transmissions better than the existing empirical relations
by van der Meer (1990) and d’Angremond et al. (1996), permeable.

Figure 4.13: Overview of the existing empirical relations compared to the new formula for Breakwater A, B, and
D
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4.2. WAVE SPECTRUM
For the design of a breakwater it is valuable to know how the wave spectrum on the
lee side of the breakwater is transmitted. For example, for a harbour, long waves could
be disadvantageous as ships will experience more swell in the harbour that can lead to
damage of the ships. Therefore, in this section the influence of the breakwater on the
wave spectrum is investigated. This is done by analysing changes in Tp and Tm−1,0.

The peak period (Tp ) is the wave period of the spectrum with the highest wave en-
ergy. The wave period (Tm−1,0) is the wave period that is based on the zeroth and first
negative spectral moment. This wave period gives more weight to the energy at the lower
frequencies. It was numerically concluded by van Gent (1999) that the spectral wave pe-
riod Tm−1,0 is the optimal wave period for non uni-model spectra. This was confirmed
by van Gent (2001) with physical model tests.

4.2.1. PEAK PERIOD
In Figure 4.14 the period ratio Tp,t /Tp,i is presented in relation to the wave transmission,
Kt . In Appendix D the wave spectra of the tests marked in Figure 4.14 are visualised.

From Figure 4.14 it can be concluded that the peak wave period is slightly increased,
meaning that the most energetic waves are transferred to the lower frequencies. This is
in line with the findings of van der Meer et al. (2000), who stated that the peak period
may not increase more than 10% relative to the incoming wave spectrum. There is no
significant difference between the different breakwaters.

Figure 4.14: Change in peak wave period over Breakwater A, B, C, D, and E
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4.2.2. MEAN PERIOD

From Figure 4.15 it can be concluded that for the smooth impermeable breakwater (A),
Tm−1,0 is always decreased after the breakwater, indicating a shift to the lower frequen-
cies in the wave spectrum. This is caused by the wave breaking which results in a re-
duction of the wave energy. For Breakwater B and D, Tm−1,0 is mostly decreased as well.
Moreover, in general, the higher the wave transmission, the smaller the change in wave
period.

For Breakwater C and E, the perforated permeable breakwaters, a less clear correla-
tion with Kt can be observed. Tm−1,0 is mostly increased meaning that the energy of the
wave spectrum is shifting more to the lower frequencies.

In conclusion, Breakwater C and E transmit mostly longer waves. For breakwater A,
B, and D mostly shorter waves are transmitted over the breakwater.

According to van der Meer et al. (2000), if the reduction in wave energy is mainly
caused by the flow through the armour layer, higher frequencies could be cut. In Fig-
ure 4.16 the wave spectrum changes of test 1004 are visualised. These wave spectra are
based on the raw wave height data and calculated with the use of a Fourier transforma-
tion. The results show that for Breakwater A, B and D, the higher frequencies are cut.
This indicates that for Breakwater C and E, the energy dissipation primary takes place
at the surface of the breakwaters and not by friction through the structure. This makes
sense as the breakwaters are almost fully hollow and permeable. For Breakwater B, the
rubble mound breakwater, the cut in highter frequencies indeed could be explained by
the flow through the structure. For Breakwater A and D however, this can not be valid.
What these structures have in common is that they both have an impermeable screen.
From this, it is concluded that not only the flow through the structure is causing a cut in
the higher frequencies, as suggested by van der Meer et al. (2000), but the permeability
of the screen as well.

Figure 4.15: Change in mean spectral wave period over Breakwater A, B, C, D, and E
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Figure 4.16: Wave spectrum changes test 1004, (S = 0.02, d = 0.35 m, Rc = 0.05 m, H = 0.25 m)
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4.3. ORBITAL VELOCITIES

In this section, the orbital velocities measured in Breakwater C, D, and E will be dis-
cussed. The measured orbital velocities are used to draw conclusions about the effect of
the breakwater on the velocity inside the structure. From this, the primary function of
artificial reefs, which is creating a sheltered habitat for marine life, can be investigated.

Here, the focus lies on the orbital velocity induced by waves only. However, as arti-
ficial reefs are located at the foreshore, also other processes such as wind and tide will
cause a current velocity. Yet in the physical model only the wave-induced orbital ve-
locities for storm conditions are measured. These are the most critical velocities which
could cause damage to artificial reefs.

First, the data from the physical model will be analysed. Subsequently, the orbital
velocities are calculated that are expected when no breakwater is present. Finally, the
results of the physical model will be compared to previously calculated velocities.

4.3.1. RESULTS FROM THE PHYSICAL MODEL

In Figure 4.17, 4.18, and 4.19 the horizontal orbital velocities from the physical model are
presented relative to respectively the water depth (d), wave height (H), and wave length
(L). Here, the focus lies on the maximum velocities in the onshore and offshore direction
as they can cause dislodgement or deformation of the marine life that is located in the
artificial reef. The mean of the orbital velocity is around 0 and therefore not important.
uonshor e and uo f f shor e are calculated by taking the mean of the top and lower 10% of
the data. Here again, the emerged conditions of Breakwater C and E are not taken into
account.

From Figure 4.17 it is observed that Breakwater C, D, and E have a weak correlation
with the water depth. In Figure 4.18 and 4.19 there is observed a correlation with the
wave height and wave length for Breakwater D. Here, Breakwater C and E show a weak
correlation again.

Moreover, it is observed that Breakwater C and E show similar velocities which is
expected as from the wave transmission it already was concluded that the vertical perfo-
rated plate does not have much impact on the hydraulic performance of the breakwater.
This also explains the similarity between the velocities measured by EMS 1 and EMS 3
for Breakwater C and E. Therefore, the analyses of the orbital velocities from now on will
be solely focused on Breakwater D.

It can be observed that for uonshor e at Breakwater D, EMS 3 shows a wider range of
velocities whereas for uo f f shor e , EMS 1 shows a wider range of velocities. This is caused
by the vertical impermeable plate which blocks the velocity and therefore limits the on-
shore and offshore velocity dependent on the direction of the waves.
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(a) ux,onshor e relative to d

(b) ux,o f f shor e relative to d

Figure 4.17: Maximum onshore and offshore velocity relative to the water depth (d)

(a) ux,onshor e relative to H

(b) ux,o f f shor e relative to H

Figure 4.18: Maximum onshore and offshore velocity relative to the wave height (H)
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(a) ux,onshor e relative to L

(b) ux,o f f shor e relative to L

Figure 4.19: Maximum onshore and offshore velocity relative to the wave length (L)

4.3.2. MARINE LIFE
uonshor e and uo f f shor e are of interest for the dislodgement and movement limits of ma-
rine life as those limits might be exceeded during storms. This can cause damage to the
artificial reef. For the feeding limits the velocity caused by other processes such as wind
and tide will be of more importance as the mean of the orbital motion caused by waves
lies around 0 and therefore will not contribute to reaching these feeding limits. There-
fore, in this section the focus will be on the dislodgement, movement, and deflection
limits of the species mentioned in section 2.1 Table 2.1.

To use these velocities in the physical model, the scaling factor of 20 is applied. The
velocities from Table 2.1 are divided by

p
20 to achieve similarity to the downscaled

model.
The velocities are presented in Figure 4.20 relative to L, including the limit velocities

of the organisms from section 2.1.
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Figure 4.20: Onshore and offshore velocities relative to the wave length including the velocity limits of the
marine life

From Figure 4.20 it can be concluded that the dislodgement velocities of the marine
snail, sea urchin, and mussel are never exceeded and therefore these species will be able
to find shelter in Breakwater D. For the barnacle the deflection limit is exceeded in all
experiments. The movement limit of the sea urchin is exceeded for half of the tests at
EMS 1, and for none at EMS 3.

From this, it can be concluded that Breakwater D could function as a sheltered habi-
tat for almost all organisms presented in Table 2.1, and therefore could function as an
artificial reef besides its secondary function as a coastal breakwater.
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4.3.3. CALCULATED ORBITAL VELOCITY
In this section, the expected horizontal orbital velocity is calculated outside the struc-
ture. Because kd<1, a shallow water condition is assumed. Following from this, the
depth-uniform velocity amplitude is given by Equation 4.8 (Holthuijsen, 2007).

ûx = ωa

kd
(4.8)

Where:

ω = angular frequency (2π/L)
k = wave number (2π/T )
d = water depth
a = wave amplitude (H/2)

and:

L = T
√

g d (4.9)

For calculating the expected orbital velocities, the mean energy period (Tm−1,0) and
significant wave height (Hs ) of Breakwater C measured before the structure are used.
This data is less influenced by the breakwater itself as little wave reflection and a high
wave transmission was measured. Therefore, this data is the most similar to a situation
without a breakwater.

The calculated velocities are presented in Figure 4.21. A correlation between ux and
L and H is observed. The correlation with the water depth (d) is weak.

Figure 4.21: Calculated horizontal velocity relative to the water depth (d), wavelength (L), and wave height (H)

4.3.4. MEASURED VELOCITIES COMPARED TO CALCULATED VELOCITIES
By using the calculated velocities, the influence of the breakwater on the orbital veloc-
ities close to the shore can be determined. In Figure 4.22 the calculated velocities from
Equation 4.8 and the maximum onshore and offshore velocities from the physical model
are compared relative to each other. Here, it is assumed that the calculated velocity is the
same for the onshore and offshore direction as the orbital motion of a water particle is
assumed to be symmetric over the y-axis. Furthermore, it must be noted that the calcu-
lated velocities are based on the mean energy wave period and significant wave height.
The grey line in Figure 4.22 represents the values were the calculated velocities are equal
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to the maximum velocities. When the maximum measured velocities from the test are
below this line, it can be concluded that the velocities are decreased inside the structure.
This is a conservative approach as this is based on the mean energy wave period and
significant wave height. In reality, the velocities are even decreased more.

Figure 4.22: Measured and calculated horizontal orbital velocities for Breakwater D at EMS 1 and EMS3

From Figure 4.22 it can be concluded that Equation 4.8 does not give a good repre-
sentation of the onshore and offshore horizontal orbital velocities inside the structure.
The breakwater is causing the horizontal orbital velocity to decrease compared to the
expected velocities outside the structure. Therefore, the space inside the structure can
be seen as a possible shelter area for marine life.

For the onshore velocity at EMS 1, the measured orbital velocity is about 38% of the
calculated horizontal orbital velocity outside the structure. For the onshore velocity at
EMS 3, the measured velocity is about 61% of the calculated velocity outside the struc-
ture. The offshore velocity at EMS 1, is about 32% of the calculated velocity outside the
structure. For the offshore velocity at EMS 3, the velocity in the breakwater is constantly
about 0.1m/s lower than calculated velocity outside the breakwater.

Lastly, at EMS 3 the highest velocities are measured. This is unexpected as at the lee
side of the plate, a shadow zone is created what should result in lower flow velocities.
However, probably the vertical impermeable plate is creating an eddy in the lee side of
the structure that is causing these high offshore velocities.





5
DISCUSSION

In this chapter the uncertainties and limitations of this research are discussed. The main
discussion points are; flume setup, 2D/3D, porosity.

Flume Setup For the setup of the flume different rules of thumb were used to define
the dimensions of the model. During the data analysis an error was detected in the di-
mension of the foreshore. The length of the foreshore before the first wave gauge was
too short. The length must be at least 2 times the wave length before the first wave gauge
is placed. This is the length that is needed for the wave to adjust to the new water depth.
In the model a length of 4.4 m was designed. But according to the rule of thumb, 13 m
was needed.

To check the impact of this error on the results, the difference in measured wave
height by WHM01 and WHM03 is calculated using the data of Breakwater C. In these
tests the measured wave heights before the structure are less affected by the breakwater
itself. A small difference in measured wave heights would indicate that the waves are
adjusted to the new water depth. For most of the tests, this error ranged between 0 and
0.005 m. For a few tests, the error approached 0.01 m. These differences are small and
therefore the short length of the foreshore does not affect the results and conclusions.

2D/3D In the wave flume only normally incident waves are tested. However in reality,
submerged breakwaters experience waves from various directions. Therefore, not the
full complexity of the processes is taken into account in this model. It is unclear how the
permeability and porosity of the tested breakwaters would respond under oblique-wave
attack. However, a two-dimensional wave flume is a good physical model to test the
primary processes. From this, further research in a more complex environment could be
done when deemed necessary.

51
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Porosity The area where the steel frame of Breakwater B was located is not taken into
account for the calculation of the porosity. So, the mean porosity of the core may be
slightly lower than the calculated porosity. However, the analysis shows that the perfor-
mance of the permeable Breakwater B (n=0.44) compared to the impermeable Break-
water A (n=0) is rather similar, which indicates that small deviation from the applied
porosity (n=0.44) are not likely to affect the conclusions. The same accounts for the per-
forated breakwaters were the surface porosity of the crest, diagonal, and vertical plate
differ between respectively 0.44, 0.42 and 0.43. These small deviations are not likely to
affect the conclusions as well.



6
CONCLUSION &

RECOMMENDATIONS

In this chapter, the main conclusions from the thesis are discussed. With these conclusions
the answer on the main research question is found. Resulting from this, recommendations
for future research are proposed.

6.1. CONCLUSION
In this section, the (sub-) research questions which were stated in chapter 1 will be ans-
wered.

• How can experiments in a flume be designed to obtain knowledge about the
influence of permeability and porosity on the wave transmission of an artificial
reef and its influence on the velocities inside the structure?

To study the influence of the permeability and porosity on the wave transmission
of an artificial reef, five different breakwaters were tested in a two-dimensional
wave flume at Deltares. For this, a scaling factor of 20 was applied. In all designs, a
conventional trapezoidal-shape breakwater was tested. However, by changing the
permeability, surface, and/or volume porosity, its influence on the wave transmis-
sion and orbital velocities could be investigated.

First, a smooth impermeable breakwater (Breakwater A) was tested. For this struc-
ture, literature was available and therefore it functioned as the starting point for
the other structures. Secondly, a rubble mound structure with a volume porosity of
0.44 (Breakwater B) was tested. Epoxy was used to fix the stones to guarantee con-
stant permeability of the structure during the tests. Thirdly, a smooth perforated
breakwater was designed with the same surface porosity as the volume porosity as
Breakwater B (Breakwater C). This structure could identify possible effects of the
volume porosity of a breakwater, as the surface porosity is still the same. Subse-
quently, a smooth perforated structure with a vertical impermeable screen in the

53
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cross section was designed (Breakwater D). With this structure, it was investigated
if solely the volume porosity, or also the permeability of the core were influenc-
ing the wave transmission. Lastly, a smooth perforated structure with a vertical
perforated plate in the cross section (Breakwater E) was tested.

In total 208 tests were performed with different input variables for the wave height
(H), wave steepness (S), wave period (T ) and crest freeboard (Rc ). The tests in-
cluded breaking and non-breaking waves.

Before and after the structure, the wave heights were measured by two wave gauge
sets to analyse the wave transmissions. At the perforated structures, also the hori-
zontal orbital velocities inside the structure were measured by two or three EMSes.
From this, the effect of the breakwater on the velocities inside the structure has
been investigated as well.

• What are the results of the physical model tests and how can they be interpreted?

(a) What are the wave transmissions of the tested models?

In Table 6.1 the measured wave transmissions by the two wave gauge sets are pre-
sented.

A B C D E

Kt 0.54-0.96 0.62-0.92 0.82-0.95 0.57-0.89 0.77-0.93

Table 6.1: Measured wave transmissions

Based on a detailed analysis, it can be concluded that Breakwater A, B, and D show
similar wave transmissions. Breakwater E and C show higher wave transmissions
as they dissipate less wave energy. This means that the core and permeability are
of great influence on the wave transmission. Breakwater C and E are not useful
as a breakwater as they dissipate little energy. However, by placing a vertical im-
permeable plate in the core at Breakwater C, which then becomes Breakwater D,
there does occur a lot of wave dissipation, and therefore it can function as a coastal
breakwater.

Furthermore, it is remarkable that Breakwater B shows mostly higher wave trans-
missions than Breakwater A, except for very low crests. van der Meer et al. (2005)
suggested that rubble mound breakwaters should show lower wave transmissions
than smooth impermeable breakwaters, as no wave dissipation at the crest, caused
by the roughness and friction from the porosity, is present here. However, from the
results, it can be concluded that the permeability of Breakwater B, that increases
the wave transmission, overrules this suggestion by van der Meer et al. (2005).
Therefore, resulting from this physical model, the hydraulic roughness and fric-
tion from the core can be assumed to be of less importance than the effects of the
permeability on wave breaking.
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(b) What is the influence of the relative crest freeboard (Rc /Hs ), relative water depth
(h/d), wave steepness (Hs /L), and relative crest width (Bc /L) on the wave transmis-
sion (Kt )?

Rc /Hs shows an exponential dependency on the wave transmission. Breakwater
C and E show similar dependency and this dependency on Rc /Hs is lower than in
Breakwater A, B and D. Breakwater B and D show similar dependency on Rc /Hs

and Breakwater A shows the highest dependency.

All structures showed a linear dependency on Hs /L, h/Hs , and Bc /L although, for
Breakwater C and E this dependency is negligible for all water depths. For Break-
water B and D there is little dependency on Hs /L, h/Hs , and Bc /L. Breakwater
A shows the highest dependency on these dimensionless parameters, which in-
creases with the water depth.

The influence of the water depth on the dependency of Hs /L, h/Hs , and Bc /L is
hypothesised to be caused by the length of the waves and structure height that are
causing some waves to move over the structure without ’feeling’ the breakwater
for larger water depths. Whereas, in shallow water, all waves will feel the structure
and dissipate wave energy.

While in general Breakwater B and D show similar dependencies, it can be stated
that for hollow breakwaters with a vertical screen, the surface porosity of the ver-
tical screen mainly determines the behaviour of the breakwater.

(c) What is the influence of an artificial reef on the orbital velocities inside the struc-
ture?

For Breakwater C and E, no correlation was found between the horizontal orbital
velocity and L, d , or H . For Breakwater D, there is a clear correlation between the
orbital velocity and L and H . Therefore, only the velocities of Breakwater D were
further analysed.

The maximum onshore velocity at EMS 1 is about 61% of the velocity outside the
breakwater. At EMS 3 the onshore velocity is about 38% of the velocity outside the
breakwater. At EMS 1 the maximum offshore velocity is about 32% of the veloc-
ity outside the breakwater and at EMS 3 the offshore velocity is constantly about
0.1m/s lower than the velocity outside the structure. This zone (EMS 3) experi-
ences the highest velocities of the structure.

It is remarkable that at EMS 3, which is at the lee side of the permeable breakwater
with an impermeable screen, the highest velocities are measured. A shadow zone
here is expected which should result in lower velocities than at EMS 1. Apparently,
an eddy is formed that could explain these high velocities at EMS 3.

For Breakwater D, the marine snail, sea urchin and mussel can resist the storm
conditions and therefore, Breakwater D can function as an artificial reef.
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• How do the measured wave transmissions from the physical model relate to the
existing empirical formulas?

The measured wave transmissions show a different dependency on Rc /Hs com-
pared with existing empirical relations. The most remarkable difference is that
in literature, by van der Meer (1990) and d’Angremond et al. (1996), a maximum
wave transmission of 0.8 was set. Whereas in the physical model, wave transmis-
sions close to 1.0 were measured. These results are physically more sound since
for a very low structure that is not affecting the waves, the wave transmission co-
efficient should be 1. Moreover, it was expected that the impermeable breakwater
(A) would result in higher wave transmission than the rubble mound breakwater
(B), as no energy dissipation at the surface can occur according to van der Meer
et al. (2005). However, from the experiment it was concluded that Breakwater A
showed mostly lower wave transmissions than Breakwater B. Apparently the wave
dissipation due to wave breaking above the structure becomes less for permeable
structures.

When looking at the existing empirical relations for the wave transmission over a
submerged breakwater, at the moment, the following literature predicts the wave
transmission the best; Breakwater A: van der Meer (1990), Breakwater B and D:
d’Angremond et al. (1996) formula for permeable structures, and Breakwater E and
C: Bleck and Oumeraci (2001).

From this, it can be concluded that there is no single empirical relation that cor-
rectly predicts the wave transmission for Breakwaters A, B, and D that showed sim-
ilar wave transmissions.

• Can a new empirical relation for the wave transmission over artificial coastal
reefs be derived from the physical model results?

From the physical model it was concluded that Breakwater A, B, and D showed
similar wave transmissions and Breakwater B and D showed similar dependen-
cies on the dimensionless parameters. Therefore, it was decided to derive a new
formula for Breakwater A, B and D as there is no existing empirical relation that
correctly describes the wave transmission for these breakwaters.

From the physical model results it was concluded that Rc /Hs showed the most
influence on the wave transmission. However, an empirical relation that only took
Rc /Hs into account, had still a too large RMSE. Therefore, the influence of h/Hs

was also taken into account. This resulted in the following equation following from
a multiple regression analysis:

Kt =−0.59 ·e
Rc
Hs −0.042

h

Hs
+1.12 (6.1)

This equation showed an RMSE of 0.032 based on the wave transmissions of A, B,
and D. An RMSE of 0.040 was found for Breakwater A, 0.031 for Breakwater B and
0.023 for Breakwater D respectively. These RMSEs show that the new empirical
expression performs better than all existing empirical expressions.
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The answers to these sub-questions are now used to the answer of the main research
question of this master thesis:

How do the permeability and the porosity of an artificial coastal reef influence wave
transmission and the sheltered habitat of marine life?

For a perforated hollow breakwater, adding an impermeable plate in the cross sec-
tion results in similar wave transmissions as a rubble mound breakwater and a smooth
permeable structure with a vertical screen. From this, it is concluded that for hollow
permeable breakwaters wit a vertical screen inside, the surface porosity of this vertical
screen determines the wave transmission.

For artificial reefs, hollow perforated-type structures provide the desired hydrody-
namic behaviour. This newly obtained knowledge could affect the future design of arti-
ficial reefs.

Prior to the present research, it was believed that the best coastal protection is achieved
by breakwaters that are smooth and impermeable. But in this research it was discovered
that a hollow, perforated structure can achieve a wave transmission that is almost as low
as transmission of a smooth, impermeable structure when an impermeable screen is
placed in its middle. This means that a hollow, perforated structure can act as both an
artificial reef that provides a safe habitat for marine life, and as a breakwater that pro-
vides sufficient coastal protection.

For the design of such breakwaters, newly derived Equation 6.1 can be used. This
formula is valid for smooth impermeable breakwaters, permeable rubble mound break-
waters, and hollow impermeable perforated breakwaters.

Furthermore, an hollow perforated breakwater with an impermeable vertical screen
inside decreases the horizontal orbital velocity inside the structure. The impermeable
screen in the middle of the structure divides the hollow structure into two parts: the part
on the lee side of this screen shows the highest velocities which are in offshore direction.
The velocities inside the structure are low enough for marine life to withstand storm
conditions, and therefore the function of an artificial reef, which is creating a sheltered
habitat for marine life, is still guaranteed.
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6.2. RECOMMENDATIONS
With the knowledge obtained from the results and experiments of this master thesis,
some recommendations are made for further research.

• Investigate other surface porosities for a hollow perforated breakwater with an
impermeable screen
In this thesis it was concluded that the impermeable screen for a hollow perforated
breakwater is causing the decrease in wave transmission. The perforated outer
layer is thought to define the characteristic dependencies of the breakwater and
the influence on the velocities inside the structure. It is recommended to perform
more physical model tests with different surface porosities for this outer layer, as
this could confirm that even with a porosity higher than 0.44 (even approaching 1),
still enough wave dissipation is achieved. Moreover, its influence on the velocities
inside the structure can then be further investigated. With this knowledge, the
surface porosity could be adapted to the required velocities for the marine life that
the artificial reef needs to attract. Knowing that an impermeable screen inside
the structure would result in enough wave dissipation would give reef designers
more freedom to focus on the ecological aspects of the structure. Even changing
the surface porosities over the length of the breakwater then becomes an option,
which could create the conditions to have different marine life communities in
one breakwater.

• Investigate the wave transmissions and velocities inside the structure for sub-
merged perforated breakwaters with multiple impermeable screens
The placement of an impermeable screen in the middle of a perforated hollow
breakwater caused a significant decrease in wave transmission. By placing mul-
tiple impermeable screens inside the structure, more spaces inside the structure
are created that may result in an extra decrease of the wave transmission as the or-
bital motion is blocked even more. This will also influence the velocities inside the
structure, as now more different hydraulic environments are created which might
provide additional advantages for marine life.

• Investigate the effect of a perforated impermeable breakwater on the morphol-
ogy around the structure

In this research, solely the hydraulic performance of artificial reefs has been inves-
tigated. Breakwater D, the perforated hollow structure, showed low wave transmis-
sions and velocities inside the structure. However, the effect on the morphology
and scour at the toe of the structure has not been investigated. As the impermeable
screen is blocking the cross-shore transport, it could happen that the impermeable
screen is causing scour and/or sedimentation inside the structure that will conse-
quently influence the space and velocities inside the structure. The indication of
the presence of an eddy would also suggest that inside the structure, scour could
be present. Further research should determine its influence on the stability of the
structure and marine life in the artificial reef. In this research, different locations
of the perforations and different surface porosities could be tested. Following from
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this research, the locations and amount of perforations could be optimized for the
morphology inside and around the structure.
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Every breakwater is tested with 4 wave heights, 2 wave steepness’s and 4 water depths.
For Breakwater C and E, also additional emerged conditions are tested.

Test ID Parameter Test input Structure
SX X X Sm−1,0 0.02, 0.04 A, B, C, D, E

X d X X d [m]
0.25, 0.30, 0.35, 0.40, 0.45, 0.50
0.35, 0.40, 0.45, 0.50

C, E
A, B, D

X X Rc X Rc [m]
0.05, 0, -0.05, -0.10, -0.15, -0.20
-0.05, -0.10, -0.15, -0.20

C, E
A, B, D

X X X H Hm0[m]
0.10, 0.15, 0.20
0.10, 0.15, 0.20, 0.25

C, E
A, B, D

Table A.1: Experiment input

The test IDs have the following meaning;

• S: [1,2] = [0.02,0.04]

• d: [4,5,0,1,2,3] = [0.25,0.30,0.35,0.40,0.45,0.50]

• Rc : [4,5,0,1,2,3] = [0.05,0,−0.05,−0.10,−0.15,−0.20]

• H: [1,2,3,4] = [0.10,0.15,0.20,0.25]



 

 

Test Sm-1,0 d Rc Hm0 Tm-1,0 Tp Lm Lp 

1551 0,02 0,3 0 0,10 1,79 1,98 3,07 3,40 
1552 0,02 0,3 0 0,15 2,19 2,43 3,76 4,16 
1553 0,02 0,3 0 0,20 2,53 2,80 4,34 4,80 
2551 0,04 0,3 0 0,10 1,26 1,40 2,17 2,40 
2552 0,04 0,3 0 0,15 1,55 1,71 2,66 2,94 
2553 0,04 0,3 0 0,20 1,79 1,98 3,07 3,40 

1441 0,02 0,25 0,05 0,10 1,79 1,98 2,80 3,10 
1442 0,02 0,25 0,05 0,15 2,19 2,43 3,43 3,80 
1443 0,02 0,25 0,05 0,20 2,53 2,80 3,96 4,39 
2441 0,04 0,25 0,05 0,10 1,26 1,40 1,98 2,19 
2442 0,04 0,25 0,05 0,15 1,55 1,71 2,43 2,69 
2443 0,04 0,25 0,05 0,20 1,79 1,98 2,80 3,10 

1001 0,02 0,35 -0,05 0,10 1,79 1,98 3,31 3,67 
1002 0,02 0,35 -0,05 0,15 2,19 2,43 4,06 4,49 
1003 0,02 0,35 -0,05 0,20 2,53 2,80 4,69 5,19 
1004 0,02 0,35 -0,05 0,25 2,83 3,13 5,24 5,80 
2001 0,04 0,35 -0,05 0,10 1,26 1,40 2,34 2,59 
2002 0,04 0,35 -0,05 0,15 1,55 1,71 2,87 3,18 
2003 0,04 0,35 -0,05 0,20 1,79 1,98 3,31 3,67 
2004 0,04 0,35 -0,05 0,25 2,00 2,21 3,71 4,10 

1111 0,02 0,4 -0,1 0,10 1,79 1,98 3,54 3,92 
1112 0,02 0,4 -0,1 0,15 2,19 2,43 4,34 4,80 
1113 0,02 0,4 -0,1 0,20 2,53 2,80 5,01 5,55 
1114 0,02 0,4 -0,1 0,25 2,83 3,13 5,60 6,20 
2111 0,04 0,4 -0,1 0,10 1,26 1,40 2,51 2,77 
2112 0,04 0,4 -0,1 0,15 1,55 1,71 3,07 3,40 
2113 0,04 0,4 -0,1 0,20 1,79 1,98 3,54 3,92 
2114 0,04 0,4 -0,1 0,25 2,00 2,21 3,96 4,39 

1221 0,02 0,45 -0,15 0,10 1,79 1,98 3,76 4,16 
1222 0,02 0,45 -0,15 0,15 2,19 2,43 4,60 5,10 
1223 0,02 0,45 -0,15 0,20 2,53 2,80 5,31 5,88 
1224 0,02 0,45 -0,15 0,25 2,83 3,13 5,94 6,58 
2221 0,04 0,45 -0,15 0,10 1,26 1,40 2,66 2,94 
2222 0,04 0,45 -0,15 0,15 1,55 1,71 3,25 3,60 
2223 0,04 0,45 -0,15 0,20 1,79 1,98 3,76 4,16 
2224 0,04 0,45 -0,15 0,25 2,00 2,21 4,20 4,65 

1331 0,02 0,5 -0,2 0,10 1,79 1,98 3,96 4,39 
1332 0,02 0,5 -0,2 0,15 2,19 2,43 4,85 5,37 
1333 0,02 0,5 -0,2 0,20 2,53 2,80 5,60 6,20 
1334 0,02 0,5 -0,2 0,25 2,83 3,13 6,26 6,93 
2331 0,04 0,5 -0,2 0,10 1,26 1,40 2,80 3,10 
2332 0,04 0,5 -0,2 0,15 1,55 1,71 3,43 3,80 
2333 0,04 0,5 -0,2 0,20 1,79 1,98 3,96 4,39 
2334 0,04 0,5 -0,2 0,25 2,00 2,21 4,43 4,90 
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B.1. BREAKWATER B
For the construction of the rubble mound breakwater it is important that the stones do
not move to keep the permeability constant during the tests. To prevent the stones from
moving, epoxy is used to fix the stones to each other. Moreover, a steel frame is con-
structed inside the structure which is necessary for the transportation of the breakwater
to the flume. In Figure B.1 different stages of the construction of Breakwater B are pre-
sented.

(a) The wooden mold and a steal frame of the
breakwaters

(b) First layer of stones in the mold

(c) First layers of stones fixed with epoxy (d) Final stage of the breakwater in the mold

Figure B.1: Construction rubble mound breakwater, Breakwater B

In Figure B.2 the final stage is presented.

Figure B.2: Rubble mound breakwater, Breakwater B
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B.1.1. POROSITY
The porosity is the volume of voids compared to the total volume of the structure. To
calculate the exact porosity of Breakwater B, first the self-weight of the stones is deter-
mined. This is done by measuring the volume and weight of the water before and after
placing stones in it. To get a reliable result, this is repeated five times. This resulted in a
self-weight of 2707.3 kg /m3. The measurements are presented in Table B.1.

Sample Above water [gr] Below water [gr] Volume [dm3] ρ[kg/m3]

1 1935.9 1222.5 713.4 2713.62
2 2262.6 1428.7 833.9 2713.27
3 2347.4 1477.6 869.8 2698.78
4 1717.5 1083.0 634.5 2706.86
5 2096.3 1321.0 775.3 2703.86

Average 2707.28

Table B.1: Calculation self-weight of the rubble mound rocks

For the calculation of the porosity of the breakwater, the volume and weight of the
steel frame is not taken into account. Using the values from Table B.2 and Table B.1, the
porosity of Breakwater B is calculated.

Volume breakwater [m3] 0.23856
Volume steel frame [m3] 0.006016
Volume structure with rocks [m3] 0.232544
Weight structure [kg ] 377
Weight steel frame [kg ] 12.5
Weight structure with rocks [kg ] 364.5
Self-weight rocks [kg /m3] 2.7073
Volume stones [m3] 0.1346
Volume voids[m3] 0.1039
Porosity 0.4356

Table B.2: Calculation porosity rubble mound breakwater

n = Vp

Vt
= 0.1039

0.2385
= 0.4356 (B.1)
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B.2. BREAKWATER C
To get the same surface porosity as the volume porosity of Breakwater B, 232 holes with
a diameter of 4 cm and 2 holes with a diameter of 5 cm are drilled in the diagonal plate.
This resulted in a surface porosity of 0.443. For the crest plate, 64 holes with a diameter
of 4 cm and two holes with a diameter of 5 cm are drilled. This resulted in a surface
porosity of 0.424. The two holes of 5 cm are needed to be able to place the EMS inside
the structure while the diameter of an EMS is exactly 4 cm.

(a) Cross-section Breakwater C

(b) Diagonal plate Breakwater C (c) Crest plate Breakwater C

Figure B.3: Dimensions design of Breakwater C
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B.3. BREAKWATER D
For Breakwater D, the same diagonal and crest plate as for Breakwater C are used. There-
fore, also here, the surface porosity of the diagonal plate (0.443) and crest plate (0.424)
are the same. Additionally, a vertical impermeable plate is placed in the middle of the
cross section.

(a) Cross-section Breakwater D

(b) Vertical plate Breakwater D (c) Crest plate Breakwater D

(d) Diagonal plate Breakwater D

Figure B.4: Dimensions design of Breakwater D
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B.4. BREAKWATER E
For Breakwater E, the same diagonal and crest plates from Breakwater C are used as well.
This results again in a surface porosity of 0.443 for the diagonal plate and a surface poros-
ity of 0.424 for the crest plate. Furthermore, a vertical perforated plate is located in the
middle of the breakwater with a surface porosity of 0.425.

(a) Cross-section Breakwater D

(b) Vertical plate Breakwater E (c) Crest plate Breakwater E

(d) Diagonal plate Breakwater E

Figure B.5: Dimensions design of Breakwater E
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C.1. WAVE HEIGHT METER
Before and after the breakwater, three Wave Height Meters (WHM) are located to record
the free surface elevation. The distance between these meters is dependent on the test-
input and was calculated by Deltares. Figure C.1 gives an impression of the wave gauges
during the experiment.

The probe of the meter is constructed with two parallel stainless steel rods which
are mounted underneath a box, perpendicular to the flow direction. These rods act as
the electrodes of this box. A platinum reference electrode is included to compensate
for the varying electrical conductivity of the fluid. When the water level is varying, so is
the electrical conductivity signal. The output signal is linearly proportional to the liquid
level and instrument voltage (Deltares, n.d.).

It is important that the robs are re-calibrated every time the water level is changed in
order to stay in the voltage range of the rods. Furthermore, during the experiments, it is
important that the robs are submerged under all conditions.

(a) Position wave height meter in
cross-section

(b) Wave gauge set in action

Figure C.1: WHM physical model
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C.2. ELECTROMAGNETIC LIQUID VELOCITY METER
For Breakwater C, D and E, also the horizontal velocities inside the structure are mea-
sured. This is done by placing 2 or 3 electromagnetic liquid velocity meters (EMSes).
Figure C.2 gives an impression of the velocity meters during the experiment. An EMS
can measure the bi-directional water velocity in two perpendicular directions. It mea-
sures the water velocity by the principle of conductive liquid moving through a magnetic
field. This field is induced by an electrical current in a small coil inside the probe. The
probe is designed such that the measured voltages are proportional to the liquid velocity
parallel to the plane of the electrodes (Deltares, n.d.).

In the physical model, only the velocities in the horizontal direction will differ. The
velocities over the width of the flume are constant. Therefore, only one measured veloc-
ity can be used in the data-analysis whereas two velocities are measured.

(a) EMS in action for Breakwater D (b) Position of the EMS over the cross-
section

Figure C.2: EMS in a breakwater
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For the analysis of the wave spectrum, the raw data of the experiments is used. For
calculating the incoming and transfered wave spectra, the mean of the measured wave
heights at WHM01, WHM02, and WHM03 together with fourier transformation is used
to calculate the incoming wave spectra. The mean of the measured wave heights by
WHM04, WHM05, WHM06 is used to calculate the outcoming wave spectra. Because
the raw data is used, reflection of the breakwater and wave absorber is not taken into
account. This will lead to some errors in the calculated mean and peak wave period
compared with the measured mean and peak wave period.

In Figure D.1 the changes in the wave spectra for test 2112 (s = 0.04, d = 40 cm, Rc =
0.10 cm, H = 0.15 cm) are presented. In Figure D.2 the changes in the wave spectrum for
test 2002 (s=0.04, d = 0.35, Rc = 0.05, H = 0.15) are presented. From Figure D.1 and D.2
it can be concluded that the peak period barerly changed, meaning that the peak of the
wave energy in the spectrum stays the same. For breakwater A, B, and D, the transferred
mean period (Tm−1,0) is decreased which results in a shift to the higher frequencies in
the spectrum. Whereas for Breakwater C and D, the transferred mean period is increased
meaning a shift to the lower frequency in the spectra.

From Figure D.1 and D.2 the differences in wave transmission are also visible. The
peak of the wave spectrum for Breakwater A, B, and D is lower than for Breakwater C and
D.
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Figure D.1: Wave spectrum changes test 2112
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Figure D.2: Wave spectrum changes test 2002
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In Figure D.3 changes in the wave spectra for test 1004 (s = 0.02, d = 0.35 cm, Rc =
0.05, H = 0.25 cm) are presented. Due to wave breaking already in front of the breakwa-
ter, a peak at the lower frequencies is observed. This is caused by depth-induced wave
breaking before the first wave gauge. Here, the water depth is too low to reach a wave
height of 0.25 cm.

From Figure D.3 it can observed that the peak frequencies stays the same. The trans-
mitted mean period for all breakwaters, except Breakwater C, is decreased. This indi-
cates a transfer to the higher frequencies in the wave spectra.

Moreover, it can be observed that for Breakwater A, B, and D, the higher frequencies
are cut. For Breakwater B this is probably caused by flow through the breakwater. For
Breakwater A and D, this is probably caused by the impermeability of the structure.

Figure D.3: Wave spectrum changes test 1004
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In Figure D.4 changes in the wave spectrum for test 1331 (s=0.02, d = 0.50 cm, Rc =
0.10 cm, H = 0.10 cm) are presented. As a high wave transmission was calculated for this
test, also little changes in the wave spectra can be observed.

Figure D.4: Wave spectrum changes test 1331
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