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breaker parameter at the toe of the structure,
defined by &, =tan o/ \J27H,, /(ngz)
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Subscripts

individual

(wave height of) sea state

reservoir

wave periods in scatter diagram

ndex N,

measured

predicted

maximum hydraulic efficiency for relative crest freeboard, and
maximum overtopping rate for slope angle

index running through the test results of a subset of the UGL0
dataset

referring to Seelig and Ahrens (1981)

traditional sea defence structures

referring to Zanuttigh and Van der Meer (2008)
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slopes

Environmental Design of Low Crested Coastal Defence
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Joint North Sea Wave Project

Overtopping Wave Energy Converter

Seawave Slot-Cone Generator

test series carried out during this PhD-research at Ghent
University, Belgium

Wave Dragon

Wave Energy Converter

wave gauge

scenario 1 to scenario 5






Nederlandse samenvatting —
Summary in Dutch

De nadelen verbonden aan fossiele brandstoffen en kernenergie, in het bijzonder de
beperkte voorraden en hun negatieve impact op het milieu, staan in schril contrast
met de steeds stijgende vraag naar energie. Sinds de jaren *70 zoekt men wereldwijd
naar alternatieven voor deze traditionele energiebronnen: de zogenaamde
‘hernieuwbare energiebronnen’. De Europese Unie (EU) had in dit proces een
voortrekkersrol, omdat het in grote mate afthankelijk is van politiek onstabiele regio’s
voor de invoer van de fossiele brandstoffen. Ambitieuze doelstellingen werden
opgelegd aan elk van de lidstaten met betrekking tot het percentage van de nationale
energieconsumptie dat dient afkomstig te zijn van hernieuwbare energiebronnen.

Eén van de pistes die bewandeld wordt in de zoektocht naar hernieuwbare energie
is die van golfenergie, i.e. energie afkomstig uit windgolven. De oceanen vormen
immers een onuitputbare bron van energie en bestrijken tevens ongeveer 3/4° van het
aardoppervlak. Verschillende concepten werden ontwikkeld voor het converteren van
golfenergie naar elektriciteit, i.e. de golfenergieconvertoren (GECs). Enkele van deze
concepten werden reeds als prototype gebouwd, de meeste bevinden zich echter nog
in ontwerpfase. Geen enkel concept heeft tot dusver de fase van commercialisatie
bereikt. Dit werd verhinderd door zowel technische als niet-technische barrieres.
Heel wat onderzoek is dus nog vereist om de GECs verder te optimaliseren.

Het hoofddoel van dit doctoraatsonderzoek is het optimaliseren van een bepaald
type GEC, gebaseerd op golfoverslag (OGECs). Bij dit type lopen golven op op een
talud dat in zee wordt geplaatst en slaan ze over in een reservoir, waar het water
tijdelijk wordt gestockeerd op grotere hoogte dan het gemiddelde waterpeil.
Vervolgens loopt het terug naar zee via openingen in de bodem van het reservoir
waarin turbines werden geplaatst. Deze turbines wekken de elektriciteit op.

De huidige kennis omtrent OGECs is in grote mate beperkt tot complexe
structuren. Een optimalisatie van OGECs vereist een fundamentele studie van de
relatie tussen de geometrie van de OGEC, de golfkarakteristicken en de
hoeveelheid golfoverslag, en dit voor OGECs met een eenvoudige geometrie. In dit
doctoraatsonderzoek werd het overslaggedrag van vaste (niet-drijvende) structuren
met één reservoir bestudeerd. Dit gedrag wordt volledig bepaald door de
hellingshoek, vrijboord (verticale afstand tussen de kruin van de structuur en het
gemiddelde waterpeil), karakteristicke golfhoogte en —periode.



XXl

Uit de literatuur blijkt dat het geproduceerde vermogen van OGECs kan stijgen
indien de controlestrategie van de turbines wordt aangepast aan de grootte van de
overslagvolumes. Kennis over de kansverdeling van de individuele (golf per golf)
overslagvolumes draagt bij tot het opstellen van dergelijke controlestrategie. In dit
doctoraatsonderzoek werd daarom tevens deze kansverdeling bestudeerd voor de
OGECSs met een eenvoudige geometrie.

Beide aspecten, met name het overslaggedrag en de kansverdeling van vaste
structuren met één reservoir, werden bestudeerd door middel van een experimentele
studie. Daartoe werd een testopstelling ontwikkeld die in staat is om grote
overslagvolumes accuraat te meten. Het is de eerste keer dat dergelijke testopstelling
werd toegepast. Deze opstelling is gebaseerd op de weegschaaltechniek, waarbij de
overslagvolumes worden opgevangen in een reservoir en een weegschaal continu de
massa van het reservoir en de waterinhoud registreert. De individuele
overslagvolumes worden uit het weegschaalsignaal afgeleid.

Zowel structurele aanpassingen als een meer verfijnde data-analyse werden
uitgevoerd to.v. de klassiek toegepaste weegschaaltechniek. Door de grote
overslagvolumes die het reservoir vullen werd een pomp in het reservoir geplaatst die
het water tijdens een proef terug naar de golfgoot transporteert. De vele pompbeurten
vereisen een accurate compensatic voor de aanwezigheid van de pomp in het
reservoir (callibratiecurve) en voor het pompen. De nauwkeurigheid van de
meettechniek wordt dus bepaald door de accuraatheid van de callibratiecurve van het
reservoir tussen twee pompbeurten, en door de nauwkeurigheid van het compenseren
voor pompen tijdens een pompbeurt.

Testen met een breed bereik aan hellingshoek, relatieve vrijboord (verhouding
van vrijboord tot karakteristicke golfhoogte) en golfsteilheid (verhouding van
golfhoogte tot golflengte) werden uitgevoerd. Hierdoor zijn de experimentele
resultaten niet enkel toepasbaar voor OGECs, maar meer algemeen voor steile
laagkruinige hellingen. Voor elke experimentele proef werden het gemiddelde
overslagdebiet, de reflectiecoéfficiént en de individuele overslagvolumes bepaald. De
testmatrix werd dusdanig opgebouwd dat de effecten van de hellingshoek, relatieve
vrijboord en golfperiode (en hun interacties) op deze drie outputgegevens konden
worden bestudeerd.

Eerst werd de relatie tussen de geometrie, golfkarakteristieken en het
gemiddeld overslagdebiet onderzocht. Gemeten overslagdebieten werden daarbij
vergeleken met overslagdebieten berekend door middel van courante
voorspellingsmethodes uit de literatuur (empirische formules en een neuraal netwerk).
Daaruit blijkt dat de hellingshoek en relatieve vrijboord de twee dominante
parameters zijn voor het overslagdebiet van steile laagkruinige hellingen. Een
toename in relatieve vrijboord veroorzaakt een daling van het gemiddelde
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overslagdebiet, die minder scherp is voor kleinere relatieve vrijboorden. Daarnaast is
er een relatief zwak effect van de hellingshoek voor minder steile hellingen — waarbij
een maximum overslagdebiet wordt bereikt — en een significante daling in het
gemiddeld overslagdebiet voor toenemende hellingshoek bij steile hellingen.
Naarmate de relatieve vrijboord toeneemt, wordt ook het effect van de hellingshoek
groter. Het effect van de golfperiode is relatief klein, maar uit zich in een
afhankelijkheid van de optimale hellingshoek (die aanleiding geeft tot het maximale
overslagdebiet) van de golfperiode. Uit de grafische vergelijking bleek dat geen van
de beschikbare voorspellingsmethodes in staat is om al deze effecten nauwkeurig te
voorspellen. Daarom werd een nieuwe set empirische formules afgeleid op basis van
de experimentele resultaten. In vergelijking met het neuraal netwerk biedt dit het
voordeel dat de formule fysisch inzicht verschaft in de effecten van de bepalende
parameters en hun interacties. De betrouwbaarheid van deze nieuwe formules werd
besproken. Aan de hand van enkele grafische voorbeelden werd de geldigheid van de
formules aangetoond.

Ten tweede werd de relatie tussen de geometrie, golfkarakteristicken en het
reflectiegedrag van  steile laagkruinige hellingen bestudeerd. De
reflectiecoéfficiénten werden bepaald door middel van drie golfhoogtemeters die net
véor de helling gepositioneerd waren. De reflectiecoéfficiénten bestreken een breed
interval voor de uitgevoerde testen (0.3 tot iets kleiner dan 1.0). Beschikbare
voorspellingsformules voor de reflectiecoéfficiénten maken een onderscheid tussen
twee types structuren: zonder golfoverslag en met golfoverslag. De formules voor het
eerste type structuren zijn enkel functie van de hellingshoek en golfkarakteristicken.
Voor de structuren met golfoverslag wordt een reductiefactor toegepast die functie is
van de relatieve vrijboord. Deze methodiek werd nog nooit eerder toegepast op niet-
poreuze structuren met golfoverslag. De gemeten reflectiecoéfficiénten werden
vergeleken met waarden voorspeld d.m.v. de beschikbare voorspellingsformules. Op
basis van deze vergelijking werd een nieuwe voorspellingsformule samengesteld,
bestaande uit een formule voor niet-poreuze structuren zonder golfoverslag en een
reductiefactor (beide afkomstig uit de literatuur). Verder werd ook nog de link gelegd
tussen de reflectiecoéfficiént en het gemiddelde overslagdebiet aan de hand van de
energiebalans.

De tot dan toe verworven kennis m.b.t. het gemiddelde overslagdebiet en de
reflectiecoéfficiént werden vervolgens toegepast voor het vinden van de optimale
geometrie en de bijhorende reflectiecoéfficiént. De optimale geometrie is
gerelateerd aan de maximalisatie van de totale hydraulische efficiéntie, berekend als
de verhouding van het totale hydraulisch vermogen tot het totale golfvermogen
(totaal slaat hier op de som voor alle bepalende sets van golfkarakteristieken). Het
hydraulisch vermogen voor zekere golfkarakteristieken is functie van het product van
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het gemiddelde overslagdebiet (voorspeld d.m.v. de nieuw afgeleide empirische
formules) en de vrijboord. Een maximalisatie van dit product werd mathematisch
opgelegd, waaruit de voorwaarden voor de optimale hellingshoek en relatieve
vrijboord volgden. Tevens werd de bijhorende reflectiecoéfficiént K, bepaald (K, =
0.57). Het hanteren van deze geometrie voor elke bepalende set van
golfkarakteristicken (adaptieve geometrie), i.e. de optimale geometrie, leidt tot
maximale waarden voor het totaal hydraulisch vermogen en de totale hydraulische
efficiéntie. Dit scenario is echter praktisch niet eenvoudig realiseerbaar. Daarom
werden nog drie andere scenario’s beschouwd, met ofwel een adaptieve hellingshoek,
adaptieve vrijboord of een vaste geometrie. Een vijfde scenario realiseert een
adaptieve vrijboord d. m.v. een draaipunt aan de bodem van de helling, waardoor een
gecombineerd effect met de hellingshoek ontstaat. De totale hydraulische efficiéntie,
het totale hydraulisch vermogen en de reflectiecoéfficiént werden bepaald voor de
vijf scenario’s op drie hypothetische locaties. Daaruit bleek dat een adaptieve
hellingshoek slechts een relatief klein effect heeft op het geleverd vermogen.
Anderzijds leidt een adaptieve vrijboord tot een aanzienlijke toename in de totale
hydraulische efficiéntie en het totaal hydraulisch vermogen in vergelijking met het
scenario met de vaste geometrie. Het vijfde scenario (met draaipunt aan bodem van
de helling) is het meest realistische scenario. T.0.v. een vaste geometrie geeft dit
scenario een toename van 10% hydraulisch vermogen. De totale reflectiecoétficiént
(bepaald door golfkarakteristicken met grootste voorkomingfrequenties) varieert
tussen 0.57 en 0.80. De scenario’s met minder geometrische vrijheidsgraden
resulteren in grotere reflectiecoéfficiénten.

Als laatste onderdeel van dit doctoraatsonderzoek werd de kansverdeling van de
individuele overslagvolumes van steile laagkruinige hellingen onderzocht. Voor
kustverdedigingsstructuren volgen deze volumes typisch een Weibull verdeling met
een vormfactor 0.75. Voor dijken met een negatieve vrijboord werd vastgesteld dat
de vormfactor grotere waarden aanneemt (1.0 & 3.5). Op basis van de gemeten
overslagvolumes voor steile laagkruinige hellingen werd aangetoond dat deze
eveneens een Weibull verdeling volgen. Daarenboven blijkt de vormfactor in grote
mate athankelijk te zijn van de relatieve vrijboord en van de hellingshoek. Voor
hogere vrijboorden werd de gemiddelde waarde van 0.75 bevestigd, terwijl
vormfactoren tot 1.5 werden vastgesteld voor lagere vrijboorden (tussen die van
kustverdedigingstructuren en dijken met een negatieve vrijboord). Een grotere
waarde van de vormfactor gaat gepaard met kleinere waarden van de grootste
volumes. Verder veroorzaakt een daling in hellingshoek een lineaire toename van de
vormfactor. De kans op overslag, die een belangrijke rol speelt in de schaalfactor van
de Weibull verdeling, is ook hoofdzakelijk athankelijk van de relatieve vrijboord en
de hellingshoek. Het effect van de relatieve vrijboord op de kans op overslag wordt
beschreven door een Rayleigh verdeling van de relatieve vrijboord. Een stijging van
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de hellingshoek veroorzaakt een daling van de kans op overslag, volgens een lineaire
functie van de cotangens van de hellingshoek. Twee formules die de vormfactor en
kans op overslag vitdrukken in functie van de hellinghoek en relatieve vrijboord zijn
afgeleid. De verworven kennis m.b.t. de kansverdeling van de individuele
overslagvolumes kan worden gebruikt voor de simulatie van overslagvolumes voor
OGECs en voor kustverdedigingstructuren met een lage vrijboord in stormcondities.






English summary

The drawbacks of fossil fuels and nuclear power - in particular the limited resources
and the negative effects for the environment - are in contrast to the increasing energy
demand. Since the seventies, there is a global search for alternative sources of energy,
1.e. the renewable energy sources. The Furopean Union (EU) has played an
important role in this process, since large part of its fossil fuels is imported from
politically unstable regions. Ambitious targets were imposed by the EU to its
members concerning the contribution of renewable energy sources to their national
energy consumption.

Wave energy, i.e. energy from ocean waves, is a promising source of renewable
energy. The oceans are a vast source of energy and cover approximately 3/4™ of the
global surface. Different concepts have been developed to convert the energy from
the waves into electricity, i.e. the wave energy converters (WECs). A number of
these concepts were built as a prototype, while most concepts are still in the design
phase. So far, no concept has reached the commercialization phase. This has been
prevented by both technical and non-technical barriers. Hence, additional research is
required to further optimize the WECs.

The main goal of this PhD-research is to optimize a particular type of WEC,
based on wave overtopping (OWECs). This type is based on waves running up a
slope and overtopping into a reservoir. The water is stored temporary in the reservoir
at a higher level than mean water level, before it flows back to the ocean through a
set of turbines installed at the bottom of the reservoir. These turbines are responsible
for generating the electricity.

The state-of-the-art knowledge on OWECs is mainly limited to concepts with a
rather complex geometry. An optimization of OWECs requires a fundamental study
on the relationship between the geometry of the OWEC, the wave
characteristics and the amount of wave overtopping, for an OWEC with a
simplified geometry. The overtopping behaviour of fixed (non-floating) structures
with a single level reservoir is studied in this PhD-research. This behaviour is fully
determined by the slope angle, freeboard (vertical distance between the crest of the
structure and the mean water level), the characteristic wave height and wave period.

Previous studies on OWECs also conclude that the produced power of OWECs
can be increased by adapting the control strategy of the turbines to the size of the
overtopping volumes. Knowledge on the probability distribution of the individual
(wave-by-wave) overtopping volumes contributes to formulating such control
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strategy. Therefore, this probability distribution is studied in this PhD-research for
OWECs with a simplified geometry.

Both aspects, i.e. the overtopping behaviour and the probability distribution of
fixed structures with a single reservoir, are investigated based on an experimental
study. A test set-up is developed that is able to measure large overtopping volumes
accurately. This test set-up is applied for the first time here. It is based on the weigh
cell technique: the overtopping volumes are collected in a reservoir positioned on top
of a weigh cell that measures the mass of the reservoir and its water content
continuously. The individual overtopping volumes are derived based on the weigh
cell signal.

Both structural adaptations and a more detailed data analysis are applied to the
traditional weigh cell technique. Due to the large overtopping volumes entering the
reservoir, a pump is installed in the reservoir to transport water from the reservoir to
the wave flume during a test. The large number of pumping events requires an
accurate compensation for the presence of the pump inside the reservoir (calibration
curve) and for pumping. The accuracy of the measurement technique is determined
by the accuracy of the calibration curve of the reservoir (in between two pumping
events) and by the accuracy of the compensation for pumping (during a pumping
event).

Tests with broad ranges of slope angle, relative crest freeboard (ratio of crest
freeboard and characteristic wave height) and wave steepness (ratio of wave height
and wave length) are carried out. Hence, the test results are not only valid for
OWECs, but more in general for steep low-crested slopes. The average overtopping
rate, reflection coefficient and the individual overtopping volumes are determined for
each experimental test. The test matrix is particularly designed to investigate the
effects of the slope angle, relative crest freeboard and wave period (and their
interactions) on those three output data.

First, the relationship between the geometry, wave characteristics and the
average overtopping rate is investigated. Measured overtopping rates are compared
with average overtopping rates predicted by commonly used prediction models from
literature (empirical formulae and a neural network tool). It appears that the slope
angle and relative crest freeboard are the dominating parameters for the average
overtopping rate of steep low-crested slopes. An increase in the relative crest
freeboard causes a decrease in the average overtopping rate, which is less explicit for
smaller relative crest freeboards. Furthermore, the effect of the slope angle is
relatively weak for milder slopes — although a maximum average overtopping rate is
reached, while it is more explicit for steeper slopes: there is a significant decrease in
average overtopping rate towards vertical walls. The effect of the slope angle is
larger for larger relative crest freeboards. The effect of the wave period is relatively
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small; it corresponds to a dependency of the optimal slope angle (resulting in the
maximum average overtopping rate) on the wave period.

The comparison with the predicted average overtopping rates shows that none of
the existing prediction models is able to predict all of these effects accurately.
Therefore, a set of new prediction formulae is derived based on the experimental test
results. Compared to the neural network, an empirical formula allows to gain
physical insight in the effects of the governing parameters and their interactions
based on its expression. The reliability of the set of new formulae is discussed. A
number of graphical examples confirm the validity of the new formulae.

Secondly, the relation between the geometry, wave characteristics and the
reflective behaviour of steep low-crested slopes is studied. The reflection
coefficients are determined based on the signals of three wave gauges positioned in
front of the slope. The reflection coefficients cover a broad range for the experiments
(0.3 up to almost 1.0). Existing prediction formulae for the reflection coefficients
exist for both structures without wave overtopping and structures with wave
overtopping. The formulae for the first type of structures are only a function of the
slope angle and the wave characteristics. A reduction factor, which is a function of
the relative crest freeboard, is applied for the structures with overtopping. This
methodology has not yet been applied to overtopped non-porous structures before.

The measured reflection coefficients are compared to values predicted by the
existing prediction formulae. Based on this comparison, a new prediction formula is
derived, composed of a formula for non-porous structures without wave overtopping
and a reduction factor (both found in literature).

Furthermore, the relationship between the reflection coefficient and the average
overtopping rate is also discussed, based on the energy balance equation.

The acquired knowledge on the average overtopping rate and the reflection
coefficient is successively applied to find the optimal geometry and the
corresponding reflection coefficient. The optimal geometry is determined by the
maximisation of the overall hydraulic efficiency, i.e. the ratio of the overall hydraulic
power and the overall wave power (overall means summed over all characteristic sea
states). The hydraulic power for a specific sea state is a function of the product of the
average overtopping rate (predicted by the set of new prediction formulae) and the
crest freeboard. Expressing the maximisation of this product mathematically results
in the conditions for the optimal slope angle and relative crest freeboard. The
corresponding reflection coefficient X, equals 0.57.

The maximal overall hydraulic power and efficiency are reached when applying
this geometry for each characteristic sea state (geometry control), i.e. the optimal
geometry. However, this scenario is not easily realizable. Therefore, three other
scenarios are considered: applying only an adaptive slope angle, an adaptive crest
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freeboard or a fixed geometry. A fifth scenario realizes the adaptive crest freeboard
by using a hinge at the bottom of the slope, resulting in a combined effect with the
slope angle.

The overall hydraulic efficiency, overall hydraulic power and reflection
coefficient are determined for the five scenarios at three hypothetical deployment
sites. Based on these simulations, the effect of an adaptive slope angle on the power
output is relatively small. On the other hand, an adaptive crest freeboard considerably
increases the overall hydraulic efficiency and power compared to the fixed geometry.
The fifth scenario (hinge at the bottom of the slope) is the most realistic scenario.
Compared to a fixed geometry, its overall hydraulic power is increased by
approximately 10 %.

The overall reflection coefficient (which represents the sea states with the largest
frequencies of occurrence) varies between 0.57 and 0.80. It increases when the
geometry is more fixed.

The probability distribution of the individual overtopping volumes of steep
low-crested slopes is investigated in the last part of this PhD-research. The
individual overtopping volumes of sea defence structures typically follow a Weibull
distribution with a shape factor of 0.75. On the other hand, dikes with a negative
crest freeboard correspond to a larger shape factor (1.0 to 3.5).

Based on the measured overtopping volumes for the steep low-crested slopes, it
appears that these volumes also follow a Weibull distribution. Furthermore, the shape
factor is mainly dependent on the relative crest freeboard and the slope angle. An
average shape factor of 0.75 is found for the larger relative crest freeboards, while
shape factors up to 1.5 are identified for smaller relative crest freeboards (in between
those of sea defence structures and dikes with a negative crest freeboard). A larger
value of the shape factor corresponds to smaller values of the largest overtopping
volumes. Furthermore, the shape factor linearly increases for a decreasing slope
angle.

The probability of overtopping, which plays an important role for the scale factor
of the Weibull distribution, is also mainly dependent on the relative crest freeboard
and the slope angle. The effect of the relative crest freeboard is according to a
Rayleigh distribution. An increase in slope angle decreases the probability of
overtopping, expressed by a linear function of the cotangent of the slope angle.

Two formulae are derived which take into account the observed effects of the
slope angle and relative crest freeboard on the shape factor and probability of
overtopping.

The knowledge acquired on the probability distribution of the individual
overtopping volumes can be used for simulating the overtopping volumes of OWECs
and of sea defence structures with a small relative crest freeboard in severe storm
conditions.



Problem statement

1.1 Framework

1.1.1 Introduction

The general framework for this PhD-research is the global search for competitive and
reliable sources of renewable energy. Due to the limited availability of fossil fuels,
the dependency of many countries on imports of fossil fuels from politically unstable
countries, the negative effects of fossil fuels regarding climate change, the negative
impact of nuclear waste and the rapidly increasing energy demand, research on
renewable energy has gained importance worldwide since the late nineties.
Accordingly, a large number of nations have set ambitious goals for the contributions
of renewable energy sources to their energy production in the near future. Europe has
played a world-leading role in the renewable energy policy from the early start.
Recently, the European Commission endorsed the ambitious target to raise the share
of renewable energies in the final energy consumption' of the 27 countries in the
European Union from 8.5% in 2005 to 20 % by 2020 (COM 2007). In 2008, that
share has been increased up to 10.3 % (EEP 2011). For the particular case of
Belgium, the share of renewable energy in its final energy consumption has increased
from 2.2 % in 2005 up to 3.3% in 2008, with a final goal of 13 % in 2020.

Among the renewable energy sources, hydropower, wind energy, biomass and
solar power have been studied thoroughly and therefore have been exploited for a

! Final energy consumption = energy consumed by households, industry, services,
agriculture and transport sector.
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relatively long period of time. Hence, these sources significantly contribute to the
increase in the share of renewable energy in the final energy consumption of the 27
countries of the European Union (EC 2011).

On the other hand, wave energy - i.e. energy extracted from ocean waves - is not
yet economically competitive. However, its potential is comparable to those of
hydropower and wind energy:

o the global wave power potential is estimated to be 2 TW, i.e. the same order of
magnitude as the world’s electricity consumption (Cruz 2008). The waves that
reach the European coastlines contain a large amount of energy. The annual
average deep water resource along the Atlantic and Mediterranean coasts of
Europe is approximately 320 GW (Pontes et al. 1998);

o the energy density in waves is larger than it is in wind. As winds blow over the
oceans, energy is transferred to the water and waves are generated. The wind
energy is stored in the water near the free surface;

e waves travel over thousands of kilometres with a very limited loss of energy.

Extensive research is required, both fundamental and applied, to improve the
performance and reliability of wave energy conversion techniques and thus the
competitiveness of wave energy on the global energy market (Brooke 2003).

A wide variety of wave energy converters (abbreviated WECs), with
development stages ranging from concept to prototypes at sea, has been identified
(Waveplam 2009). This PhD-manuscript focuses on one particular type of WECs:
overtopping wave energy converters (abbreviated OWECs). The following two
sections 1.1.2 and 1.1.3 give more detailed information on the principle and the
geometry of OWECs.

1.1.2 Principle of overtopping wave energy converters (OWECs)

The working principle of OWECs is based on waves running up a slope and
overtopping into a reservoir, which is emptied into the ocean through a set of low-
head turbines (Kofoed 2002). In terms of energy, OWECs convert kinetic and
potential energy of the waves into potential energy (water storage in the reservoir),
which is then converted into electricity by the low-head turbines.

In the past two decades, extensive research has been carried out in relation to two
specific OWEC concepts: the Wave Dragon (abbreviated WD) which has been
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developed in Denmark, and the Norwegian concept Seawave Slot-Cone Generator
(abbreviated SSG).

The WD is a floating OWEC with a single reservoir and a double-curved ramp
(Tedd and Kofoed 2009). Its floating level is regulated through air cells beneath the
reservoir, in order to achieve optimal energy absorption for different wave
characteristics. A concept sketch ofthe WD is shown in Fig. 1.1.

overtopping

reservoir

Fig. 1.1: Concept sketch ofthe Wave Dragon overtopping wave energy converter
(Kofoed et al. 2000).

After a prove of concept and extensive small scale testing in the laboratory at the
Department of Civil Engineering of Aalborg University (Denmark), a prototype with
an installed power of 20 kW has been tested since 2003 in Nissum Bredning, an
inland sea of Northern Denmark. Over 20.000 hours of data have been gathered for
the prototype, resulting in an increased knowledge on the performance of the
moorings and the hydro-turbines, the global performance in storms, the control of the
WD, and the power production (Tedd 2007). A WD with an installed power of
7MW is expected to be deployed in the Irish Sea near Pembrokeshire, Wales (UK)
in the near future. The launch of this device has been postponed due to the recent
financial crisis (Friis-Madsen 2011).

The SSG is a multi-level OWEC, which is primarily designed to be deployed in
(non-floating) sea defence structures. The SSG achieves optimal energy absorption
for different wave characteristics by using three reservoirs - one on top of the other
(Fig. 1.2). This particular geometry allows the overtopped water to be collected on
different levels for a broad range of waves: larger waves fill up all three reservoirs,
while smaller waves overtop into the lowest reservoir. This results in a considerable
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increase in efficiency. The average wave-to-wire efficiency' for the WD is expected
to be 18 % (Tedd 2007), while this efficiency is expected to be 25 % to 35 % for the
SSG (Margheritini et al. 2009a).

Fig. 1.2: Artist impression o fthe Seawave Slot-Cone Generator overtopping wave
energg converter (Margheritini et al. 2009a).

The overtopping performance, structural response, reflection performance and
efficiency of the SSG built in a sea defence structure have been studied to a large
extent by Margheritini (2009). Plans for installing prototypes of the SSG are in
progress for the outer harbour of the port of Hanstholm (Denmark) and for a jetty
reconstruction project at the port of Garibaldi (Oregon, USA).

Wave energy converters built in sea defence structures tend to be more
economically viable than offshore floating WECs (Graw 1996). Although offshore
floating WECs are located in more energetic seas, leading to a larger energy
production, their installation and maintenance costs are expected to be rather high.
These costs are lower for WECs built in sea defence structures due to increased
accessibility.

Furthermore, the crest level of many sea defence structures needs to be increased
due to the rising global mean sea water level caused by global warming. According
to the Intergovernmental Panel on Climate Change (IPCC), the global mean sea
water level has increased with an average rate of about 3.1 mm per year from 1993 to
2003 and will continue to increase each year, associated with a change in wave

2Wave-to-wire efficiency = ratio of wave power and electric power output to the
power grid.
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climate (IPCC 2007). The required increase in crest level for many sea defence
structures provides the opportunity to install WECs in sea defence structures with
shared costs.

These arguments are in favour of the application of OWECs in a sea defence
structure.

1.1.3 Geometry of OWECs

It is clear that the geometry of an OWEC has a major effect on the amount of
wave energy that is captured, as illustrated by the variable floating level of the WD
and the three-level geometry of the SSG.

The geometry of sea defence structures, such as mildly sloping dikes, vertical
walls and rubble mound breakwaters, on the other hand is particularly suitable to
limit wave overtopping. The slopes of smooth impermeable sea defence structures
either dissipate a large amount of the wave energy by wave breaking on mildly
sloping dikes or reflect a large part of that energy for vertical walls. Furthermore, sea
defence structures typically feature high relative crest freeboards expressed as
R /H,,, where R, 1is the freeboard (height) of the structure — ie. the vertical

distance between the crest of the structure and the still water level, and H,,, is the

mo >

spectral estimate of the incoming significant wave height at the toe of the structure.
An increased roughness or permeability, berms or vertical walls decrease the wave
overtopping at mildly sloping dikes even more. Recurve walls introduce a similar
effect for vertical walls. A rubble mound breakwater is a special case of a very rough
and permeable mildly sloping dike.

The geometry of the slope profile of OWECs is designed to maximize the amount
of water overtopping the crest of the slope. This amount is traditionally defined by
the average overtopping rate per meter crest width ¢ [m*s/m]. Hence, a completely

opposite way of thinking is required for the design of OWECs compared to sea
defence structures. Based on the features of sea defence structures mentioned above,
it is clear that OWECs should feature smooth impermeable slopes with slope angles
o [-] in between those of mildly sloping dikes (for example coto = 6.0) and
vertical walls (coter =0.0) (Fig. 1.3).

Kofoed (2002) proposed a slope of 1:1.73 for floating OWECs located in the
Danish North Sea featuring a single reservoir and a linear slope, shown in Fig. 1.3 for
OWECs. A different slope, cota = 1.43, is proposed for the three levels of the SSG

(Margheritini et al. 2009a), also located in the Danish North Sea.
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] Mildly sloping dike | ~| Overtopping Wave Energy Converter Vertical wall

Fig. 1.3: Comparison between slope angles typicalfor sea defence structures and
slope anglesfor OWECs.

The fact that OWECs feature steep slopes compared to mildly sloping dikes is
also explained based on the type of wave breaking, which is determined by the slope
angle of the structure @« and the wave steepness (Battjes 1974). Both parameters are
combined in the breaker parameter gm/0 [-] (Eq. 1.1), which is also referred to as the

surf similarity or Irribarren number in literature. The wave steepness sm 0 [-] in
Eq. (1.1) is defined as the ratio of the wave height A nf) and the deep water3wave
length Lm10 =gT2 Clx (Eq. 1.2), in which g [m/s2] is the acceleration due to
gravity (9.81 m/s2) and Tmx0=m_x/m 0 [s] is the spectral wave period at the toe of

the structure (w; j is the first negative moment of the spectrum, m0 is the zeroth

moment of the spectrum).

tana

gm—l,O = (1.1)
sm—l,O

Sme1,0 = 27[];]'"0 (1.2)
g7, 1,

According to EurOtop (2007), waves are considered to be breaking on slopes for
_10<2.0 - 3.0, ranging from collapsing waves, over plunging waves to spilling

waves for decreasing values of the breaker parameter (Fig. 1.4). On the other hand,
waves are considered to be non-breaking (surging waves) for gm/0>2.0 - 3.0. Since

wave breaking means energy loss for OWECs, the slopes of the structures should be

3Deep water: hd /Lm 10J >0.5 (Dean and Dalrymple 1991) (hd [m] is the water
depth in deep water).
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sufficiently steep for the condition gm0 >2.0 - 3.0 to be fulfilled. This justifies the

choice for rather steep slopes of OWECs (e.g. for the WD and the SSG).
Note that the steepest waves may still break although the waves are categorized
as non-breaking waves for a particular slope angle.

spilling breaker plunging breaker

collapsing breaker surging breaker

Fig. 1.4: Types ofwave breaking (Battjes 1974).

A second important feature for OWECs is the relative crest freeboard Rc/H mo0.

OWECs with a single reservoir typically feature a low relative crest freeboard, in
order to allow large amounts of water to overtop the crest of the OWEC. More in
general, the vertical position of the crest(s) of the reservoir(s) of an OWEC is
determined based on the maximization of the overall hydraulic efficiency

9indroverdt H= i-e- the ratio of the power of the water overtopping the crest(s) of the

reservoir(s) (i.e. the hydraulic power) and the available wave power, summed over
all reservoirs (number of reservoirs Nrs [-]) and all sea states4 (number of sea states

Nss [-]) occurring at the deployment site of the OWEC. The hydraulic power
P, Jrk] [kW/m] of the water overtopping a particular reservoir (indicated by the
subscript k) with crest freeboard Rct for a particular sea state (subscriptj) is defined

by:

PMr.k.j :ngkjk'.k 0 '3)

4A sea state refers to a particular wave condition with a characteristic wave height
and a characteristic wave period.



1-8 Chapter 1

where p [kg/m®] is the density of water (1025 kg/m® for sea water and
1000 kg/m* for fresh water in laboratory) and ¢, , [m*/s/m] is the average

overtopping rate per meter crest width for reservoir k and sea state /.

The expression for the wave power P, , [kW/m] for a particular sea state is
given in Eq. (1.4), assuming deep water waves.

2

PE 2 T (1.4)

wave, j = 647[ m0,j ~m-1,0,;

Eq. (1.3) and Eq. (1.4) determine the expression for the overall hydraulic
efficiency 7,4 s (Ed. 1.5), taking into account the frequency of occurrence FO,

[%0] for each sea state.

Ny Nres

2.2 P84, R, FO,

s
T iy, overait = Nxﬁ - 12 (1.5)
PE 2 T RO

647[ m0,j “m-1,0,j Jj
j=1

The crest freeboards of the three reservoirs of the SSG are determined by
numerical simulations based on the expression for the vertical distribution of
overtopping determined by Kofoed et al. (2002) and on Eq. (1.5).

As a result of the discussion given above (section 1.1.3), the typical basic
geometry of OWECs is characterized by smooth impermeable steep low-crested
slopes.

1.2 Objectives

This PhD-research aims at optimizing the performance of overtopping wave energy
converters. The four main research objectives are outlined below:

1. Detailed study of relationship between OWEC geometry, wave characteristics
and wave overtopping

As mentioned in section 1.1.3, Kofoed (2002) found an optimal slope of 1:1.73 and
an optimal crest freeboard based on R, /4, =0.10 for floating OWECs with a single
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reservoir deployed in the Danish part of the North Sea. Those optimal values are
based on a maximization of the overall hydraulic efficiency 7, e fOr five sea

states occurring at a particular location in the Danish North Sea (Point 3, Meyer

2002), which all correspond to a nearly constant wave steepness s, ,, ~ 0.033.

Hence, it is unclear whether the optimal values of the slope and relative crest
freeboard according to Kofoed (2002) also result in a maximum overall hydraulic
efficiency for other deployment sites, with different values of the wave steepness (for
each sea state).

In order to optimize the performance of OWECs for other deployment sites, a
detailed study of their wave overtopping behaviour for different geometrical and
wave characteristics is required. The first objective of this PhD-research is to obtain a
relationship between wave overtopping, geometrical parameters and wave
characteristics for OWECs.

2. Detailed study of the vrelationship between OWEC geometry, wave
characteristics and wave reflection

The reflection of OWECs should be low for a number of reasons. First, when large
part of the wave energy is reflected by the OWEC, less kinetic energy of the waves is
converted into potential energy. Second, when a structure exhibits high reflection
coefficients scour is induced at the toe of the structure, progressively decreasing the
stability of the structure. Eventually, this may result in failure due to scour. Finally,
when applied in outer harbour sea defence structures, the reflection coefficients of
OWECs should be rather low, in order to allow ships to enter the harbour in all wave
conditions.

A detailed study on the effects of the geometrical and wave characteristics on the
reflection coefficient of OWECs is required. Hence the second objective of this PhD-
research is to determine a relationship between wave reflection, geometrical
parameters and wave characteristics for OWECs.

3. Case study on “adaptive geometry” for OWECs

Typically, the fixed geometry of an OWEC is determined by the maximization of the
overall hydraulic efficiency (Eq. 1.5). A maximization of the hydraulic efficiency for
each sea state requires an adaptation of the geometrical parameters to each sea state,
1.e. the concept of an adaptive geometry control strategy. The third objective of this
PhD-research is to investigate whether an adaptive geometry significantly increases
the overall hydraulic efficiency and obtained hydraulic power compared to a fixed
geometry. Furthermore, a study on the effect of an adaptive geometry on the
reflection coefficient is required.
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The knowledge acquired from the first two objectives can be used to carry out this
feasibility study.

4. Detailed study on the distribution of the wave-by-wave overtopping volumes for
OWECs

The design of the reservoir of an OWEC and the control strategy of its turbines are
strongly determined by the amount of water overtopping its crest wave-by-wave. In
theory, the reservoir should be filled up to its crest at all times to maintain the largest
possible hydraulic head over the turbines. However, in practice spill of water out of
the reservoir occurs, since the wave-by-wave overtopping volumes entering the
reservoir are unknown (Tedd 2007). The fourth objective of this PhD-research is to
improve the knowledge on the distribution of the wave-by-wave overtopping
volumes per meter crest width 7, [m*m] for OWECs, and to study the effects of the

geometrical and wave characteristics on that distribution.

1.3 Structures under study

Both WD and SSG have a rather complex geometry and exhibit complex control
strategies. Therefore, the objectives for this PhD-research (section 1.2) are not
investigated specifically for these particular OWECs. Instead, OWECs with a more
simplified design are considered, consisting of a single reservoir and a simple slope
profile, installed in a sea defence structure due to the corresponding advantages
mentioned in section 1.1.2. Consequently, an economically viable OWEC with a
more easily predictable overtopping performance should be achieved.

The simple slope profile features a steep characteristic slope, situated in between
mildly sloping dikes and vertical walls resulting in non-breaking waves, and a low
relative crest freeboard R /H ,,, in accordance with section 1.1.3. According to

mo >

EurOtop (2007), gentle slopes have roughly cota >2.0 . This explains the

requirements for the characteristic slopes of the structures studied in this PhD-
research in Eq. (1.0).

0.0<cotar <2.0 (1.6)

The requirement for non-breaking waves is given in Eq. (1.7). It is important to
note that the relatively large values of the breaker parameter are assumed to be
caused by the steep slope (Fig. 1.3), not by small values of the wave steepness related
to heavy broken waves due to the limited water depth (Van Gent 2001). Accordingly,
the structures considered in this PhD-research are located in relatively deep water.
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The corresponding relative toe depth A /H , is assumed to be larger than 2.0
(Eq. 1.8) to avoid heavy depth-induced breaking.

£y >20-30 (1.7)

h
L >2.0 1.8
7 (1.8)

m0

Furthermore, low vertical structures feature a relative crest freeboard
00<R /H,, <15 (EurOtop 2007). This is also assumed for inclined structures.

Larger values of R /H  are allowed for the structures in this PhD-research (Eq. 1.9)

in order to overlap with existing knowledge on sea defence structures, which
typically feature relatively large crest freeboards.

R
0.0<—

m0

<20 (1.9
Further assumptions are:

smooth and impermeable slope;

no berms, vertical wave walls nor recurve walls;
normal wave attack; and

non-floating: slopes extend to the sea bottom.

The structures studied in this PhD-research, fulfilling the above-mentioned
assumptions are referred to as steep low-crested slopes in this manuscript. The term
OWEC has been omitted from this name, since the knowledge gathered in this PhD-
research is not only applicable to OWECs, but to all structures fulfilling the
assumptions above. A definition sketch of a steep low-crested slope is shown in
Fig. 1.5.

The slope geometry of steep low-crested slopes is fully determined by the slope
angle o, the crest freeboard R, and the water depth 4, at the toe of the structure.

These geometrical parameters are, combined with the spectral wave height I and

wave period 7, |, at the toe of the structure, the determining parameters for the

—1,0

overtopping and reflective behaviour of the steep low-crested structures.
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Fig. 1.5: Sketch ofsteep low-crested slopes studied in this PhD-research together
with parameters which determine the overtopping behaviour (SWL standsfor the
Still Water Level).

1.4 O utline

The four objectives mentioned in section 1.2 are discussed in this PhD-manuscript
for the steep low-crested slopes defined in section 1.3, based on a review of existing
knowledge from literature and new test results of experimental tests carried out
during this PhD-research.

This PhD-manuscript consists of five parts. The first part deals with the
experimental tests (chapters 2 and 3). The development of the test set-up which is
able to measure the large wave-by-wave overtopping volumes of steep low-crested
slopes is described in chapter 2. The test conditions applied during the experimental
tests are discussed in chapter 3. The remaining four parts each correspond to one of
the objectives in section 1.2.

The second part of this manuscript elaborates on the effect of the geometrical and
wave characteristics on the average overtopping rate (per meter crest width) of steep
low-crested slopes. A literature review of the existing knowledge on the average
overtopping rates applicable to steep low-crested slopes is given in chapter 4. In
chapter 5, the average overtopping rates measured during the experimental tests are
compared with their predictions from literature, and a new set of prediction formulae
is proposed.

A similar approach is followed for the third part, in which the effects of the
geometrical and wave characteristics on the reflection coefficient of steep low-
crested slopes are discussed (chapter 6).

The knowledge acquired from the second and third part is applied in the fourth
part (chapter 7) to determine the effects of an adaptive geometry on the overall
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hydraulic efficiency, obtained power and reflection behaviour for a number of
potential deployment sites.

The fifth part (chapter 8) deals with the study of the distribution of the wave-by-
wave overtopping volumes for steep low-crested slopes. The characteristics of the
distributions determined based on the wave-by-wave overtopping volumes measured
during the experimental tests are compared with traditionally applied characteristics
from literature. Eventually, new expressions for these characteristics are proposed.

Finally, chapter 9 contains the general conclusions and recommendations for
further research.






Development of a test set-up to measure
large wave-by-wave overtopping volumes

Experimental tests have been carried out to reach the objectives in section 1.2.
Accordingly, a test set-up able to measure large average overtopping rates and both
large and small wave-by-wave overtopping volumes accurately has been developed.
The main goal of this chapter is to describe the development of this test set-up.

2.1 Traditional measurement set-ups

2.1.1 Overview

There are a number of different measurement techniques which enable a direct
quantification of wave overtopping (e.g. Kortenhaus et al. 2004; Troch et al. 2004).
Figure 2.1 gives an overview of the concepts of the three most widely applied
techniques to measure wave overtopping in a wave flume and in prototype, i.e. the
wave gauge technique (Fig. 2.1a), the pressure sensor technique (Fig. 2.1b) and the
weigh cell technique (Fig. 2.1¢).

The principle of these three techniques is identical: the overtopped water is
collected over a specific crest width and runs down a chute into a reservoir where the
amount of accumulated overtopped water is measured continuously during a test run.
The idea behind this principle is that the output of the measurements consists of a
gradually increasing curve of water elevation, pressure or mass as a function of time,
which is the basis for determining the average overtopping rate ¢ [m*s/m] and

wave-by-wave overtopping volumes V, [m*m]. This approach has been used for
example by Franco et al. (1994) to derive average overtopping rates and wave-by-
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wave overtopping volumes for vertical walls in relatively deep water, applyving the
weigh cell measurement technique.

7
/ k‘
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tested structure

wave gauge

maximum water level

reservoir

ST777777777777777777777777777777 minimum water level
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reservmr pump
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Figure 2.1: Concept sketches of most commonly used techniques to measure wave
overtopping volumes in a wave flume and in prototype: (a) wave gauge technique,
(b) pressure sensor technique, (¢) weigh cell technique.
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The difference between the overtopping measurement techniques (Fig. 2.1) is
related to the type of measurement device that is used to determine the amount of
accumulated overtopped water inside the reservoir:

e a (set of) wave gauge(s) suspended in the reservoir, measuring the water level
inside the reservoir (Fig. 2.1a);

e a (set of) pressure sensor(s) positioned at the bottom of the reservoir measuring
the pressure of the water column above the pressure sensor(s) (Fig. 2.1b); and

e a (multiple) weigh cell(s) positioned below or above (the reservoir is suspended
at a load cell) the reservoir measuring the mass of the water inside the reservoir
(Fig. 2.1¢).

Wave gauges are established devices, used for measuring water surface elevations
in laboratory. Consequently, wave gauges are commonly used to determine the water
level inside the reservoir and accordingly to quantify wave overtopping (e.g. Kofoed
2002; Lykke Andersen and Burcharth 2009). An important disadvantage is the
susceptibility of the output signal of a wave gauge to oscillations of the water level
inside the reservoir. These oscillations are caused by the impact of the overtopping
water when it enters the reservoir. The importance of these oscillations increases
when the length of the chute decreases. By using a set of wave gauges, small
oscillations can be eliminated by averaging the signals of these wave gauges.

The disadvantage of the wave gauge technique is also valid for a (set of) pressure
sensor(s). In addition to these disadvantages, the installation of the pressure sensors
at the bottom of the reservoir is practically less convenient. The pressure sensor
technique is mainly used in prototype devices (e.g. Tedd and Kofoed 2009; Troch et
al. 2004).

The output signal of a (set of multiple) weigh cell(s) is less susceptible to
oscillations of the water inside the reservoir. Whereas a wave gauge and a pressure
sensor both correspond to measurements in one particular point, the weigh cell
measures the total amount of accumulated overtopped water inside the reservoir
directly. This means that the output signal of the weigh cell is only affected by the
average oscillations of the total volume of water inside the reservoir, ie. a
mechanical low-pass filtering is applied due to the set-up of the measurement device.

Apart from the advantage of being less susceptible to oscillations of water inside
the reservoir, weighing systems are intrinsically more accurate than wave gauge
techniques. Based on a number of examples, Van der Meer et al. (2005a) concluded
that the accuracy of the average overtopping rate in small scale overtopping
measurements is about 10°m?/s/m when based on water level changes, while it is
about 10¥m?/s/m when using the weigh cell technique. In prototype, assuming a
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Froude length scale of 1:30, the accuracy is about 0.16 1/s/m for the less accurate
technique, while it is about 0.0016 I/s/m for the most accurate technique. Knowing
that the allowable overtopping rate of many sea defence structures is set to 1.0 I/s/m
(EurOtop 2007), it is clear that the difference in measurement accuracy plays an
important role in the design of those structures.

The weigh cell technique is used for example by Schiittrumpf (2001), Pullen et
al. (2009) and Franco et al. (1994).

2.1.2 Application of traditional measurement set-ups to steep
low-crested slopes

When applying the principle of the traditional measurement set-ups, described in
section 2.1.1, to the steep low-crested slopes studied in this PhD-research, a number
of aspects need to be taken into account:

e since the steep low-crested slopes are intended to maximize wave overtopping,
large oscillations of the water mass inside the reservoir can be expected;

e a mix of large and small wave-by-wave overtopping volumes occurs for steep
low-crested slopes. Consequently, the measurement technique should be able to
measure both large and small overtopping volumes accurately.

These aspects are in favour of the weigh cell technique to determine the wave
overtopping behaviour accurately for steep low-crested slopes. The weigh cell
measurement technique is described in detail in section 2.2. Its ability to determine
the wave-by-wave overtopping volumes accurately for steep low-crested slopes is
discussed in detail in section 2.3.

The consequences of the transport of water, the procedure to determine the
average overtopping rates and wave-by-wave overtopping volumes, and the design of
the components, discussed in section 2.2 for the weigh cell measurement technique,
are similarly applicable to the wave gauge technique and pressure sensor technique.

2.2 Weigh cell measurement technique

The concept of the weigh cell technique is shown in Fig. 2.1c for the configuration
with a weigh cell positioned below the reservoir. This configuration is preferred to
the configuration with a reservoir suspended from a load cell, since it is less
susceptible to the impacts of larger volumes of water (which may cause resonance of
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the suspended measurement set-up). The weigh cell should remain dry and therefore
is usually positioned outside the wave flume. Accordingly, the test set-up
traditionally has a long chute.

The design of the components of the weigh cell measurement technique is an
iterative process; it is described in section 2.2.2. First, the consequences of the
transport of water for the test set-up and for the output signals of the weigh cell are
discussed in section 2.2.1.

2.2.1 Consequences of transport of water

For test runs with larger average overtopping rates, an unintentional decrease in
water level occurs in the area of the wave flume seaward of the structure, which
would eventually cause overtopping to stop. In order to compensate for this decrease,
water needs to be transported to that area during the test run.

There are two approaches for this transport, depending on the ratio of the total
volume of overtopped water over a test run compared to the volume of the reservoir
and to the capacity of the weigh cell. When the total volume of overtopped water
over a test run exceeds the volume of the reservoir or the capacity of the weigh cell,
water is transported from the reservoir back to the flume by a pump which is
suspended inside the reservoir (Fig. 2.1). The pump is triggered by the weigh cell and
starts pumping when a specific maximum volume is reached. Furthermore, a
minimum volume is set to avoid the pump from running dry. Examples of the water
levels corresponding to the maximum and minimum volume are shown in Fig. 2.1a.

The second approach is used when the total volume of overtopped water over a
test run is smaller than the total volume of the reservoir and it does not exceed the
capacity of the weigh cell. In that case, water is pumped from a second independent
reservoir to the flume. This situation only occurs when the average overtopping rate
is very small for all tests in a test series. In general, this is not the case and a pump is
suspended inside the reservoir.

The presence of the pump inside the reservoir has a double effect on the output
signals of the weigh cell. First, the mass indicated by the weigh cell consists of the
real mass of water inside the reservoir added up with the displacement of the
submerged part of the pump. Therefore, it is referred to as the “relative” mass of
water inside the reservoir A/, [kg]. The mass of the reservoir is not part of M

rel rel >

since the weigh cell is zeroed after the reservoir is put in place. A calibration curve
should be set up between the real mass of water inside the reservoir and A, due to

rel >
the fact that one is only interested in the real accumulated mass of water inside the
reservoir. Such calibration curve (Fig. 2.2) has been created for the AAUOS and
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UGIO test series carried out during this PhD-research (see chapter 3). The derivation
of the calibration curve for the UG10 test series is as follows. The relative mass of
water inside the reservoir indicated by the weigh cell at the start of the calibration
process was 38.000 kg. This value is chosen as the bottom value for the calibration,
since it approximately corresponds to the minimum volume of water required inside
the reservoir to avoid the pump from running dry. The weigh cell below the reservoir
has an accuracy of 0.005 kg.

60 T T T
| — m,,,=m,,-38000kg
@ calibration values

40 + iy

30+ .

Absolute mass of water M, . [kg]

10 4+ .

0 f f f f f

38 45 55 65 75 85 98

Relative mass of water inside the reservoir M, [kg]

Figure 2.2: Calibration curve between real mass of water inside the reservoir and
measurement by the weigh cell, UG10 test series.

By gradually adding known volumes of water (0.200 kg to 0.550 kg, accuracy of
the weigh cell used for weighing the added volumes is 0.002 kg) to the reservoir, the
relative mass of water inside the reservoir increases. This process is continued up to a
relative mass of 94.000 kg, i.e. equal to the maximum capacity of the weigh cell
(100.000 kg) minus the mass of the reservoir (6.000kg). The horizontal axis in
Fig. 2.2 contains the relative mass of water inside the reservoir, while the vertical
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axis shows the total mass of water added to the reservoir starting from the relative
mass of 38.000 kg. Since the total mass of water added to the reservoir is related to
the real mass of water inside the reservoir, it is referred to as the absolute mass of
water inside the reservoir M ,, [kg]. Note that this absolute mass is not the total real

mass of water inside the reservoir, since it is still relative to the initial relative mass
of 38.000 kg read from the weigh cell. However, this relative reference mass has no
effect on the intended output of the test, i.e. the accumulated real mass of water
inside the reservoir over a test run.

The following relationship was found between A/, and A/ ,, for the calibration

rel
curve in Fig. 2.2:

M, =1.075M,, +38.000kg (2.1a)

Equation (2.1) corresponds to a straight increasing line, indicating the
displacement of the submerged part of the pump increases linearly with the absolute
mass. The following example illustrates the importance of the use of Eq. (2.1a).
When pumping between 70.000 kg and 40.000 kg, a decrease in M ,, of 30.000 kg is

registered, while in reality only a decrease of 28.000 kg occurs. This corresponds to a
7.5 % overestimation of the pumped mass of water, i.e. a conservative approach.
Hence, applying the calibration curve is particularly important when an accurate
determination of the average overtopping rates and wave-by-wave overtopping
volumes is required.

The reliability of Eq. (2.1a) is expressed by a root mean square error (rmse),
defined as:

rel

Niass
rmse = J 1 Z (Mrel,mea.v,n _Mrel,pred,n )2 (2 1b)

mass  n=1

in which N, is the number of masses added to the reservoir when setting up the

calibration curve. The rmse-value of the calibration curve for the UGI0 test series
equals 0.20. The 90% prediction interval of Eq. (2.1a) is bounded by:

(2.1¢)
M =M —1.645rmse

rel 90%, lower rel, pred

{M ret.0osgper = M yop proq +1.6451m50

For example, a mass of 22.360 kg + 0.002 kg added to the reservoir corresponds
to a measured relative mass M of 62.205 kg + 0.005 kg. The predicted relative

rel, meas
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mass M, ., by Eq. (2.1a) is 62.037 kg. This shows that the accuracy of the weigh

cell below the reservoir is not taken into account when using the prediction formula
in Eq. (2.1a). The upper and lower boundaries of the 90% prediction interval are
62.366 kg and 61.708 kg respectively. Accordingly, the uncertainty concerning the
measured values is overruled by the uncertainty of the predicted relative mass

rel, pred *

The second consequence of the transport of water with the pump is related to the
output signals of the weigh cell. Instead of the intended gradual increase in real mass
(ie. the cumulative curve), a decrease occurs in the signal each time the pump
transports water to the flume. In order to achieve the cumulative curve, the weigh cell
signal should be compensated for pumping. This process is discussed in detail in
section 2.2.3.

2.2.2 Design of components of traditional weigh cell
measurement technique

The design of the components of the weigh cell measurement technique (outlined
below) is an iterative process, since these components are related to each other:

expected average overtopping rates;

dimensions of the reservoir;,

width of collection zone of overtopped water, 1.e. the overtopping width;
capacity of the weigh cell

pump: discharge and duration of pumping

allowable decrease of water level inside the wave flume

Based on the experiences with the test set-ups developed for this PhD-research, a
method has been derived to achieve a first estimate of the characteristics of each of
the above components. A stepwise description of this method is given below:

1. Predict the average overtopping rates based on prediction methods from
literature for all planned tests and select the test which results in the largest
average overtopping rate ¢, [m*/s/m].

2. In order to be able to decrease the water level inside the reservoir, the pump
discharge Q.. [m*/s] should be larger than the largest average overtopping rate

multiplied by the overtopping width B, [m]:
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DBy < Cons 2.2)

Preferably, ¢, is multiplied by a safety factor (see below), since the

instantaneous overtopping rate during a test run can be larger than the average
overtopping rate.

3. The horizontal dimensions of the reservoir are determined by (1) the dimensions
of the pump, (2) the dimensions of the weigh cell, (3) the overtopping width, and
(4) the width of the wave flume. Based on the horizontal dimensions of the
reservoir and the height of the pump inlet, the minimum volume 7 [m?] that

should be available in the reservoir for avoiding the pump from running dry is
determined.

4. The maximum volume J [m?®] is determined by (1) the allowable vertical

dimensions of the reservoir (limited by the height of the collection zone, i.e. the
inlet zone of the reservoir), (2) the allowable decrease of water inside the wave
flume and (3) the capacity of the weigh cell.

5. The strategy for pumping is that the pump transports water during a fixed time
period 7, [s]. starting from the moment the volume in the reservoir reaches

v . The period T

res, max pump
maximum and minimum volume, assuming no water enters the reservoir during
pumping:

is defined as the duration of pumping between the

Ve =V,

qump pump < Fres,max res, min (23)
The method outlined above results in an initial design of the components of the
weigh cell measurement technique. Their design is an iterative procedure enhanced
by the fact that a number of dynamic effects occur during the test related to ¢, :

¢ The instantaneous overtopping rate will be larger than the average overtopping
rate. In that case, the water level inside the reservoir still increases during
pumping. This unfavourable dynamic effect is solved by choosing a pump with a
larger discharge compared to Eq. (2.2) (for example with 2¢B, <Q,,,.. ), and by

to allow a small temporary increase of the water level inside the

ump
limiting ¥V, ..

reservoir during pumping for the largest instantaneous overtopping rates.
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e The discharge of the pump @, is not constant during pumping; there is a start

pump
up and cooling down period. The start up period is caused by the reaction time of
the pump (0.4 s for the pump of the UG10 test series, chapter 3), and thus affects
the value of V.. The cooling down period (2.0 s for the pump of the UG10

test series) corresponds to a further decrease of water level inside the reservoir
due to the fact that the rotor of the pump takes a small period of time before it

stands still. The variation in Q,,,,, during pumping should be taken into account

in the left hand side of Eq. (2.3) when determining the duration of pumping 7°

pump *

e Overtopping occurs during pumping. Correspondingly, a larger amount of water
is present in the reservoir after pumping compared to the case when no
overtopping occurs during pumping. This means that the pump starts pumping
within a smaller time period, resulting in a larger number of pumping events and
an evenly larger number of pump compensations. In order to decrease this
number, the duration of pumping may be increased. However, this intervention
increases the risk for the pump to run dry when no overtopping occurs during

pumping.

2.2.3 Determination of average overtopping rate by weigh cell
measurement technique

The procedure to derive the average overtopping rate from the output signals of the
weigh cell measurement technique is explained in this section based on an example
of a small scale test of the UG10 test series with a relatively small amount of wave
overtopping.

The variation of the relative mass of water inside the reservoir (expressed in kg)
over the duration of the test run is shown in Fig. 2.3. Five pumping events occur. The
pump turns during a fixed number of seconds and starts when a maximum relative
mass of 70 kg is reached.

Based on the calibration curve between relative and absolute masses (Fig. 2.2),
the variation in absolute mass over time is obtained (Fig. 2.4). This is the starting
point to determine the average overtopping rate, which can be determined in four
different ways.
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Figure 2.3: Variation in relative mass of water over time for a small scale test of the
UG10 test series with a relatively small average overtopping rate.
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Figure 2.4: Variation in absolute mass of water over time for a small scale test with
a relatively small average overtopping rate.

A first estimate of the average overtopping rate g is achieved based on the
number of pumping events ( N, ) and the average absolute mass of water
W =pQ,ump Loy [kgl transported during the fixed pump duration. The

corresponding expression for the average overtopping rate g is:

_ (Mdfff + NP“'"P W) (24)

1, B,

The parameter M . [kg] is obtained by subtracting the mass of water in the

reservolr at the end of the test run from the 1nitial mass of water in the reservoir at the
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start of the test run (Fig. 2.4). The terms in the denominator of the right hand side of
Eq. (2.4) are added to obtain the dimension m*/s/m for ¢ . The parameter 7, [s] is the

total duration of the test run, not including the parts at the start and end of the test run
without wave overtopping (Fig. 2.4).

A second estimate of the average overtopping rate is achieved based on the curve
of the cumulative mass in the reservoir over time (Fig. 2.7). This curve has been
generated by compensating for pumping, which consists of the following steps:

1. Derivation of the characteristic pump curve (Fig. 2.5). A pump curve is achieved
as the output of the weigh cell when pumping from the maximum volume V

for the duration 7 and allowing no water to enter the reservoir. This process

pump

is repeated at least five times. The pump curves exhibit a spreading around an
average pump curve, i.e. the characteristic pump curve. The calibration curve
(relative vs. absolute masses of water in the reservoir) is used in a next step to
translate the vertical axis of the characteristic pump curve to absolute masses.
The corresponding characteristic pump curve used for the UG10 test series is
shown in Fig. 2.5 (spreading + 0.090 kg). Despite the spreading on the pump
curve, the pump is assumed to describe the characteristic pump curve for each
pumping event during the test runs. Furthermore, tests carried out in the
framework of the UG10 test series (chapter 3) show that the characteristic pump
curve is not affected by both the impact of the overtopped water entering the
reservoir, and the occurrence of overtopping during pumping.

2. A new curve is determined by subtracting the characteristic pump curve from the
horizontal line corresponding to the absolute mass at the start of pumping (i.e.
30kg for the UGIO test series, Fig. 2.5). This curve is referred to as the
conjugate characteristic pump curve.

3. Based on the weigh cell signal in Fig. 2.3, the start positions for pumping are
identified as the moments when the relative mass of water inside the reservoir
exceeds 70 kg.

4. A curve is assembled by adding the conjugate characteristic pump curve at each
of the start positions for pumping, with constant values in between. This results
in the curve of pumped mass (Fig. 2.0).
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Figure 2.5: Characteristic pump curve for the UGI0 test series. The start up
period is 0.4 s, while the cooling down period is 2.0 s.
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5. By adding the curve of pumped mass (Fig. 2.6) to the curve of absolute mass in
the reservoir over time (Fig. 2.4), the cumulative curve is achieved (Fig. 2.7).
This step finalizes the process of compensating for pumping.
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Figure 2.6: Curve of pumped mass over time for a small scale test with a relatively
small average overtopping rate.

The average slope angle ¢ of the cumulative curve (Fig. 2.7) determines the

average overtopping rate ¢ :

tan @
=— 2.5a
=73 (2.5a)

q
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M
— total (25b)
pT, B,

M, [kg] is the difference in cumulative mass between the end and the start of
the test run (Fig. 2.7).
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Figure 2.7: Cumulative absolute mass in reservoir over time for a small scale test
with a relatively small average overtopping rate.

Determining the slope angle of the cumulative curve comes down to averaging the
time-differentiated cumulative mass of water dg/dt [kg/s] in the reservoir over time.

Hence, a third expression for the average overtopping rate ¢ is:
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(2.6)
pBa

The time-differentiated cumulative mass of water in the reservoir over time is
given in Fig. 2.8.
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Figure 2.8: Time-differentiated cumulative mass in reservoir over timefor a small
scale test with a relatively small average overtopping rate.

The large negative peaks in Fig. 2.8 are caused by imperfect compensation for
pumping, for example due to the spreading on the characteristic pump curve. When
the characteristic pump curve is positioned below the real pump curve, descending
sections occur in the cumulative curve in Fig. 2.7, resulting in the negative peaks in
Fig. 2.8. The smaller negative peaks in Fig. 2.8 are caused by the impacts of the
larger overtopping waves when they reach the reservoir. This impact results in a
temporary overestimation of the overtopped mass. Hence, a negative peak occurs in
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its derivative. The effect of the negative peaks on the average overtopping rate ¢ is

negligible. However, when applying the weigh cell measurement technique to
determine wave-by-wave overtopping volumes (section 2.2.4), the negative peaks
should be as little as possible, in order to maximize the accuracy of the derived
volumes (during pumping).

2.2.4 Determination of wave-by-wave overtopping volumes by
weigh cell measurement technique

The identification of the wave-by-wave overtopping volumes is based on the
cumulative curve (Fig. 2.9).
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Figure 2.9: Detail of cumulative mass in reservoir over time for the small scale test
with the sea defence structure — identification of wave-by-wave overtopping masses.
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This technique was used for the first time by Franco et al. (1994) for the case of
caisson breakwaters (vertical walls) and later for example by Pearson et al. (2002)
(10:1 battered walls). It is based on the fact that each overtopping wave causes an
abrupt increase in cumulative mass in the reservoir. Consequently, the differences in
cumulative mass between two consequent horizontal sections of the cumulative curve
correspond to the wave-by-wave overtopping masses M, [kg] (Fig. 2.9). These

masses are related to the wave-by-wave overtopping volumes V, [m*m] through
divisionby pB_.ie V, =M, [pB,_.

Accordingly, there is a fourth expression for the average overtopping rate ¢,
defined as the ratio of the sum of the wave-by-wave overtopping volumes J, and the

total duration of the test run 7 :

2V 2.7)

It should be noted that this method is originally designed for deriving relatively
small wave-by-wave overtopping volumes for tests with small average overtopping
rates which do not require the installation of a pump inside the reservoir (Franco et al.
1994). Since large average overtopping rates and large wave-by-wave overtopping
volumes are expected for the steep low-crested slopes considered in this PhD-
research, the ability of the traditional weigh cell technique (described in section 2.2)
to determine those rates and volumes should be investigated. This is the subject of
the following section 2.3.

2.3 Ability of weigh cell measurement technique
to determine overtopping behaviour of steep
low-crested slopes

When large average overtopping rates occur, a pump with a large discharge Q,,,,

should be used, Eq. (2.2). Despite the large value of Q,,,, . the number of pumping
events N, is high due to the relatively limited dimensions of the reservoir.

Accordingly, the number of negative peaks occurring in a figure similar to Fig. 2.8 is
also high. This means that an accurate compensation for pumping is very important
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for steep low-crested slopes in order to obtain a sufficient accuracy of the derived
wave-by-wave overtopping volumes.

Traditionally the length of the chute is rather long for the configuration with the
weigh cell positioned below the reservoir, since the weigh cell is installed outside the
wave flume to keep the weigh cell dry. Due to the long chute, there is a significant
time delay between the moment a wave overtops the structure and the moment the
corresponding overtopped water mass is registered by the weigh cell. When two
waves overtop the crest of the structure within a small time interval, the two
corresponding water masses could merge along the length of the chute. Hence, an
accurate measurement of the wave-by-wave overtopping volumes requires a short
chute.

A proper identification of the wave-by-wave overtopping volumes based on the
cumulative curve requires knowledge on the times when waves overtop the crest
(dots on horizontal axis Fig. 2.9). This means that a measurement system should be
installed at the crest of the slope able to identify those times, similar to Pullen et al.
(2009) which improved the test set-up of Franco et al. (1994) using an overtopping
detection system.

The following two sections describe the overtopping measurement systems of the
two test set-ups that have been developed during this PhD-research to measure large
wave-by-wave overtopping masses accurately for steep low-crested slopes. Both
measurement systems are based on the weigh cell measurement technique
(section 2.2), which has been adjusted to enable accurate determination of large
wave-by-wave overtopping volumes.

A first test set-up has been installed in a wave flume at the Department of Civil
Engineering at Aalborg University (Denmark), resulting in the AAUOS test series
(section 2.4). A second test set-up has been installed in a wave flume at the
Department of Civil Engineering at Ghent University (Belgium) resulting in the
UGIO test series (section 2.5). The test set-up in section 2.5 is considered as an
improved version of the test set-up in section 2.4, since it is able to measure the large
individual overtopping volumes more accurately compared to the test set-up
described in section 2.4.

2.4 Overtopping measurements for AAUOS test
series

This section describes the adjustments to the weigh cell measurement technique for
the AAUOS test series. A detailed description of the test conditions for the AAUOS
test series is given in chapter 3.
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Based on section 2.3, two requirements apply for the measurement set-up to
determine the overtopping behaviour of steep low-crested slopes more accurately, i.e.
the application of a short chute and an overtopping detection system.

A reduction of the length of the chute requires the weigh cell and reservoir to be
positioned inside the wave flume. Correspondingly, both components are positioned
directly behind the crest of the steep slope in a wooden box, referred to as the dry
area (Fig. 2.10). Since the dry area is located inside the wave flume, the wooden box
is heavily ballasted in order to withstand the large upward Archimedes forces of the
surrounding water.

wave
direction

reservoir

weigh cell

ballast

Figure 2.10: Back view ofthe AAUOS test set-up. The dry area with reservoir, weigh
cell and ballast is clearly visible.
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Figure 2.11: Inside view o fthe reservoir.

Furthermore, an overtopping detection system is installed at the crest of the tested
slopes (Fig. 2.11), similar to (Pullen et al.(2009). The system consists of two vertical
metal wires with a limited height that are connected to a power source (5 V). The
working principle of the overtopping detection system is similar to that of a wave
gauge: the voltage between the two wires changes when these are covered by water.
Each overtopping wave causes a peak in the output signal of the overtopping
detection system. This is explained by the movement of the overtopping tongue of an
overtopping wave. That tongue reaches the crest of the structure and overtops into
the reservoir. When the trough ofthe wave reaches the slope, the overtopping tongue
withdraws until finally no water covers the two wires of the overtopping detection
system.

Note that the two wires are installed in the centre of the wave flume width, at the
crest of the slope. Pullen et al.(2009) detect wave-by-wave overtopping events using
two parallel strips of metal tape run along the total structure crest width which act as
a switch closed by the water. Due to the perpendicular wave attack of the structures
in the wave flume of the AAUOS test series, the difference between both methods is
expected to be negligible.

A typical output signal of the overtopping detection system of the AAUOS test
set-up is shown in Fig. 2.12 (short-dashed line). The corresponding cumulative
weigh cell signal is also displayed (solid line). The overtopping detection signal is
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scaled for the purpose of visualization. Each peak of the overtopping detection
system exceeding a specific threshold corresponds to a significant wave-by-wave
overtopping volume. Due to the fact that the weigh cell and reservoir are positioned
directly behind the crest of the slopes, the time delay between the peaks and the
corresponding increase in the cumulative curve is reduced to a minimum (illustrated
by the arrows in Fig. 2.12). This confirms the suitability of the overtopping detection
system to derive the wave-by-wave overtopping volumes accurately. Accordingly,
the procedure described in section 2.2.3 to find the cumulative curve is completed
with the following steps to determine the wave-by-wave overtopping volumes:

6. Each peak of the output signal of the overtopping detection signal that exceeds a
threshold determined based on the output of the overtopping detection system
when dry, corresponds to a considerable increase in the cumulative average
overtopping rate. Since the overtopping detection system is positioned at the
crest of the slope, a delay occurs between the peaks and the corresponding
increases in the cumulative curve. The cumulative mass corresponding to the
horizontal sections preceding each of these increases, is linked to the
corresponding peak of the overtopping detection signal (Fig. 2.12).

7. The wave-by-wave overtopping masses M, are defined by the differences

between the cumulative masses corresponding to the horizontal sections for two
consecutive peaks of the overtopping detection signal (Fig. 2.9). The
corresponding wave-by-wave overtopping volumes are calculated using the
relationship V; =M,/ pB,.

Due to the high number of pumping events and the fact that wave-by-wave
overtopping volumes occurring during pumping need to be determined accurately, an
accurate compensation for pumping has to be applied. One of the corresponding
measures 1is the generation of a binary signal during each test run (0 when the pump
is not working and 1 during 7, ). At the start of the cooling down period, the data

acquisition system verifies if the volume of water inside the reservoir is larger than
v or not, and correspondingly decides if a new pumping event is required or not.

When a new pumping event is started, the pump continues pumping. The occurrence
of two consecutive pumping events is particularly important for larger average
overtopping rates.
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Figure 2.12: Typical example of output signal of overtopping detection system for
AAUOS test set-up, with the corresponding cumulative weigh cell signal.

An accurate compensation for pumping was impeded for the AAUOS test series,
since a pump without return valve was applied, allowing water in the outlet tube to
run back to the reservoir after pumping. Furthermore, other “children’s diseases™
appeared while carrying out the tests and when analyzing the test results of the
AAUOS test series:

e The dry area (containing the reservoir and weigh cell) is positioned across the
total width of the wave flume, 1.e. 1.2 m, to allow a person to enter and carry out
adjustments to the overtopping measurement set-up (Fig. 2.13).
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Figure 2.13: Top view o fthe AA UOS test set-up. The wave direction is upwards.

The overtopped water is collected over a crest width of only 0.5 m along the
centre of the wave flume, in order to limit both the dimensions of the reservoir
and the capacity of the weigh cell. Since the dry area had to be kept dry, wave
overtopping outside the collection zone of the overtopped water was not allowed.
In order to avoid wave overtopping, mild gravel beaches have been installed in
front of the crest of the slope in the zones outside the collection zone of the
overtopped water to induce wave breaking (Fig. 2.13). Consequently, the width
of the tested structure is reduced to 0.5 m, equal to the width of the overtopping
tray. Furthermore, wooden partitions are installed between the structure and the
adjacent beach zones over approximately 1/3rd of the length of the wave flume in
order to allow the installation of the beaches.

The resulting “slope” consists of three zones, with a highly reflective zone in the
centre (the actual structure) and beach profiles at the sides of the structure with
very little reflection. The differences in reflection coefficient between the
structure and beach profiles affect the incoming waves and the performance of
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the active wave absorption system, which is designed to reduce the rereflection of
the reflected waves from the structure at the wave paddle.

¢ Since transport of water from the reservoir to the flume was impossible below the
test set-up, the pump outlet was positioned in one of the beach profile sections
(Fig. 2.13) in order not to disturb the incoming waves in the central section. The
jet of the pump outlet also affects the incoming waves and the performance of the
active wave absorption system.

e By positioning the reservoir directly behind the crest of the slope, large
oscillations of the water level occur inside the reservoir. The output signal of the
weigh cell is affected by those oscillations, which are enhanced by the large
sampling frequency (40 Hz) of the weigh cell of the AAUOS test series.

Eventually, the active wave absorption system has not been activated during the
AAUOS test series, since the obtained wave spectra in the central zone appeared to
approach the intended wave spectra better without active absorption.

Despite the “children’s diseases” of the AAUOS test set-up, their effects on the
average overtopping rates ¢ for the irregular wave tests are considered to be

negligible. The corresponding test results are presented and discussed in chapter 5 of
this PhD-manuscript. However, the “children’s diseases” related to the pump and the
oscillations inside the reservoir resulted in the derivation of unrealistic negative
wave-by-wave overtopping volumes. Consequently, the wave-by-wave overtopping
volumes determined for the AAUOS test series are not used for further analysis in this
PhD-manuscript.

The size of the negative peaks in the curve of the time-differentiated cumulative
mass in the reservoir over time is a measure for the quality of the determination of
the wave-by-wave overtopping volumes. Larger negative peaks correspond to a less
accurate compensation for pumping and to a larger impact of the waves when these
enter the reservoir. Due to this impact the positive peaks will also be larger.

The time-differentiated cumulative mass in the reservoir over time is shown in
Fig. 2.14 for a typical example of an irregular wave test carried out with the AAUO8
test set-up. Negative peaks down to -10 kg/s and positive peaks up to 60 kg/s occur,
indicating that the accuracy of the compensation for pumping and the measurement
technique need to be improved in order to measure wave-by-wave overtopping
volumes accurately. Therefore, a second improved test set-up has been designed,
described in section 2.5.
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Figure 2.14: Time-dijferentiated cumulative mass in reservoir over time — AAUOS
test set-up.

2.5 Overtopping measurements for UG10 test
series

This section describes the adjustments to the AAUOR test set-up for the UG10 test
series carried out at Ghent University, Belgium. A detailed description of the test
conditions of the UG10 dataset is given in chapter 3. The following adjustments have
been made to the AAUOS test set-up to solve its “children’s diseases™:
o A pump with return valve has been applied in the UG10 test series.

o The shape and width of the dry area have been altered in order to allow waves to
overtop the structure over the whole width of the wave flume (Figs. 2.15, 2.16
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and 2.17). Consequently, the installation of beach profiles is redundant. The rear
side of the dry area is sufficiently wide and long to install the weigh cell and the

reservoir (Fig. 2.16). The dry area is attached to the bottom of the wave flume.
CAD-drawings ofthe UG10 and AAUOS test set-ups are given in Appendix A.

Figure 2.15: Frontside ofthe dry area.

Figure 2.16: Rear side o fthe dry area.
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wave maker

bottom
wave flume

Figure 2.17: UGI10 test set-up - top view.

* The structure is built on top of a hollow foreshore, which enables the water to be
transported from the reservoir to the seaward side of the structure below the
structure (indicated by water current in Fig. 2.18). The foreshore is not built to
model areduction in water depth or a specific beach profile.

This measure further reduces the negative effects on the incoming waves and the
active wave absorption system.

* The overtopping width is reduced to 0.2 m (the wave flume has a width of 1 m)
and a smaller sampling frequency is applied for the weigh cell (5 Hz), in order to
limit the effect of large oscillations on the weigh cell signal.

A wooden bar is installed between the chute and the reservoir, to catch the impact
of'the overtopped water, further limiting those oscillations.

The measures taken in the data acquisition ofthe AAUOS test series to achieve an
accurate compensation for pumping (e.g. the binary signal) have also been used
during the UG10 test series. However, the weigh cell signals have been studied in
more detail in order to assemble the most accurate conjugate characteristic pump
curve for each pumping event.
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wave m aker

pump outlet

reservoir
water current

Figure 2.18: UGI0 test set-up —side view.

Two additional photos ofthe UG10 test set-up are given below, showing the rear
part (Fig. 2.19) and the front part of the test set-up (Fig. 2.20).

The overtopping detection system of the UG10 test set-up consists of a wave
gauge instead of two wires with a limited length. Since their principles are identical,
the methodology to derive the wave-by-wave overtopping volumes explained in
section 2.4 (AAUOS test series), also applies for the UG10 test series. Additionally,
the extended length of the two wires in the case of a wave gauge allows to directly
link the height of the peaks of the overtopping detection signal to the size of the
wave-by-wave overtopping volumes (Fig. 2.21). This aspect has not been further
investigated in this PhD-research due to time limitations (see chapter 9).

A second wave gauge is positioned at the end of the chute (Fig. 2.20). This wave
gauge exhibits a smaller time delay between the peaks in its signal and the increases
in the cumulative curve. However, since the lower part of this second wave gauge
was not covered by water for small overtopping waves, the output signal of the
second wave gauge has not been used for analysis.
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Figure 2.19: Rear view ofthe UGI10 test set-up. The pump outlet transports water to
the backside o ftheflume, from which itflows to thefi'ont o ftheflume below the
structure.

Figure 2.20: Frontview ofthe UGI0 test set-up. The width ofthe collection zone
ofthe overtopped water is 0.20 m. The overtopping detection system is clearly
visible.
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Figure 2.21: Typical example of output signal of overtopping detection system for
UG10 test set-up, with the corresponding cumulative weigh cell signal.

Similar to section 2.4, the quality of the calculation of the wave-by-wave
overtopping volumes is verified based on the size of the peaks in the curve of the
time-differentiated cumulative mass in the reservoir over time (Fig. 2.22). The size of
the negative and positive peaks is significantly reduced (down to -2 kg/s and 10 kg/s
only) compared to the AAUOS test set-up for a similar test, confirming the positive
effect of the adjustments. Accordingly, the wave-by-wave overtopping volumes can
be determined more accurately. This is confirmed by a number of examples (section
2.6).



Test set-up to measure large wave-by-wave overtopping volumes 2-33

80—

50 + -

40 + .

30 + .

Time-Differentiated cumulative
mass in reservoir over time [kg/s]

o\ /\/\#'.4% /\v“l\j\_l\_l\v/\“/\v/\/\,\_/\_/\']\ 'AAVA l\ A/\f\

A B4

15 S S S S S S S S
1000 1010 1020 1030 1040 1050

Time [s]

Figure 2.22: Time-differentiated cumulative mass in reservoir over time —UGI0 test
ser-up.

2.6 Accuracy of the UG10 test set-up - Examples

The procedure to determine the wave-by-wave overtopping volumes (described in
sections 2.2.3 and 2.4) has been programmed in Matlab® to analyze the test results
of the AAUO8 and UGI0 test series. The code of the final Matlab®-script for the
UGTIO test series is given in Appendix B.

In order to verify the ability of this Matlab®-script to derive the wave-by-wave
overtopping volumes accurately, two series of known water masses have been poured
into the reservoir. Next, the wave-by-wave overtopping masses calculated by the
Matlab®-script have been compared to the manually added overtopping masses.



2-34 Chapter 2

In contrast to the AAUOS test series, the approach suggested in section 2.2.1 has
not been used for the UG10 test series. Accordingly, Eq. (2.1a) has not been used in
the Matlab®-script. Instead, an interpolation between the different values in the
calibration curve, two-by-two, has been carried out (see Appendix B), since this
approach results in more accurate predictions compared to a global interpolation
between all data points in the calibration curve. The uncertainty on the calculated
relative masses is only determined by the accuracy of the weigh cell used for
determining the masses added to the reservoir (0.002 kg) and the accuracy of the
weigh cell below the reservoir (0.005 kg). Nevertheless, the calculated absolute
masses do not exhibit the accuracy of the weigh cell used for determining the added
masses (e.g. 0.771 kg in Table 2.1).

In the first test series, relatively small masses of water have been added, also
during pumping (Table 2.1). For each added mass, the corresponding absolute mass
calculated by the Matlab®-script is given. Furthermore, the difference between the
added and calculated absolute masses is given in the fourth column of Table 2.1. The
fifth column mentions whether the mass is added during pumping or not.

Table 2.1: Accuracy of UGI0 test set-up - Time series 1.

Difference
Mass Added Calculated between
Nr. mass mass [ke] added and Remarks
[kg] calculated
[kg]
1 0.604 0.602 -0.002
2 0.714 0.771 0.057 during pumping
3 0.130 0.142 0.012 during pumping
4 0.468 0.466 -0.002
5 0.022 0.022 0.000
6 0.290 0.281 -0.009

When no pumping occurs, the differences between the added and calculated
masses are of the order of magnitude of the accuracy of the weigh cell used for
determining the added masses. This means that when no pumping occurs, the
Matlab®-script is able to determine both very small and relatively large overtopping
masses.

During pumping, larger differences appear between the added and calculated
masses of water, both for smaller and larger added masses. This is due to the
spreading on the characteristic pump curve. The fact that the pumped absolute mass
for the different pump curves, generated to determine the characteristic pump curve,
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is positioned within £ 0.090 kg to the pumped absolute mass of the characteristic
pump curve illustrates that spreading.

In the second test series, relatively large and small volumes have been added to
the reservoir. In particular, a large overtopping volume (4.484 kg) has been added to
the reservoir during pumping. The results for the second example are shown in
Table 2.2.

Table 2.2: Accuracy of UGI0 test set-up - Time series 2.

Difference
Mass Added Calculated between
Nr. mass mass [ke] added and Remarks
[kg] calculated
[ke]
1 1.662 1.653 -0.009
2 0.016 0.014 -0.001
3 4.484 4.445 -0.039 during pumping
4 1.652 1.623 -0.029 during pumping
5 0.306 0.315 0.009
6 0.730 0.728 -0.002
7 0.030 0.032 0.002
8 0.586 0.571 -0.015
9 0.012 0.014 0.002
10 0.006 0.005 -0.001

The findings are similar to the ones of the first test, i.e. the maximum difference
between added and calculated masses occurs during pumping.

Based on Table 2.1 and Table 2.2, the following general conclusions are made
concerning the accuracy of determination of the overtopping volumes by the
Matlab®-script:

e When no pumping occurs, the accuracy of the calculated wave-by-wave
overtopping volumes is determined by the reliability of the calibration curve. For
the UG10 test series, this reliability is determined by the accuracy of the weigh
cell used for determining the added masses. The reliability for the AAUOS test
series is that of the linear regression line through the calibration curve, which
means the accuracy of the calculated overtopping volumes is slightly lower for
the AAUOS test series.
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¢ During pumping, the accuracy of determination of the wave-by-wave overtopping
volumes is determined by the spreading on the characteristic pump curve and the
reliability of the calibration curve, since this curve has been used to translate the
pump curve expressed in relative masses to the pump curve expressed in absolute
masses. As mentioned in section 2.4, the spreading on the characteristic pump
curve for the AAUOS test series is relatively high due to a number of “children’s
diseases” in the measurement set-up.

Both the accuracy of the weigh cell and the spreading on the characteristic pump
curve are limited for the UG10 test series. Accordingly, the overtopping volumes are
accurately calculated by the Matlab®-script described in Appendix B.

2.7 Conclusions

Two laboratory test set-ups have been developed during this PhD-research: AAUOS
test series and UGIO test series. The test set-up of the UGIO test series is an
improved version of the test set-up of the AAUOS test series and enables to measure
large wave-by-wave overtopping volumes accurately. Both test set-ups are based on
the weigh cell technique, which is traditionally used for measuring small wave
overtopping masses at scale models of sea defense structures.

Since large average overtopping rates occur for steep low-crested slopes, a pump
1s suspended inside the reservoir which pumps water from the reservoir to the wave
flume. The presence of the pump inside the reservoir requires a calibration curve
between the real masses and the measured masses, and a compensation for pumping,
in order to determine the cumulative real mass of water over a test run. The curve of
the cumulative real mass of water over time is the basis for determining the average
overtopping rates and wave-by-wave overtopping volumes.

An accurate determination of both parameters requires an accurate calibration
curve and an accurate compensation for pumping. Hence, a number of additional
adaptations have been carried out to the traditional weigh cell measurement
technique. For the most accurate test set-up of the UG10 test series, these adaptations
consist of structural adjustments and measures taken in the data acquisition system (a
small sampling frequency for the weigh cell, a binary signal) and during the analysis
of the output signals. The structural adjustments incorporate decreasing the length of
the chute, installing a proper overtopping detection system, using a return valve for
the pump, allowing wave overtopping over the whole width of the flume, guiding the
outflow of the pump to the front of the wave flume below the structure, and limiting
the oscillations of the water inside the reservoir.
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A methodology has been developed to determine the average overtopping rates
and large wave-by-wave overtopping volumes accurately for the adjusted test set-up
and has been programmed in a Matlab®-script.

The effectiveness of the compensation for pumping has been illustrated by the
small size of the negative peaks in the curve of the differentiated cumulative mass of
water in the reservoir against time.

Furthermore, the applicability of the Matlab®-script to determine the wave-by-
wave overtopping volumes accurately has been confirmed by comparing measured
and calculated (by the Matlab®-script) overtopping masses for two test series with
known measured overtopping masses.
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In the previous chapter, two test set-ups are described that have been used to
determine the overtopping behaviour of steep low-crested slopes: the AAUOS test
set-up (section 2.4) and the UG10 test set-up (section 2.5). Chapter 3 describes the
test conditions of each of the corresponding experimental test series, the AAUOS test
series and UGIO test series. It includes a description of the wave characteristics,
wave flumes and tested geometries.

3.1 Wave characteristics

The original scope of this PhD-research is the optimization of the performance of
overtopping wave energy converters (OWECs) with a single level reservoir. Hence,
in accordance to the experimental tests on OWECs with a single level reservoir
carried out by Kofoed (2002), irregular waves have been generated for both the
AAUOS test series and the UGIO test series based on the scatter diagram for a
particular location in the Danish North Sea: Point 3 (Meyer 2002). This point is
located 150 km off the Danish shore; the water depth is 39 m.

A scatter diagram shows the annual average frequencies of occurrence in time
FO,, [%] of all sea states at a particular location, for a specific acquisition period

and wave direction. Each row in the scatter diagram corresponds to an interval of
characteristic wave heights, with class representative /; [m] (subscript ;), while
each column corresponds to an interval of characteristic wave periods, represented by
T, [s] (subscript /). Each cell of the scatter diagram is referred to as a sea state. The

combinations of characteristic wave heights and wave periods each characterize a
particular wave condition measured or simulated at the particular location. These
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parameters can be either based on the time series of the water surface elevation (time
domain), or on the corresponding wave spectrum (frequency domain).

In order to limit the number of sea states for preliminary design purposes,
characteristic sea states have been defined. These sea states are a weighted average of
the total number of sea states in the scatter diagram. For each wave height /7, a

weighted wave period has been defined as follows:
Nr
T,=>T,FO, G.D
1

where N, [-] is the number of characteristic wave periods for each of the wave

heights /7, in the scatter diagram. Typically, only the wave height intervals with a

Nr
frequency of occurrence FO, = ZFO/', , [%] larger than 1% are considered.
=1

By applying this method, five characteristic sea states have been found based on
the omnidirectional annual average scatter diagram of Point 3 (Kofoed 2002). For
each characteristic sea state, the significant wave height /7. the peak wave period

T, . the frequency of occurrence in time #O, and the wave power 2, [kW/m]

2J> wave, j
are given (Table 3.1). A single peaked wave spectrum applies in Point 3. Therefore,
the peak incident wave period is related to the spectral incident wave spectrum by
7,, =117, inthis PhD-manuseript.

Table 3.1: Five characteristic sea states at Point 3 (Kofoed 2002).

Probability of

Sea state H;;[m] | T,;[s] occurrence FO, Wave power
number j S P (%] J Pyoe; [KW/m]

1 1.0 5.6 47.6 2.5

2 2.0 7.0 21.4 13.6

3 3.0 8.4 9.6 35.0

4 4.0 9.8 4.1 69.3

5 5.0 11.2 1.7 123.7

Note that the sum of the frequencies of occurrence over the five sea states is only
85 %. The sea states occurring at the remaining 15 % of the time correspond to
significant wave heights that are either smaller than 0.5 m (£ 14.0%) or larger than
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5.5 m (£ 1.0 %). These sea states are omitted by assuming that no potential energy
is captured for the smaller wave heights and that the contribution of the larger wave
heights to the overall hydraulic efficiency is negligible. Consequently, from the
energy point of view, this is a conservative approach.

In order to generate the wave heights and wave periods from Table 3.1 in the
wave flumes of the AAUO8 and UGI0 test series (sections 3.2 and 3.3), a Froude
length scale of 1:30 is used for both test series. The scaled wave heights and wave
periods are shown in Table 3.2.

Table 3.2: Five characteristic sea states at Point 3, scaled down with Froude length
scale 1:30.

momber | e | gl | Tyl | syl | Swal]
1 W11 0.033 1.022 0.020 0.024
2 W22 0.067 1.278 0.026 0.034
3 W33 0.100 1.534 0.027 0.033
4 W44 0.133 1.789 0.027 0.032
5 W55 0.167 2.045 0.026 0.031

Each of the characteristic sea states is given a reference name (first column in
Table 3.2), which is used further in this document. The name contains two numbers,
respectively referring to the wave height //  and wave period 7, of the

corresponding sea state. As an example, W33 corresponds to a sea state with a wave
height #_, = 0.100 m and a wave period 7, ; = 1.534 s. These five characteristic

sea states (W11 to W55) have been used during the experimental tests of the AAUOS
test series. As mentioned in section 1.2, the range of application for the wave
steepness of these sea states is rather small, with 5, ; ~ 0.033. In order to broaden

this range of application for the UG10 test series, two measures have been taken:

e additional wave heights have been introduced: 4, = 0.020 m (0.6m in
prototype) and H , = 0.185 m (5.6 m in prototype); and
¢ additional sea states, assembled from wave heights and wave periods of the five

original characteristic sea states (Table 3.2) have been applied. Each wave period
in Table 3.2 has been combined with three wave heights (Eq. 3.2), with j

ranging from 1 to 5.
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H.v,jfl
T, <M, (3.2)
H

§,j+1

The resulting characteristic sea states used during the UG10 test series are given
in Table 3.3.

Table 3.3: Characteristic sea states used during the UGI0 test series.

Reference | pml | 00 | sH | swild
WOl 0.020 1.022 0.012 0.015
W11 0.033 1.022 0.020 0.024
W21 0.067 1.022 0.041 0.050
WI2 0.033 1.278 0.013 0.016
W22 0.067 1.278 0.026 0.032
W32 0.100 1.278 0.039 0.047
W23 0.067 1.534 0.018 0.022
W33 0.100 1.534 0.027 0.033
W43 0.133 1.534 0.036 0.044
W34 0.100 1.789 0.020 0.024
W44 0.133 1.789 0.027 0.032
W54 0.167 1.789 0.033 0.040
W45 0.133 2.045 0.020 0.025
W55 0.167 2.045 0.026 0.031
W65 0.185 2.045 0.028 0.034

For each experimental test, waves have been generated based on the above sea
states (Table 3.2 for AAUOS test series and Table 3.3 for UG10 test series) and by
assuming a parameterised JONSWAP' spectrum with a peak enhancement factor 3.3.
Furthermore, at least 1000 waves have been generated and analyzed for each
experimental test to obtain average overtopping rates that are statistically
independent of the number of waves of the test (Kortenhaus et al. 2004).

The next two sections describe the wave flumes and geometries which have been
used for the AAUOS test series, section 3.2 and the UG10 test series, section 3.3.

! JONSWAP = Joint North Sea Wave Project (Hasselmann et al. 1973)
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The effects of wave shoaling and wave breaking on the wave characteristics at the
toe of the structure are discussed in section 3.4. Finally, section 3.5 elaborates on the
scale effects on the average overtopping rates of steep low-crested slopes.

3.2 AAUOS test series — test conditions

The AAUOS test series have been carried out in a wave flume with dimensions
25m x 1.2m x 1.5m (length x width x height) at the Department of Civil
Engineering at Aalborg University, Denmark. The concrete bottom of the flume has a
slope of approximately 1:60, reducing the height inside the wave flume from 1.5 m at
the wave paddle to 1.1 m at the outer end of the wave flume. The flume is equipped
with a piston-type wave maker with a stroke of 0.60 m.

The tested structures have a width of 0.5 m (section 2.4) and feature steep slopes
that are partly fractioned. The upper slope has a fixed angle ¢, [-] for which

cote, = 1.73, and a height v, [m] of 0.05 m or 0.10 m. The lower slope angle «, [-]
varies between cotar, = 1.73 over cotar, = 1.19 to coter, =0.84 and has a fixed

height v, [m] of 0.500 m. The slopes are fractioned due to the presence of the
overtopping detection system (described in section 2.4) which is fixed to the upper
slope. For time-saving reasons, the overtopping detection system has not been
removed from the crest of the slope, therefore requiring a fixed upper slope. The
lower slope is altered independent from the upper slope and the dry area.

The characteristic slope angle « required for calculating the breaker parameter
&0 (Eq. 1.1) has been determined in a similar way compared to the mean angle

of bermed sea defence structures defined in the CLASH database (Van der

Meer et al. 2005a). The expressions for calculating the characteristic slope angle o
for the AAUOS test series are given in appendix C.

(o4

incl

The tested structures have been subjected to the sea states in Table 3.2. Variations
in (relative) crest freeboard are achieved by changing the water depth and the height
of the upper slope (Table 3.4).
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Table 3.4: Crestfi-eeboard heights Rc [m] for different water depths h, and heights of
upper slope h,, for AAUOS test set-up.

Crest freeboard height R ¢

h, [m] v, = 0.050 v, = 0.100
0.450 0.100 0.150
0.475 0.075 0.125
0.500 0.050 0.100
0.525 0.025 0.075

The water depth at the toe of the structure has been varied between 0.450 m,
0.475 m, 0.500 m and 0.525 m. It is relatively large, in accordance to Eq. (1.8). This
explains the rather large value of vd. A definition sketch of the parameters that
characterize the geometry of the structures tested during the AAUOS test series is
shown in Fig. 3.1.

overtopping detection system

1:60

Figure 3.1: Parameters characterizing the geometry o fthe tested structures o fthe
AAUO08 test series.

In total, 207 tests (including replicates) have been carried out during the AAUOS
test series, with wave characteristics based on Table 3.2, slopes with cota, = 1.7,
1.19 and 0.84 and crest freeboards and water depths according to Table 3.4. The test
matrix (design of experiments, DoE) ofthe AAUOS test series is shown in Table 3.5.

The corresponding test results have been gathered in the AAUO8 dataset. For this
dataset, the following ranges apply:
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0.98 <cota <1.73
31<C ,n<5.6

31< h* <189

H .0

02< Re <2.0

itiP

3-7

(3.3)
(3.4)

(3.5)

(3.6)

Note that the ranges of application of Eqs. (1.6) to (1.9) are fulfilled.

Table 3.5: Test matrixfor the A4 UOS test series.

3 slope
angles atl

8 crest
freeboards
Hs [m]
1.022
0.033 W1l
0.067
0.100
0.133
0.167

1.278

w22

1.534 1.789  2.045

w33
W44
w55

A cross section of the AAUOS test set-up is shown in Fig. 3.2 (WG stands for
"“wave gauge”). Photos ofthe AAUOS test set-up are shown in section 2.4.

D :dry area

P: pump

R: reservoir
W: weigh cell
cotadiO-8 to 1.7

1/60

25 m 20 m 19 m

WG4WG3 WG2

li—

WG1 Wave paddle

RV

Figure 3.2: Cross section o ftest set-up ofthe A4 U0S8 dataset (WG = ‘wave gauge ).

The incident wave characteristics at the toe of the structure have been determined

by performing a reflection analysis using the

software package Wavelab™
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(developed at Aalborg University, Denmark). This reflection analysis separates the
incident and reflected waves based on the methodology described by Mansard and
Funke (1980). This methodology requires the total water surface elevations at three
wave gauges. Mansard and Funke (1980) have determined the limits for the distances
between these three wave gauges and for the distance between the structure and the
wave gauge closest to the structure. These limits depend on the characteristic wave
lengths of the waves in the wave flume. Larger wave lengths correspond to larger the
distances between the three wave gauges. Since the range of peak wave periods
between the characteristic sea states is relatively large (Table 3.2), the distances
between the wave gauges vary accordingly. Instead of changing the positions of the
three wave gauges according to the peak wave periods, four wave gauges have been
used during the AAUOS test series (.e. WG1, WG2, WG3 and WG4 in Fig. 3.2). For
each peak wave period, three out of the four wave gauges fulfil the requirements for
the distances set by Mansard and Funke (1980).

A large dry area (D in Fig. 3.2) is positioned at the outer end of the wave flume
(section 2.4). This area is accessible in order to make adjustments to the overtopping
measurement set-up. The presence of the dry area reduces the area of the wave flume
seaward of the structure to 20 m (Fig. 3.2).

The weigh cell (W in Fig. 3.2) has a capacity of 150.00 kg, and an accuracy of
0.01 kg. It should be noted that the output of the weigh cell to the data acquisition
system does not consist of relative masses of water inside the reservoir, but of volts.
Consequently, the calibration curve (section 2.2.1) is determined between the real
mass of water inside the reservoir and the output of the weigh cell in volts. The pump
is triggered by the weigh cell reaching a real mass of water of 70.00 kg inside the
reservoir. On average, a mass of 37.30 kg is transported to the flume during the time
of pumping, ie. 7, = 4.6 s. This corresponds to an average pump discharge of

30m*/h (8.33 1/s). The dimensions of the reservoir of the AAUOS test set-up are
given in appendix A.

3.3 UGI10 test series — test conditions

The UGIO test series have been carried out in a wave flume with dimensions
30m x1.0m x 1.2m (length x width x height) at the Department of Civil
Engineering of Ghent University. The flume is equipped with a piston-type wave
maker which has a stroke of 1.5 m. In contrast to the wave flume used for the
AAUOS test series, the bottom of this flume is horizontal. However, a foreshore is
installed inside the wave flume, to allow transport of the pumped water below the
structure (section 2.5). The foreshore consists of a rather short slope of 1:20, starting
at a distance of 10 m from the wave paddle, followed by a horizontal part up to a
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distance of 24 m from the paddle. This horizontal part reduces the depth of the flume
by 0.27 m.

The tested structures feature uniform smooth impermeable steep slopes extending
to the seabed and low crest freeboards. Nine slope angles are used, from steep to mild,
varying between coter=0.36 and coter =275 . The slopes can be altered
independent from the dry area. Similar to the AAUOS test set-up large water depths
have been used to avoid heavy depth-limited wave breaking. Due to the presence of
the foreshore, even larger water depths had to be used, up to the limits of the range of
application of the wave paddle. The crest of the structures has a fixed position, at
0.57 m above the horizontal part of the foreshore, i.e. the “point of rotation” for the
slopes. Each of the slope angles is combined with three crest freeboards. A varying
crest freeboard is achieved by varying the water depth on the horizontal part of the
foreshore between 0.500 m, 0.525 m and 0.550 m. The corresponding values for the
crest freeboard R, are 0.070 m, 0.045 m and 0.020 m. An overview of the applied

geometrical parameters is given in Table 3.6.

Table 3.6: Ranges of slope angle « , water depth at wave paddle hy,aq. and near the
toe of the structure h,, and crest freeboard R for the UG10 test series.

Parameter Values

cot o [-] 0.36,0.58,0.84, 1.00, 1.19, 1.43, 1.73,2.14, 2.75

hpaddle 0770, 0795, 0.820
h, 0.500, 0.525, 0.550
R, [m] 0.070, 0.045, 0.020

A cross section of the UG10 test set-up is shown in Fig. 3.3. Photos of the UG10
test set-up are shown in section 2.5.

The different geometries (nine slope angles combined with three crest freeboards)
have been subjected to irregular waves, characterized by the combinations of
significant wave height H_ and peak period 7', shown in Table 3.3. The test matrix

(design of experiments, DoE) is schematized in Table 3.7.
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Table 3.7: Test matrix for the UG10 test series.

9 slope
angles
3 crest
freeboards
- T, 151
1.022 | 1.278 | 1.534 | 1.789 | 2.045
0.020 | WOI

0.033 | WII | WI12
0.067 | W21 | W22 | W23

0.100 W32 | W33 | W34

0.133 W43 | W44 | W45
0.167 W54 | W55
0.185 W65

Similar to the AAUOS test series, a parameterized JONSWAP spectrum with peak
enhancement factor 3.3 has been applied and at least 1000 waves have been
generated for each experimental test.

In total, 366 tests (no replicates) have been carried out during the UG10 test series,
with wave characteristics given in Table 3.7 and with slope angles, crest freeboards
and water depths from Table 3.6. The test matrix in Table 3.7 allows to study the
independent effects of slope angle, crest freeboard, and wave steepness on the
overtopping behaviour of steep low-crested slopes in detail. The results are gathered
in a dataset, referred to as the UGI0 dataset. For this dataset, the following ranges

apply:

0.36 <cotar <2.75 3.7
0.1< R, <20 3.8
HmO
h
26<—-<234 3.9
HmO
0.02<s, ,,<0.05 (3.10)
1.7<¢,,,<219 B.1D)

Note that the ranges of application of Egs. (1.8) and (1.9) are fulfilled. In order to
validate the UG10 dataset against existing knowledge for traditional sea defence
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structures, the range of application of cotar in Eq.(1.6) has been extended to larger
values (Eq. 3.7), resulting in values of the breaker parameter smaller than 2.0 in
17 tests (Eq. 3.11). Compared to the AAUOS dataset (Eqs. 3.3 — 3.6), the ranges are
all broader.

The separation of the incident and reflected waves is carried out similar to the
AAUOS test series, using the software package Wavelab™, which is based on the
methodology of Mansard and Funke (1980). Two sets of three wave gauges have
been installed (Fig. 3.3): one in front of the foreshore in the water depth 4 and

paddle
the other in front of the structure, in the water depth 4, .

Furthermore, the active wave absorption system (Troch 2000) has been activated.
This separates the incident and reflected waves in real time, based on the total water
surface elevations at two wave gauges. Its purpose is to determine a correction signal
that corresponds to the reflected waves travelling in the opposite direction. This
signal is then added to the paddle movements to eliminate the reflected waves in real
time. The methodology for the real time wave separation is based on the time domain
method of (Frigaard and Brorsen 1995).

The presence of the dry area inside the wave flume reduces the area of the wave
flume seaward of the structure to 22.5 m (Fig. 3.3). Due to the shape of the dry area,
overtopping occurs over the total width of the wave flume (section 2.5).
Correspondingly, the structures have been built over the total width of the wave
flume. The width of the collection zone of the overtopped water is 0.20 m.

The weigh cell has a capacity of 100.000 kg, and an accuracy of 0.005 kg. A
calibration curve is determined between the relative mass of water inside the
reservoir and the cumulative absolute added mass (section 2.2.1). The pump is
triggered by the weigh cell reaching a relative mass of water of 70 kg inside the
reservoir. On average, a mass of 21.600 kg is transported to the flume during the
intended time of pumping, i.e. 4.6 s (without the cooling down period, Fig. 2.5). This
corresponds to an average pump discharge of 17 m*h (4.72 l/s).

The dimensions of the reservoir of the UG10 test set-up are given in appendix A.
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*5-SES

Figure 3.3: Cross section oftest set-up ofthe UGI10 dataset (WG = ‘wave gauge’
AWA  “wave gauge usedfor the active wave absorption system ’J.
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3.4 Effects of wave shoaling and wave breaking

The overtopping behaviour of steep low-crested slopes is determined by the
characteristics of the waves occurring at the toe of the structure. Since the
overtopping behaviour of steep low-crested slopes is studied for the wave
characteristics in Table 3.2 for the AAUOS test series and in Table 3.3 for the UG10
test series, the waves at the toe of the tested structures should feature those intended
characteristic wave height and wave period.

For the AAUOS test series, those characteristics have been used as input for the wave
generation software of the wave flume. Based on the analysis of the waves at the toe
of the structure, small deviations occur between the significant wave heights at the
toe of the structure and the significant wave heights used as input for the wave
paddle. Both smaller and larger significant wave heights appear at the toe of the
structure compared to the input wave heights. No compensation has been used for
these deviations. Hence, the significant wave heights at the toe of the tested
structures deviate a little from the intended values in Table 3.2.

For the UGI0 test series, the significant wave heights in the deeper part
(£ 0.80m) of the wave flume seem to be larger than the input wave heights.

Furthermore, the wave heights at the toe of the structures (water depths + 0.50 m)
are smaller than the wave heights in deeper water, but in general still larger than the
input wave heights at the wave paddle. In order to compensate for these deviations
for the UG10 test series and to achieve the significant wave heights from Table 3.3, a
calibration between the input wave heights and the wave heights occurring at the toe
of the structure has been carried out, based on tests without the tested structures but
with an absorption beach instead.

The increases in significant wave height between the input wave heights at the
wave paddle and the wave heights occurring in deeper water (+ 0.80 m), are
considered to be model effects. When analyzing the AAUO8 and UG10 test results
(chapter 5), only wave characteristics measured at the toe of the structures have been
used.

The decreases in significant wave height between the values occurring at deeper
water and the values at the toe of the structure for the UGIO test series can be
attributed to the effects of wave shoaling and wave breaking. These aspects are
discussed in the following two sections 3.4.1 and 3.4.2.
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3.4.1 Wave shoaling

When waves travel from deep water to more shallow water, an increase in wave
height occurs due to a reduction in the group velocity ¢, , i.e. the energy propagation

velocity of a wave, defined in Eq. 3.11 for linear waves. This phenomenon is referred
to as wave shoaling (Goda 2000).

1 kh
cg—c(5+m(kh)} (G.1DH)

The parameter ¢ is the propagation velocity of the linear wave, defined as the
ratio of the wave length L and the wave period 7-

L
== 3.12
c=7 (3.12)

For linear waves, the wave length is defined by Eq. (3.13). When combining
Eqgs. (3.12) and (3.13), it appears that waves with different wave length generally
correspond to different wave propagation velocities, i.e. a dispersive behaviour.
Hence, Eq. (3.13) is referred to as the dispersion relationship. The parameter £ is a
generic water depth, while the parameter k is the wave number which is inversely
proportional to the wave length (Eq. 3.14).

2

gT
L= tanh (kA 3.13
7 (kh) (3.13)
2
=== 3.14
T (G.14)

The effect of wave shoaling is expressed by the shoaling coefficient K, which
expresses the relative change in wave height when moving from deep water to more
shallow water, as defined in Eq. (3.15) (Lykke Andersen and Frigaard 2008). It is
based on the assumptions that:

linear wave theory is valid both in deep water and more shallow water;
no wave breaking and no current occurs;

the waves are long-crested; and

the wave period is unchanged between deep and more shallow water.
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H Cy dee
K, (hh,,)= ——= ‘/—g: r (3.15)
deep g

The parameter H represents the wave height of the linear wave in the more
shallow location; H ,,, is the wave height in deep water. Based on Egs. (3.11) to

(3.14), the expression in Eq. (3.15) can be rewritten as:

(3.16)

1 kh
( 2  sinh (Zkh)j
with
kh tanh(kh) =k

deep

h (3.17)

The derivation of the expressions for K, and k4 inEq. (3.16) and Eq. (3.17) is
given in Appendix D. Both expressions have been plotted as a function of k,,, /2

(Fig. 3.4). This figure explains the effect of wave shoaling for a general decrease in
water depth. When a linear wave approaches more shallow water (decreasing value
of h), the shoaling coefficient first drops slightly below K, =1.0, before a sharp

increase occurs to values above K =1.0 (Fig. 3.4). Accordingly, the wave height

first slightly decreases compared to the wave height in deep water, while it becomes
considerably larger when the water depth decreases further.

For the UGIO0 test series, wave shoaling affects the wave heights due to the
presence of the foreshore, which reduces the water depth approximately from 0.80 m
to 0.50 m. Based on Fig. 3.4, the decreases in significant wave height observed
between the values occurring at deeper water and the values at the toe of the structure
for the UG10 test series can be partly explained, using the parameters for the water
depth and the wave length in Table 3.8.

The parameter kh on the vertical axis of Fig. 3.4 is either &k, A or

—1,0,¢ *%

k

m-1,0, paddle hpaddle "
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10 T
wave number kh
——— shoaling coefficient K
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Wave number deep water kdeep
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Figure 3.4: Wave shoaling, theoretical effect of wave number on the shoaling
coefficient for linear waves.

The UGIO0 tests with smaller wave periods (7, =1.022 s, 1.278 s and 1.534 s)

correspond to values of k,,_, ,, &, ranging between 1.0 and 2.6, while the values of

Kon10. podite Mpaaae TANEE between 1.5 and 3.9. This is shown in Fig. 3.5, which

illustrates that for a particular wave period 7, . the value of kA at the paddle is

—1,0 >
larger than at the toe of the structure.
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Table 3.8: Wave parameters used to explain effects of wave shoaling for the UG10

test results.

Toe of the structure Deeper water
h h, (£0.50 m) Hpadae (£0.80 m)
2 2
g7, 2z gT, 2z
L Lm—l 0,t = = tanh ht Lm—l 0, paddle = = tanh h addle
” 2z L o T L ’
m—1,0 'm—-1,0, paddie
k k
—1,0,. —LU, p
k m—1,0,t m-1,0, paddle
R e e e ———————— r r
O UG10data T,=1.022s, 1.278s and 1.534 5
L perfect fit
4.0 .
35+ ]
T 304 ]
< [ 1
3 ]
& 254 M 5
®
[ o %4
2.0 + -
154 M M ]
S < S S S } —
1.0 15 2.0 25 3.0 35 40 45
km-1,o,padd/e hpaddle [']

Figure 3.5: Differences in kh for the water depth at the toe of the structure versus the
water depth at the wave paddle for the tests of the UGI0 test series with

T,=1022s, 1.278 s and 1.534 .
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Based on Fig. 3.4 and the values of &, _,, A and &, e Ppoaae 10 Fig. 3.5, the

values of K| (h,,h deep) are smaller than or equal to the corresponding values of

K, (hpa e deep) , as illustrated in Fig. 3.6. This explains the decrease in significant

wave height between the water depth at the wave paddle and the toe of the structure
for tests with smaller wave periods.

"M

O UG10data7,=1.022s, 1278 sand 1.534 s
perfect fit

1.05 + =

1.00 + =

KS (ht hdeep) [l

0.95 + B

&

0.90 + B

0.85 n L L L : n n n L : L L L n ] L L L L ]

0.85 0.90 0.95 1.00 1.05 1.10
K (h

paddie hdeep) []

Figure 3.6: Differences in shoaling coefficient K for the water depth at the toe of the
structure versus the water depth at the wave paddle for the tests of the UGI0 test
series with T, = 1.022's, 1.278 s and 1.534 s.

A similar reasoning applies to the UG10 tests with larger wave periods (7, = 1.789 s
and 2.045 s), resulting in Figs. 3.7 and 3.8. Although the shoaling coefficients for
both the water depth at the toe of the structure and at the wave paddle compared to
deep water are smaller than 1.0, it appears that an increase in the shoaling coefficient
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occurs from K (hpa s deep) to K (ht,h deep) . This means that for the tests with

larger wave periods an increase in the significant wave height should occur between
the water depth at the wave paddle and the water depth at the toe of the structure.
However, a decrease in wave height has also been observed for those tests during the

UG10 test series. This can be explained by the occurrence of wave breaking (section
3.4.2).

1.5 T
QO UG10data Tp =1.789s,2.045s
perfect fit
<
g 10T -

<$ M

05 L L L L :

0.5 1.0 1.5
km-1,o,padd/e hpaddle [']

Figure 3.7: Differences in kh for the water depth at the toe of the structure versus the
water depth at the wave paddle for the tests of the UG 10 test series withT, = 1.789 s
and 2.045 s.
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1.10 S e e s e — ——— T T
O UG10data 7,=1.789s,2045s
perfect fit
1.05 + B
= 1004 -
-
5 L
3
Q-
5: L
x"’ 0.95 —_— B
0.90 + B
085 I L L L : I I I L : L L L I : L L L L :
0.85 0.90 0.95 1.00 1.05 1.10

KS (hpaddle ’ hdeep) [l

Figure 3.8: Differences in shoaling coefficient K for the water depth at the toe of the
structure versus the water depth at the wave paddle for the tests of the UGI0 test
series with T, = 1.789 s and 2.045 s.

3.4.2 Wave breaking

Based on Eq. (3.11), the major part of the UGI10 tests corresponds to non-breaking
(surging breaking) waves at the toe of the structure: £, >2.0 - 3.0. However,

despite the fact that a wave train is categorized as non-breaking, individual waves of
the wave train with the largest wave heights may break.

According to Nelson (1994), a regular wave train on a horizontal bottom with
water depth / is affected by depth-induced breaking when its wave height [ fulfils:
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%>0.55 (3.18)

Equation (3.18) has been used to verify whether depth-induced wave breaking
occurs for the UG10 tests, based on the maximum wave height occurring in deeper
water, approximated by 2H , and on the water depth at the toe 4 .

m0, paddle
Consequently, depth-induced breaking occurs when:

h
—1—<36 3.19
I (.19

m0, paddle

The ratio A,/ H ,; ,..q has been caleulated for each UGI1O test. Using the above

criterion (Eq. 3.19), breaking of the largest waves in the wave train on the horizontal
part of the foreshore occurs for the UGLO0 tests with the largest significant wave
heights (Table 3.3). This means, based on the fact that the larger wave heights are
combined with larger wave periods for the UG10 test series, that a decrease in the
significant wave height occurs from the water depth at the wave paddle to the water
depth at the toe of the structure for the UG10 tests with larger wave periods. This is
in contrast to Fig. 3.8, which predicts an increase in the significant wave height due
to wave shoaling. Since the effect of depth-induced wave breaking is dominant, a
decrease in significant wave height occurs:

H >H,, (3.20)

m0, paddie

Based on Egs. (3.19) and Eq. (3.20), the condition A, /H ,, >2.0 (Eq. 1.8) is not
sufficient to avoid depth-induced breaking of the largest waves in a wave train.
However, this condition has only been imposed in chapter 1 to avoid the occurrence
of large values of the breaker parameter £, , due to small values of the wave
steepness. Since only the largest waves break, the changes in the shape of the wave
spectrum between the water depth at the wave paddle and the toe of the structure are
expected to be relatively small. Furthermore, /,,, .. 18 only slightly larger than

H . Hence, the value of the wave steepness s, , , will not strongly decrease due to

the breaking of the largest waves.

Nevertheless, small variations in the spectral wave parameters occur, which
means the effect of the (change in) water depth is included in those parameters.
Accordingly, when using the spectral wave parameters, the water depth at the toe of
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the structure A, should not be taken into account as a separate parameter when

studying the overtopping behaviour of steep low-crested slopes. Based on this
observation and on Fig. 1.5, the average overtopping rate ¢ and the exceedance

probability P, of the wave-by-wave overtopping volumes V; of steep low-crested
slopes are both function (denoted by f, and f,) of the slope angle coter, crest
freeboard height R , spectral wave height H,, and spectral wave period 7,
(Eq. 3.21).

q:fi(COta:Rc:Hmosz,Lo) (3213)
B, = f,(cote.R H,,.T,.,,) (3.21b)

Depth-induced breaking of the largest waves in a wave train also affects the
distribution of the individual wave heights H, . According to Battjes and
Groenendijk (2000), wave heights on shallow foreshores do not follow the Rayleigh
probability distribution proposed by Longuet-Higgins (1952). Based on laboratory
data of wave heights on shallow foreshores, a model distribution consisting of two
two-parameter Weibull probability distributions, i.e. the so-called composite Weibull
distribution, has been proposed by Battjes and Groenendijk (2000).

The probability of the individual wave heights H, to exceed a particular wave

heigh A , assuming a two-parameter Weibull probability distribution function for the
individual wave heights, is expressed in Eq. (3.21) (B, is the exceedance probability

and Pr stands for “probability”).
~ bH
~ H
Pyt weivun :Pr|:Hi 2H:| :exp{—[_J J 32D

The coefficient b, [-] determines the shape of the two-parameter Weibull
distribution and is therefore referred to as the shape factor. The coefficient a,

represents an average individual wave height, hence scaling the individual wave
heights in Eq. (3.21), and is therefore referred to as the scale factor.

The composite Weibull distribution consists of a Weibull distribution with a
shape factor equal to 2.0 (i.e. the Rayleigh distribution, Eq. 3.22) for the smaller
wave heights, and a Weibull distribution with a larger value of the shape factor
(usually taken to be 3.6) for the larger wave heights. The parameter H, is the mean

individual wave height.
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~ 2
| H
Pyt rayteign = eXp{—Z[H—J J (3.22)

A comparison between (1) the distribution of the measured individual wave
heights, (2) the Rayleigh distribution and (3) the composite Weibull distribution has
been made for three tests of the UGIO0 test series. Two of those tests correspond to
depth-limited breaking of the largest waves (Figs. 3.9a and 3.9b), while the third test
features smaller wave heights without depth-limited breaking (Fig. 3.9¢). It is clear
that the data points in Figs. 3.9a and 3.9b are better described with the composite
Weibull distribution than with the Rayleigh distribution. Hence, based on Fig. 3.9,
the following conclusions can be made:

o the composite Weibull distribution is a better estimate for the distribution of the
individual wave heights than the Rayleigh distribution for UG10 tests with larger
wave heights;

o the agreement between the distribution of the measured wave heights and the
composite Weibull distribution confirms the occurrence of depth-induced wave
breaking.
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Figure 3.9: Distribution of wave heights at the toe of the structure for the UGI0 tests
with slope 1:1.4, water depth h, =0.50 m and wave characteristics according to

(@) W55, (b) W45 and (c) W22.
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3.5 Scale effects

A detailed study on the importance of scale effects on wave overtopping has been
carried out during the CLASH project (De Rouck et al. 2009; Kortenhaus et al. 2004).
It has been concluded that the scale effects are important for porous rubble slopes
that require an adequate modelling of the porous flow and surface flow of the run-up
wedge. Furthermore, when the overtopping rates are small, a surface tension effect
occurs in the small scale tests. This effect is however unapparent in prototype.
Although relatively small wave heights have been used in a number of tests of the
AAUO8 and UGIO test series, the influence of scale effects is expected to be
marginal since the tested structures feature smooth impermeable slopes. This is
confirmed by previous research on structures with identical features (Kofoed 2002).

3.6 Conclusions

The wave characteristics, wave flumes and tested geometries for both the AAUOS
and UGT10 test series have been described in this chapter.

During testing, it appeared that differences occur between the significant wave
heights at the wave paddle and at the toe of the structure. These differences have
been investigated for the UG10 test series and appear to be due to wave shoaling and
wave breaking.

Although the significant wave heights of a number of tests of the AAUO8 and
UG10 test series are relatively small, the influence of scale effects on the overtopping
behaviour of steep low-crested slopes is expected to be small.






Average overtopping rates of steep low-
crested slopes — existing knowledge

The main goal of this chapter is to introduce the most important prediction methods
from literature that are able to predict average overtopping rates within the ranges of
application of steep low-crested slopes. Prediction methods that are able to predict
the overtopping behaviour of neighbouring structures (from a geometrical point of
view) of steep low-crested slopes are also described.

4.1 Introduction

The major part of the existing knowledge on wave overtopping originates from
research on sea defence structures, which are designed to minimize the amount of
water overtopping their crests.

Since the 1950s, scale models of sea defence structures have been tested in wave
flumes and wave basins in order to quantify their overtopping behaviour. Until 1980,
mainly regular wave tests were carried out using a wave paddle with sinusoidal
movements (e.g. Saville 1955). One of the first datasets of irregular wave test results
was derived by Paape (1960) using a wind flume (the waves are generated by winds
blowing over the water surface of the flume). Sibul and Tickner (1956) also used this
technique to generate irregular waves.

Irregular wave generation using a wave paddle was only applied in the 1980s (e.g.
Owen 1980). This method of generating irregular waves provides a much more
realistic simulation of the waves in the open seas compared to the wind flume,
leading to more accurate empirical prediction methods. Up to today, experiments in
wave flumes or wave basins applying paddle generated irregular waves are a basic
tool to determine the overtopping behaviour of sea defence structures.
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Since the 1990s, numerical models have become a valuable tool to simulate wave
overtopping at sea defence structures (Ingram 2005). These models solve the
governing fluid dynamic equations in a specific fluid domain with specific boundary
conditions. Examples are discussed and validated by Hu et al. (2000), Li et al. (2004),
Reeve et al. (2008) and Losada et al. (2008).

The advantages of numerical models are numerous, including the high resolution
of the output results in each grid point of the fluid domain, the lack of scale effects,
the ability to model complex structures and the possibility to adapt structure
geometries without large (time) costs. However, the large computational time for
high precision simulations and the lack of extensive validation prevent numerical
models to be a full alternative for experiments until now. The importance of
numerical prediction models is expected to increase in the following years, through
increased computational capacity of computers.

In the past decade, prototype measurements have been gathered during the
CLASH project (De Rouck et al. 2009) for the overtopping behaviour of a number of
sea defence structures with specific geometries. For example, wave overtopping has
been quantified at:

o the Zeebrugge rubble mound breakwater (Troch et al. 2004);

e the Ostia shallow rubble mound breakwater (Franco et al. 2009);
¢ the Samphire Hoe vertical wall (Pullen et al. 2000); and

o the Petten mildly sloping dike (Hordijk 2003).

The prototype measurements are valuable to determine the scale effects of the
small scale experiments in the wave flumes and wave basins (De Rouck et al. 2005).

The wave overtopping behaviour of a sea defence structure is traditionally
characterized by the average overtopping rate per meter crest width of the structure
g [m?*s/m], since wave-by-wave overtopping volumes are unevenly spread in time

and in space. The design of the geometry of sea defence structures is mainly based on
the limitation of the average overtopping rate g . The hydraulic efficiency of OWECs

is also determined by the average overtopping rate (Eq. 1.5). Consequently,
fundamental knowledge on the average overtopping rate is required for the design of
any structure exposed to wave overtopping.

In the past 60 years, average overtopping rates ¢ have been gathered for a wide

range of structures and wave characteristics, both through measurements and
simulations. For example, 10.532 irregular wave test results (last update in 2005) of
experimental tests with small scale models of different (mainly) sea defence
structures have been collected during the CLASH project and have been gathered in
the CLASH database (Van der Meer et al. 2005a).
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These measured and simulated average overtopping rates have been consequently
used to derive a number of existing prediction models for the average overtopping
rates. Section 4.2 gives an overview of the different types of prediction models for
the average overtopping rate, while section 4.3 describes the most important
prediction models that cover the ranges of application of steep low-crested slopes.
The overtopping behaviour of (1) vertical walls with non-impacting waves and (2)
structures with zero crest freeboard, which determine the asymptotic overtopping
behaviour of steep low-crested slopes (from a geometrical point of view), is
discussed in section 4.4. Finally, summarizing tables of the existing prediction
models applicable to steep low-crested structures and their neighbouring structures
are given in section 4.5.

4.2 Types of prediction models for average
overtopping rates ¢

4.2.1 Direct comparison with test results from literature

A first estimate of the average overtopping rate g for a structure exposed to wave

overtopping can be made by direct comparison with test results available in literature
with similar geometry and wave characteristics as the studied structure.

4.2.2 Empirical prediction models

A second, more indirect prediction is achieved by empirical prediction models,
which relate values of ¢ (determined in the past for specific structures) to

characteristic geometrical and hydraulic (linked to the wave -characteristics)
parameters. The empirical prediction models mainly consist of simple regression
formulae that relate the dimensionless geometrical and hydraulic parameters to a
dimensionless average overtopping rate with empirical regression coefficients, for a
particular limited dataset. Commonly used simple regression formulae are in general
derived based on a number of datasets, in order to be applicable to a wide variety of
structure types. For example, a simple regression formula has been derived by Van
der Meer and Janssen (1994) based on test results for mildly sloping dikes with
different geometries (straight slope, berm, foreland, rough slope,...) and different
wave conditions (normal wave attack, oblique wave attack, short-crested,...). This
formula has been extended to an even wider range of structures by TAW (2002) and
EurOtop (2007).
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The expressions for commonly used simple regression formulae that predict the
dimensionless average overtopping rate ¢ are mainly based on exponential functions.

Examples are given by the simple regression formulac of TAW (2002) and
Owen (1980) for mildly sloping dikes and by Franco et al. (1994) and Allsop et
al. (1995) for vertical walls.

A small number of simple regression formulae are based on the weir analogy, i.e.
the average overtopping rate is expressed as the flow rate over a weir, which is not
expressed using an exponential function. These models are commonly referred to as
weir-models. A weir-model has been developed by Hedges and Reis (1998), based on
the overtopping test results of Owen (1980) for mildly sloping dikes. Another
example is the weir-model developed by Daemrich et al. (2006) which is based on
regular wave test results with vertical walls, combined with the weir-model of
Kikkawa et al. (1968) and the probability calculation method (Goda 2000).

Other empirical prediction models have been developed, using a diagram of the
measured average overtopping rates as a function of one or more determining
geometrical or hydraulic parameters. These models are referred to as graphical
prediction models. Examples are given by Jensen and Sorensen (1979) and
Goda (2000). The main disadvantage of the graphical prediction models is that they
require interpolation of the diagram by the user.

The run-up models use information on the wave run up of the studied structure
available in literature (assuming no overtopping occurs) to predict the average
overtopping rates of the structure. Examples of these models are given by
Ahrens (1977), De Waal and Van der Meer (1992) and Schuttrumpf (2001).

It should be noted that prototype measurements and numerical simulations mainly
have been used for validation of small scale measurements. The majority of the
empirical prediction models for ¢ are based on small scale experimental test results.

Consequently, prototype measurements and numerical simulations are not considered
further in this PhD-manuscript.

4.2.3 Neural network prediction model

The empirical prediction models are only valid to predict the average overtopping
rates for specific types of structures, with specific wave conditions. When the ranges
of application of the corresponding datasets are exceeded, the predictions of these
models are not accurate.
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Generally, the expressions of the empirical prediction models only contain a
limited number of geometrical and hydraulic parameters. Only the most dominant
parameters are incorporated in the empirical prediction models. However, Van der
Meer et al. (2005a) identified 31 parameters (17 geometrical, 11 hydraulic and 3
general parameters) for the description of each test of the CLASH database. Two
neural network prediction models were almost simultaneously developed, based on
the test results of the CLASH database, originating from the lack of a robust and
reliable prediction method for wave overtopping at any type of structure. Van Gent et
al. (2007) developed a neural network prediction model that consists of a single
phase, while Verhaeghe et al. (2008) developed a 2-phases neural prediction model.
The 2-phases model is composed of two neural networks: a classifier and a quantifier.
The classifier determines whether the wave overtopping is significant or not. When
the wave overtopping is significant, the average overtopping rate is calculated by the
quantifier. The quantifier is comparable to the neural network prediction model by
Van Gent et al. (2007), which is referred to as the DHNN tool (DHNN refers to Delft
Hydraulics Neural Network) in this PhD-manuscript. Consequently, when the
overtopping rates are significant, for example in the case of steep low-crested slopes,
both the quantifier and the DHNN tool are expected to give a comparable output.

4.3 Predictions of g for steep low-crested slopes

The prediction models discussed in section 4.2 are traditionally applied to predict
average overtopping rates of sea defence structures. The ability of each of the three
types of prediction models to predict the average overtopping rates accurately for
steep low-crested slopes is discussed in the following three sections:

direct comparison with test results of the CLASH database (section 4.3.1);
commonly used simple regression formulae for inclined structures (section 4.3.2);
and

o the DHNN neural network prediction model (section 4.3.3).

4.3.1 Test results of the CLASH database

The requirements for steep low-crested slopes given in section 1.3 have been
translated to assumptions for the 10.532 test results of the CLASH database (second
column of Table 4.1):
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Table 4.1: Assumptions for CLASH parameters — steep low-crested slopes.

Nr. Assumption CLASH Numb-er of tests remaining
parameters in the database
i p=00° 9224
i B, =00m 7591
iii 7, =10 3097
v CF=1lor2 2846
v RF =1lor2 1736
vi B, =00m 1372
vii hiH,,>20 953
viii 00<R /H, <20 661
X 00<cote,, <2.0 211
X cota, =coto, 182

o the first assumption (i) corresponds to the requirement of normal wave attack.
£ [°] is the angle of wave attack compared to the normal to the structure.

e assumptions (ii) to (vi) mainly translate the requirement that the structures feature
simple slopes:

a) azero-width berm (ii). B,,, [m]is the width of the berm;

b) smooth impermeable slopes (iil). 7, [-] is a parameter related to the
roughness and permeability of the structure. y, equals 1.0 for smooth
impermeable slopes;

¢) complexity factor CF [-] equal to 1 or 2 (iv). CF expresses how well the

structure geometry is described by the structural parameters in the database:
as good as exactly (CF =1) or very well (CF =2);

d) width of the toe equal to zero (vi). B, [m] is the width of the toe.

o only test results with a reliability factor RF' [-] of 1 or 2 are considered (v). The
factor RF indicates the reliability of the considered overtopping test. When RF
equals 1, measurement and analysis have been performed in a reliable way. For
RF =2, the measurements have been overall reliable, although a number of
estimations have been made or minor uncertainties have occurred.
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o the assumptions (vii) to (ix) express the ranges of application for the relative
water depth 4, /H ,, (Eq. 1.8), the relative crest freeboard R, /H ,, (Eq. 1.9) and

the characteristic average slope angle cotor (Eq. 1.0).

e assumption (X) requires identical slope angles for the lower and upper parts of
fractioned slopes. The tests with fractioned slopes remaining in the CLASH
database after applying assumption (ix) all correspond to structures featuring a
vertical wave wall. Note that the fractioned slopes of the AAUOS test series,
described in chapter 3, also violate assumption (X). However, the only purpose of
imposing assumption (x) to the CLASH test results is to avoid the occurrence of
vertical wave walls.

The assumptions in Table 4.1 have been successively imposed to the CLASH
database, starting from the 10.532 test results and increasingly restricting the
database to test results which satisty all assumptions in Table 4.1. The third column
of Table 4.1 contains the number of test results remaining in the database after taking
into account the corresponding assumption and the assumptions above it. The
remaining 182 test results of the CLASH database after taking into account all
assumptions in the order of Table 4.1 are referred to as the CLASH SL dataset (steep
(S) and low-crested (L)). It should be noted that all test results in the CLASH _SL
dataset correspond to &, >2.0.

The CLASH_SL dataset originates from different references. An overview of the
corresponding references and the ranges of application for cotr and R /H  is
given in Table 4.2.

Table 4.2: Overview of references and ranges of application for CLASH SL test
results.

CLASH nr. Reference Number of cote R/H,,
test results
30 (Owen 1980) 43 1.0-20 0.6-2.0
(Bradbury et al.

35 1988) 14 2.0 1.0-2.0

42 (Coates et al. 1997) 59 2.0 0.5-20

218 (Perdijk 1987) 4 2.0 1.7-2.0

503 - 504 - 507 | (Allsop et al. 2000) 33 0.1-0.2 1.3-19
703 (Kofoed 2002) 24 1.2 05-18

959 confidential 5 1.9-20 12-1.7
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Based on Table 4.2, the following conclusions are drawn concerning the ability of
the CLASH_SL dataset to predict the average overtopping rate for steep low-crested
slopes:

the number of test results is very small (182/10.532 = 1.7 %);,
the majority of the test results correspond either to cota = 2.0, or to very steep
slopes. Due to its low resolution forcot oz, the CLASH_SL dataset is unable to
predict the average overtopping rate for intermediate slopes;

o the range of application for R /H , is restricted to relative crest freeboards

R /H , > 0.5. Consequently, the CLASH SL dataset is not able to predict the

m0 —

average overtopping rates for structures with 0.0 <R /H, ;< 0.5.

These white spots are also visible in the graphs of the ranges of application of the
total CLASH database generated by Steendam et al. (2004).

Based on the above conclusions, direct comparison with test results of the
CLASH_SL dataset is not a valuable tool to predict the overtopping behaviour of
steep low-crested slopes.

4.3.2 Simple regression formulae for inclined structures

An important advantage of simple regression formulae is their ability to predict
average overtopping rates for sets of geometrical and hydraulic parameters that are
different to those of the test results of the corresponding dataset(s) (within the ranges
of application of those dataset(s)).

A number of commonly used simple regression formulae for inclined structures
that partly cover the ranges of application of steep low-crested slopes (section 1.3)
are discussed in the three sections below.

4.3.2.1 EurOtop (2007)

Based on test results with small scale models of mildly sloping dikes with wide
ranges of geometries and wave conditions (straight, smooth, deep, shallow, rough,
oblique, bi-modal,...), Van der Meer and Janssen (1994) identified two different
types of overtopping behaviour. The overtopping behaviour depends on the prevalent
wave type: breaking or non-breaking (surging) waves. The transition between
breaking and non-breaking waves occurs approximately at a breaker parameter
&, 10 = 2.0, with non-breaking waves appearing for &, > 2.0 (chapter 1).
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Accordingly, Van der Meer and Janssen (1994) derived a set of two simple
regression formulae, expressing the average overtopping rate as a function of the
determining geometrical and hydraulic parameters for breaking and non-breaking
waves. These equations originally contain the significant wave height 77, ., defined
as the average of the 1/3™ largest wave heights in a wave train, and the peak wave
period 7', , 1.e. the wave period corresponding to the peak of the wave spectrum. In
order to take into account the effect of double-peaked or bi-modal spectra and
flattened spectra due to wave breaking, these parameters subsequently have been
replaced by the spectral wave height /7 and the spectral wave period T, .

Adjusted expressions have been provided by TAW (2002) and EurOtop (2007),
based on extended databases of test results.

The following formula applies for breaking waves on mildly sloping dikes
(EurOtop 2007; TAW 2002):

S
9 _0067 [P exp| (—4.75) R S0 1 (4.1a)
\’gH;O Sn-1,0 H,, tana y,7,7,7,

with a maximum for non-breaking waves, of:

4_ —02exp|(-26) R 1 (4.1b)
JgHiO H,o 775

The y -factors are reduction factors that take into account the effects of a berm
(7,), the slope roughness (), oblique wave attack (y,) and a vertical wave wall

(,). Based on the requirements for the steep low-crested slopes (section 1.3), all y -
factors in Eq. (4.1) are equal to 1.0, simplifying both equations to:

§
9 _0.067 [0 exp| (~4.75) e Voo (4.2)
\’gH;O Sm-1,0 H,, tano
4 __02 exp{(—2.6) i } (4.2b)
VgHio 0
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The predicted value of the dimensionless average overtopping rate q/,/ gH,

for specific geometrical and hydraulic parameters is determined as the minimum of
Eq. (4.2a) and Eq. (4.2b). Consequently, the value of &, |, corresponding to the

transition between breaking and non-breaking waves is determined by the point of
intersection between both equations in a graph of ¢/4/g H,, against & . This
point is only approximately located at &, |, =2.0, since it varies depending on the

slope angle and the wave steepness.

The reliability of Eq. (4.2) is described by assuming the coefficients 4.8 and 2.6
are normally distributed stochastic variables with means 4.8 and 2.6 and a standard
deviation o . This is illustrated in Eq. (4.3) for the case of Eq. (4.2b). The parameter

z,,, 1s a percentile of the standard normal distribution: p % of the observations is

pl2
included in between z,,, and ~z,,, for this distribution. For example, 90% of the

observations in a standard normal distribution is included between *z with

z =1.645.

0.90/2

0.90/2 >

R
g?—ﬂ =02 exp[(—2.6izp/2 ~0) HC } 4.3)

m0

m0

The value of ¢ is determined by the requirement that 90 % of the test results
used to derive Eq. (4.2b) should be positioned in between the values of the average
overtopping rates determined by:

m0

4_-02 exp{(—2.6il.645~0) ]ff } .4

\/gHio

Equation (4.4) represents the 90% prediction interval of Eq. (4.2b). The
corresponding value of o = is 0.35. Similarly, & equals 0.50 for the 90% prediction
interval of Eq. (4.2a).

The ranges of application of Eq. (4.2a) and (4.2b) for the slope anglecota and
the relative crest freeboard R /H , are given in Table 4.3. Note that the ranges of
application for Eq. (4.2b) partly cover the ranges of application in Eq. (1.6) and

Eq. (1.9). Consequently, Eq. (4.2b) can used to predict the average overtopping rates
for steep low-crested slopes.
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Table 4.3: Ranges of application of Egs. (4.2a) and (4.2b) for cotar and R /H .

cota Rc/Hmo
Eq. (4.29) 25-70 02-18
Eq. (4.2b) 1.0-4.0 05-35

It is important to note that Eq. (4.2b) is only valid for large values of the breaker
parameter £, |, caused by large values of the slope angle « . It underestimates the

average overtopping rates when large values of £, occur corresponding to small

values of the wave steepness due to very heavy breaking in shallow waters (EurOtop
2007).

4.3.2.2 Kofoed (2002)

Based on experimental tests with scale models of fixed overtopping wave energy
converters (OWECs) with a limited draft and a single level reservoir with a uniform
slope, Kofoed (2002) added correction factors to Eq. (4.2b), resulting in Eq. (4.5).

4 _3,4,402 exp{(—2.6) ]ff } 4.5)

!gHiO dr’a’s

The factor 4, (Eq. 4.6) takes into account the effect of the limited draft d, [m],

1.e. the vertical dimension of the submerged part of the OWEC, of the floating
OWECs on the average overtopping rate (k, in Eq. 4.6 is the wave number based on

m0

the peak wave period, while « is a coefficient controlling the degree of influence of
the limited draft (0.4 by best fit)). The factor 4, equals 1.0 when the slope extends

to the bottom, which is the case for the steep low-crested slopes considered in this

PhD-research.
sinh(ka h [1_ C}’;J}zkp h [1_;];}

sinh (2k, b, ) + 2k, &,

A, =1-x (4.6)

The factor A, includes the decrease in average overtopping rate observed by

Kofoed (2002) for slopes deviating from the optimal slope angle ¢, = 30°:



4-12 Chapter 4

2y =[cos (o —30°)T @4.7)

Equation (4.7) introduces a weak dependency of the average overtopping rate on
the slope angle.
Finally, the factor A, takes into account the observation that the relationship

between ¢/gH,, and R /H,, is no longer exponential for relative crest
freeboards R /H,, <0.75:

O.4Osin[§7r1§” J+O.6O ]_};” <0.75
m0 m0 (48)
1 R, >0.75
H

m0

A=

s

A, has been calibrated using test results of Schuttrumpf (2001) for structures
with a zero crest freeboard (R /1, =0.0) and with 3.0 < cot & <6.0.

The ranges of application of Egs. (4.5) to (4.8) for coter and R /H , are:
0.58<cotar<275 and 0.15<R /H ,<2.00 . Hence, the set of equations by
Kofoed (2002) extends the ranges of application of Eq. (4.2b) to steeper slopes and to

smaller relative crest freeboards. Hence, these equations can be applied to predict the
average overtopping rates for steep low-crested slopes.

It should be noted that the test conditions of the UG10 test series (section 3.3) are
similar to the conditions of the tests carried out by Kofoed (2002). However, the
structures studied in the UG10 test series feature slopes extending to the bottom of
the seabed, in contrast to the limited draft used by Kofoed (2002). Kofoed (2002)
only tested one geometry (with coter =1.19) that features a slope extending to the
sea bottom, corresponding to CLASH number 703 (Table 4.2). When only the tests
for that geometry are considered, the ranges of application for R_/H , are narrower

than the ranges mentioned above.
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4.3.2.3 Owen (1980)

Owen (1980) derived a simple regression formula, based on small scale experiments
with uniform mildly sloping dikes subjected to normal wave attack (Eq. 4.9). The
dataset used to derive this equation contains 24% of the 182 test results of the
CLASH_SL dataset.

q RC
=0 exp| -b, —Fe—r 4.9
ol H &, p[ 'Owen T J2 I, J 4.9)

m 5

Other dimensionless expressions (incorporating different wave characteristics)
are used for the average overtopping rate ¢ and the crest freeboard R, compared to

the expressions in the two above sections 4.3.2.1 and 4.3.2.2. The parameter 7 [s]is

the mean zero-crossing wave period of the incident waves at the toe of the structure,
while A, [m] is the incident significant wave height /7, at that same position.

The coefficients ¢, and b, in Eq. (4.9) are empirical constants, their values
depend on the slope angle « of the structure. Owen (1980) derived and interpolated
values of ¢, and b,,,, for slopes with 1.0 <coter <5.0 (Table 4.4).

Table 4.4: Overview of parameters Q, and b,,,,, (Owen 1980) as a function of the
slope angle.

cota Q0 bOwen
1.0 0.0079 20.1
1.5 0.0088 19.9
2.0 0.0094 21.6
2.5 0.010 24.5
3.0 0.011 287
3.5 0.011 34.1
4.0 0.012 41.0
4.5 0.012 477
5.0 0.013 55.6

Average overtopping rates have been measured by Owen (1980) during 100 wave
periods for each test, which has at least five replicates. These replicates enabled to
determine the standard deviation of the measured average overtopping rates about the
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mean (Eq. 4.9). The reliability of Eq. (4.9) is described by the overtopping discharge
factor (Owen 1980). This factor has been derived based on the spreading of the
natural logarithms of the measured dimensionless average overtopping rates,
assuming these logarithms exhibit a normal probability distribution about the mean
value of Eq. (4.9). This is expressed in Eq. (4.10), which uses the percentiles of the

standard normal distribution z,,, described in section 4.3.2.1.

q q
In =1In + ¥ej 4.10
[ng Hsl [ng H:de e o
For example, the 90% prediction interval of Eq. (4.9) is determined by:
q q
- exp(+1.645-0 (4.11)
[ng H:lm [ng HJW ( )

A standard deviation o =0.70 has been found by fitting the measured average
overtopping rates to Eq. (4.10) for different values of p (Owen 1980). Hence, the

overtopping discharge factor corresponding to the upper boundary of the 90%
prediction interval is defined by exp(1.645-0.70)=3.2. Based on Eq. (4.11), the

dimensionless average overtopping rate with a probability of exceedance of 5% (95%)
is found by multiplying (dividing) the dimensionless average overtopping rate
(Eq. 4.9) by a factor 3.2. Values of the overtopping discharge factor corresponding to
different probabilities of exceedance have been derived in a similar way (Table 4.5).

The range of application of Eq. (4.9) for coter is 1.0<coter <5.0, while the
range of application for RC/( gHsTm) is 0.05<RC/( gHsTm)<O.3O

Furthermore, Eq. (4.9) is only valid for rather large values of the wave steepness
5, =27H /(gT}): 0.04<s, <0.06.

In order to compare the predictions of Eq. (4.9) to the predictions of Egs. (4.2b)
and (4.5), the expressions of the dimensionless average overtopping rate and relative

crest freeboard in Eq. (4.9) are transformed into g/ g H 2 and R /H, respectively.

Hence, Eq. (4.9) can be rewritten as:
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q :Qo‘/g _bOwen & 412
=i e “m

In this context, the significant wave height in Eq. (4.9) is assumed to be equal to
the spectral wave height /7 . In theory, this is only valid when the individual wave

heights are Rayleigh distributed.

Table 4.5: Overtopping discharge factor expressing the reliability of the prediction
formula of Owen (1980).

Probability of Overtopping
exceedance [%] discharge factor|-]
50 1.0
20 1.8
10 2.4
5.0 3.2
2.0 4.2
1.0 5.1
0.50 6.1
0.20 7.5
0.10 8.7

There is a clear similarity between Eq. (4.12) and Eq. (4.2a), which applies to
breaking waves, since the coefficients ¢, and b,,,,, can be expressed as a function
of the tangent of the slope angle. Accordingly, Eq. (4.9) (and thus Eq. (4.12)) has no
maximum for non-breaking waves, which may lead to overpredictions for steep
slopes (EurOtop 2007).

4.3.3 DHNN - Neural network

Van Gent et al. (2007) developed the neural network prediction model, i.e. the
DHNN tool, which has been trained using the majority of the test results of the
CLASH database. Not all 10.532 test results have been included. All test results with
a reliability factor RF = 4 or a complexity factor CF = 4 have been left out.
Elimination of the inconsistencies in the database further reduced the CLASH
database to 8.372 test results, including all 182 test results in Table 4.2.
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Moreover, the input of the neural network prediction model did not consist of the
31 parameters identified by Van der Meer et al. (2005a), but of 15 parameters:
3 parameters describing the wave field and 12 parameters describing the geometry of
the structure. Consequently, the DHNN tool has been trained based on 16 (15 input
parameters and 1 output) times 8.372 input values.

The ranges of application of the DHNN tool for the slope angle and relative crest
freeboard are: 0.0<cota<7.0 and 0.0<R /H <64 . The reliability of the

DHNN tool is described by a number of percentiles for ¢/4/g />, that are part of
the output of the DHNN tool for a particular input.

Although the number of tests of the CLASH SL dataset is limited (182 test
results, section 4.3.1), the DHNN tool has the ability to interpolate between the test
results for which it is trained, similar to simple regression formulae. The slopes of
steep low-crested structures are situated in between those of mildly sloping dikes and
vertical walls (section 1.1.3), while the crest freeboards are positioned in between a
zero crest freeboard and crest freeboards typical for sea defence structures.
Consequently, the average overtopping rates are also expected to be situated in
between the average overtopping rates of these neighbouring (from a geometrical
point of view) structures. Due to the presence of test results for the neighbouring
structures in the 8.372 test results that have been used to train the DHNN tool,
predictions of the average overtopping rates for steep low-crested slopes are expected
to be relatively accurate.

4.3.4 Contribution of the geometrical and hydraulic parameters

Based on Eq. (3.21a) (chapter 3), the average overtopping rate of steep low-crested
slopes is a function of the slope angle, crest freeboard, wave height and wave period.
The expression of the generic function f, in Eq. (3.21a) should use dimensionless

parameters consisting of the geometrical and hydraulic parameters, in order to obtain
expressions independent of the scale of the test and of the design conditions. In this
PhD-manuscript, the following dimensionless parameters are used, in accordance
with section 4.3.2.1:

o the dimensionless average overtopping rate ¢/ J gH?

¢ the cotangent of the slope angle cotor ;

o the relative crest freeboard R, /H ,, which includes the effect of the crest

mo0 >

freeboard and the wave height; and
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o the wave steepness s, ,, =H, /L which includes the effect of the wave

m-1,0 m-1,0 >

height and the wave period.

Consequently, the expression for the dimensionless average overtopping rate for
steep low-crested slopes is expressed by (fis a generic function):

4 _ - f[cota,%,smlyoj (4.13)

\lgHio

Since the expressions in section 4.3.2 all partly cover the ranges of application of
steep low-crested slopes, these expressions give more information on the expression
of the generic function f in Eq. (4.13). Looking at these expressions, it is unclear

m0

whether all dimensionless parameters in the right hand side of Eq. (4.13) should be
taken into account. All formulae in section 4.3.2 include the effect of the relative
crest freeboard R /H ,, , but disagree on the inclusion of the effects of the slope

angle and the wave period (wave steepness):

mo >

e according to Eq. (4.2b), the effects of the slope angle and wave period on the
average overtopping rate of structures corresponding to non-breaking waves are
negligible;

¢ on the other hand, Egs. (4.5) to (4.8) predict a weak dependency of the average
overtopping rates on the slope angle. The effect of the wave period on the average
overtopping rate is also neglected;

e based on Eq. (4.12), the effect of the wave period on the average overtopping rate
is not negligible. The effect of the slope angle is included through the factors Q,

and b, (Table4.4).

Furthermore, a number of interactions occur between the dimensionless
parameters in Eq. (4.13) for the formulae in section 4.3.2:

e the argument of the exponential function in Eq. (4.12) shows there is an
interaction between the effect of the slope angle, the effect of the wave period and
the effect of the relative crest freeboard on the dimensionless average overtopping

rate q/JgH?, ;
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o for R /H, 2 075, the effect of the slope angle is only present outside the

argument of the exponential function (hence not interacting with the effect of the
relative crest freeboard) in Eq. (4.5) through the use of the factor 4,. On the

other hand, A, is not equal to 1.0 for R, /H,, < 0.75, resulting in an interaction
between the effect of the slope angle and the effect of the relative crest freeboard.

The DHNN tool includes the effects of all geometrical and hydraulic parameters
and their interactions. Consequently, predictions by the DHNN tool should be
compared to the predictions of the empirical formulae in section 4.3.2 to determine

which of the parameters coter, R /H,, and s, affect the average overtopping

rate of steep low-crested slopes and to identify the significant interactions between
these parameters.

The limited number of test results in the CLASH_SL database (182) justifies the
new experimental tests which have been carried out during this PhD-research. The
test matrices of the AAUO8 and UGI10 test series (Tables 3.5 and 3.7) particularly
allow to study the independent effects of the three determining parameters and their
interactions. A comparison between these test results and their predictions by the
empirical formulae from section 4.3.2 and by the DHNN tool for the effects of slope
angle, relative crest freeboard and wave period and the interactions between these
parameters is shown and discussed in chapter 5.

4.4 Asymptotic overtopping behaviour

4.4.1 Asymptotic behaviour of vertical walls (cot a = 0.0)

As mentioned above, the overtopping behaviour of vertical walls is considered to be
asymptotic for the overtopping behaviour of very steep slopes. According to
EurOtop (2007), two different types of overtopping behaviour occur at vertical walls,
depending on the value of the impulsiveness parameter #* (Eq. 4.14).

h

1

i (4.14)

m0 m—1,0

=13

When h* > 0.3, non-impulsive or pulsating conditions occur. This corresponds to
large values of 4, /H,, and A4, /L The overtopping behaviour in non-impulsive

conditions is dominated by green water overtopping.

m—1,0 °
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On the other hand, when #* < 0.2, impulsive conditions dominate at a vertical
wall. Under impulsive conditions, the overtopping behaviour is characterized by
violently breaking waves against the wall, giving rise to an up rushing jet of water.

In the transition zone, 0.2 <A*< 0.3, the maximum of the average overtopping
rates calculated by both formulae for non-impulsive and impulsive conditions applies.

Since the water depth is assumed to be rather large for the structures studied in
this PhD-research (Eq. 1.8), empirical formulae for non-impulsive conditions are
applied to determine the asymptotic overtopping behaviour of very steep slopes. Two
commonly used empirical formulae that predict the average overtopping rate at
vertical walls for non-impulsive conditions are given below (Egs. 4.15 and 4.16).
Franco et al. (1994) derived Eq. (4.15) based on small scale experimental tests with
caisson breakwaters (vertical walls) in relatively deep water (4, /H,, >3.0) with

non-impulsive waves and normal wave attack.

9 3 R
T —O.Zexp{( 4.3)H } (4.15)

m0

m0

The reliability of Eq. (4.15) is described by assuming the coefficient 4.3 is a
normally distributed stochastic parameter with mean 4.3 and standard deviation
o = 0.30. This standard deviation is derived similarly compared to the standard
deviations of Egs. (4.2a) and (4.2b).

The range of application of Eq. (4.15) for the relative crest freeboard R, /H ,, is

08<R /H,, <3.0.

EurOtop (2007) mentions a different formula (Eq. 4.16), derived based on test results
with wider ranges of application for the relative crest freeboard and for the wave
characteristics than Eq. (4.15).

L_ —0.04 exp| (-2.6) R, (4.16)
gH,; H

m0

m0

The reliability of Eq. (4.16) is described by assuming that the coefficient 2.6 is a
normally distributed stochastic parameter with mean 2.6 and standard deviation
o= 080. The range of application for the relative crest freeboard is

0.1<R,/H,, <3.5. Equation (4.16) is based on the prediction formula by Allsop et



4-20 Chapter 4

al. (1995) (Eq. 4.17), which has been extended to a larger number of datasets.
Equations (4.16) and (4.17) give similar predicted values.

9~ 0.05exp| (~2.8) = (4.17)
gH, a

mo m0

4.4.2 Asymptotic behaviour of structures with a zero crest
freeboard (R./Hy,o = 0.0)

Test results with slopes cot =0.0 and coter =1.5 (Smid et al. 2001) and with
3.0 < cot r 6.0 (Schiittrumpf 2001) are available for structures with a zero crest

freeboard. An empirical formula based on the test results of Schuttrumpf (2001) is
provided by EurOtop (2007); its expression is given for £,  >2.0in Eq. (4.18).

g 0.226} @18)

—_—= [0.136 -—=
gH:, St

It should be noted that the test results of Smid et al. (2001) have a reliability
factor RF of 4 (unreliable) in the CLASH database. However, these are the only
available tests on steep slopes and vertical walls with zero crest freeboards and they
are also mentioned in EurOtop (2007). Hence, the test results by Smid et al. (2001)
are used in this PhD-research to predict the average overtopping rate at steep slopes
and vertical walls with zero crest freeboards.

4.5 Overview of prediction models for steep low-
crested slopes and neighbouring structures

An overview of the prediction models described above that are applicable to steep
low-crested slopes is shown in Table 4.6.

Table 4.7 gives an overview of the empirical formulae and test results that
determine the asymptotic behaviour for steep low-crested slopes (vertical walls and
structures with a zero crest freeboard).
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Table 4.6: Summary of prediction models applicable to steep low-crested slopes.

Eq. Nr. Reference (in figures) cot o [-] RJ/H 6 [-] ﬁ [-]
Eq. (4.2b) non'brea(lzglog;)E“rOtOp 10-40 | 05-35 :
Eq. (4.5) Kog)\lEégbz) 0.58-2.75 | 0.15-2.0 -
Eq. (4.9) Sgé’v‘;gl (Sllgggj’ 1.0-5.0 - 0.05-0.30
- DHNN 00-70 | 00-70 -

Table 4.7: Summary of prediction models applicable to neighbouring structures
(vertical wall, zero crest freeboard).

Eq. Nr. Reference (in figures) | cot o [-] | R/H,0[-]
Eq (4.15) Fraz:gi;aifv (31”9’9 " 0.0 0.8-3.0
Eq (4.16) Eﬁfgltgzl (Vzvgga) 0.0 0.1-3.5

- Smitzset:trzls.u(l%on 00,15 0.0

4.6 Conclusions

An overview of the existing knowledge on the average overtopping rates of steep
low-crested slopes has been given in this chapter. A number of commonly used
prediction models, originally developed for sea defence structures, appear to be valid
within the ranges of application of steep low-crested slopes: the CLASH_SL dataset,
the simple regression formulae by EurOtop (2007) for inclined structures, Kofoed
(2002) and Owen (1980), and the DHNN tool. The ranges of application and
reliability of these models have been described.

Furthermore, prediction models for the overtopping behaviour of vertical walls
under non-impulsive wave attack and of structures with zero crest freeboard have
been given, since these structures determine the asymptotic (from a geometrical point
of view) overtopping behaviour for steep low-crested slopes.






Average overtopping rates of steep low-
crested slopes — experimental test results

The main goal of this chapter is to present the average overtopping rates measured at
both the AAUOS test set-up and the UG10 test set-up (described in chapter 2 and 3)
and to compare these measurements with predicted overtopping rates by the
prediction models from chapter 4. More specific, the relative importance of the
effects of the slope angle, relative crest freeboard and wave period on the average
overtopping rates of steep low-crested slopes and the interactions between these
parameters are shown and discussed. The ability of the prediction models from
chapter 4 to predict these three effects and the interactions between the three
dominating parameters has been investigated. Finally, a new set of empirical
prediction formulae is proposed at the end of this chapter.

5.1 Introduction

The prediction models from literature do not agree on the effects of the slope angle,
relative crest freeboard and wave period on the average overtopping rates of steep
low-crested slopes and on the interactions between these three parameters
(section 4.3.4). The test results of the AAUO8 and UG10 dataset allow to verify the
relative importance of these parameters and to investigate their interactions. All
AAUOS test results are shown in a log-linear graph of the dimensionless average

overtopping rate q/+JgH,, against the relative crest freeboard R /H , in Fig. 5.1.
The UGIO test results are shown in a similar graph in Fig. 5.2. The data points are
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categorized by the bottom slope angle ¢, for the AAUOS test results (Fig. 5.1) and
by the slope angle « for the UG1O test results (Fig. 5.2).
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Figure 5.1: Dimensionless average overtopping rate (logarithmic scale) as a
function of the relative crest freeboard (linear scale) for the test results of the AAUO8
dataset, with R/ H  varying between 0.0 and 2.0.

Both graphs show that the dimensionless average overtopping rate of steep low-
crested slopes 1s dominated by the slope angle and the relative crest freeboard:

e for a particular slope angle (¢, or « ), the dimensionless average overtopping

rate is mainly affected by the relative crest freeboard: an increase in R, /H

causes a decrease in g/ ,/ gH’, . The effect of the wave period is only present in
the spreading around the trend line of the data points for a particular slope angle.
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That spreading also contains the effect of differences in the characteristic slope
angle « for a particular value of ¢, inFig. 5.1;

o for a particular relative crest freeboard, the dimensionless average overtopping
rate is mainly affected by the slope angle. Generally, it appears that a decrease of

the slope angle o corresponds to an increase of ¢/yg H 2. At first sight, the

wave period does not affect this general trend.

Hence, the effect of the wave period is small compared to the effects of the slope
angle and the relative crest freeboard, and its interactions with those two effects are
small. This is in contrast to the findings by Owen (1980) (section 4.3.4.3).
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Figure 5.2: Dimensionless average overtopping rate (logarithmic scale) as a
function of the relative crest freeboard (linear scale) for the test results of the UG10
dataset, with R,/ H , varying between 0.0 and 2.0.
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On the other hand, a clear interaction is visible in Figs. 5.1 and 5.2 between the
effects of the slope angle and the relative crest freeboard. The slope of the trend line
of the data points for a particular slope angle and its intersection point with the
vertical axis are dependent on the value of that slope angle. Correspondingly, the

effect of the slope angle on q/4/g H’, is larger for larger relative crest freeboards.

This interaction is further investigated in sections 5.2 and 5.3, based on a
comparison between the AAUO8 and UGIO test results and the predictions of the
models in Table 4.6 and Table 4.7. Since the effect of the wave period and its
interactions with the effects of the slope angle and relative crest freeboard on

q/\g H}, are relatively small, the effect of the wave period is not considered in
first instance. Hence, the value of the wave period is chosen arbitrarily in sections 5.2
and 5.3. The effect of the slope angle on g/4/g H, is studied in section 5.2, for a

number of relative crest freeboards. This allows to study the independent effect of the
slope angle and the interactions between the relative crest freeboard and the effect of
the slope angle in detail. Section 5.3 studies the effect of the relative crest freeboard

on g/ ,/ gH’, for a number of slope angles, enabling to investigate the independent

effect of the relative crest freeboard and its interactions with the slope angle.

The contradiction between the limited effect of the wave period for the AAUOS
and UGI10 test results on the one hand and the relatively large contribution of the
wave period to the average overtopping rate of smooth slopes according to
Owen (1980) (Eq. 4.9) on the other hand requires a detailed study on the effect of the

wave period on gq/.Jg H>, for steep low-crested slopes. This is the subject of

section 5.4.

Furthermore, the interaction between the wave period and the effect of the slope
angle is studied in detail in section 5.5, concerning the value of the optimal slope
angle, which corresponds to the maximum average overtopping rate.

Conclusions concerning the interactions between the three dominating parameters
(slope angle, relative crest freeboard and wave period) on the average overtopping
rates of steep low-crested slopes and concerning the ability of the prediction models
from chapter 4 to predict these rates are drawn in section 5.6. Finally, section 5.7
describes the derivation of a set of new empirical prediction formulae which results
in more accurate predictions for the average overtopping rate of steep low-crested
slopes compared to the existing prediction models.
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5.2 Effect of slope angle on overtopping rate of
steep low-crested slopes

The effect of the slope angle o on the average overtopping rate of steep low-crested
slopes is studied below for three different values of the relative crest freeboard
R /H,,: 045 (Example 1), 0.67 (Example 2) and 1.36 (Example 3). These three

values are chosen, since UG10 test results are available for those relative crest
freeboards. Furthermore, a relatively wide variety of relative crest freeboards is
covered by these values.

The crest freeboards used for the AAUOS test series and the UG10 test series are
not identical. The AAUOS data points in the three examples (Examples 1 to 3) below
correspond to slightly larger relative crest freeboards. Hence, the average
overtopping rates of these data points are slightly overpredicted by the prediction
models from literature (Table 4.6), which have been determined for the relative crest
freeboards of the UG10 test results.

The graphs in which the AAUOR test results are compared to the predictions by
the DHNN tool are an exception to this. All predicted values in those graphs are
based on the relative crest freeboard of the AAUOS test series.

52.1 Examplel- R /H =045

The measured dimensionless average overtopping rates of the AAUO8 dataset
with R_/H,, = 0.50 and the UG10 test results with R /H,, = 0.45 (Table 5.1) are

compared to predicted values by the simple regression formulae of EurOtop (2007)
(Eq. 4.2b) and of Kofoed (2002) (Egs. 4.5 to 4.8) for R, /H,, = 0.45 in Fig. 5.3.

The prediction lines for both formulae are drawn within their ranges of application
for cotar (Table 4.6). The 90% prediction interval of Eq. (4.2b) is also added to
Fig. 5.3 (short-dashed lines). Note that the predictions by Eq. (4.2b) are added
although its ranges of application for R, /H ,, are violated.

Furthermore, the dimensionless average overtopping rate for a vertical wall
(cotar = 0.0) predicted by EurOtop (2007) (Eq. 4.16) is shown (white triangle on the

vertical axis). The straight dorted lines connect the 90% prediction interval of
Eq. (4.16) to the 90% prediction interval of Eq. (4.2b).
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Table 5.1: Geometrical and hydraulic parameters for studying the independent effect
of the slope angle on the average overtopping rate of steep low-crested slopes —

Example 1.
Parameter UG10 AAUOS
R/H 0.45 0.50
R, 0.045m 0.050 m
H., 0.10 m 0.10 m
T, 1.534s 1.534 s
o] UG10 data
® AAUOQ8 data
nhon-breaking, EurOtop (2007)
o 1 ™+ 1 1 T T T T 7| ————- nhon-breaking, EurOtop (2007)
F R./H.,=0.45 | 90% prediction interval
3,\ b | ————— OWECS, Kofoed (2002)
% | A vertical wall, EurOtop (2007)
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©
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Figure 5.3: Measured average overtopping rate (logarithmic scale) for Example 1 as
a function of the slope angle (linear scale), with cota varying between 0.0 and 3.0.
Predictions by EurOtop (2007) and Kofoed (2002) are added.
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Based on the trend described by the data points of the AAUO8 and UG 10 datasets
in Fig. 5.3, two zones of different overtopping behaviour are identified for Example 1,
separated by a vertical long-short-short-dashed line and marked by 1 and 2:

e zone 1 contains milder slopes, for which the overtopping behaviour is
characterized by large dimensionless average overtopping rates with a weak
dependency on the slope angle.

e zone 2 contains test results with steeper slopes for which a significant decrease in
the overtopping rate occurs for increasing slope angle, from the overtopping rates
for milder slopes towards the dimensionless average overtopping rate predicted
by EurOtop (2007) for vertical walls. These data points describe a straight line
rather than a curved line in the log-linear graph of Fig. 5.3, suggesting that a
positive exponential function may express the relationship between the

dimensionless average overtopping rate q/+fg H_, and cote for steeper slopes.

The transition between both zones occurs at coter = 1.2 for Example 1, which is

the abscissa of the intersection point between the data points of the AAUO8 and
UGI0 datasets and the lower boundary of the 90% prediction interval of Eq. (4.2b)
(marked by the vertical Jong-short-short -dashed line).

The weak dependency of the test results on the slope angle in zone 1 is confirmed
by Eq. (4.5) (Kofoed 2002), which slightly overpredicts the corresponding average
overtopping rates. Kofoed (2002) also predicts the occurrence of a single optimal
slope angle (cotar = 1.73), which results in the maximum average overtopping rate
(long-dashed vertical line in Fig. 5.3).

Equation (4.2b) tends to overpredict the average overtopping rates in zone 1. This
is caused by the violation of its ranges of application for R /H .

The log-linear graph in Fig. 5.4 is similar to Fig. 5.3, in which predictions by
Kofoed (2002) are replaced with predictions by the simple regression formula of
Owen (1980) (Eq. 4.9), within its range of application for cot ¢ . Furthermore, the 90%
prediction interval of Eq. (4.9) is added to Fig. 5.4 (marked by the dash-dot-dot
lines).

The significant wave height /7, in Eq. (4.9) is assumed to be equal to H,,,
which is less accurate for the tests of the AAUO8 and UG10 dataset without Rayleigh
distributed wave heights (section 3.4.2). The AAUO8 and UG10 test results shown
in Examples 1 to 3 all correspond to Rayleigh distributed wave heights.
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Similar to Eq. (4.5) (Kofoed 2002), the simple regression formula by Owen (1980)
also predicts a weak dependency of the overtopping rates on the slope angle for
milder slopes (zone 1) and the existence of a single optimal slope angle, cotor = 1.73
(Fig. 5.4). Since the data points in zone 1 are positioned within the 90% prediction

interval of Eq. (4.9), the effect of the slope angle is not negligible according to
Owen (1980).
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Figure 5.4: Measured average overtopping rate (logarithmic scale) for Example 1 as
a function of the slope angle (linear scale), with cota varying between 0.0 and 3.0.
Predictions by EurOtop (2007) and Owen (1980) are added.

Finally, the measured average overtopping rates for Example 1 are compared to
their predicted values of the DHNN tool in Fig. 5.5 and Fig. 5.6, for the AAUOS and
UGI10 test results respectively. The predicted average overtopping rates in Fig. 5.5
are based on the relative crest freeboard of the AAUOS test series (R, /H,,, = 0.50).
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The horizontal axis of Fig. 5.5 corresponds to the characteristic slope angle for the
fractioned slopes of the AAUOS test series. Note that the DHNN tool is able to take
into account the fractioned slopes through a zero-width berm. This feature was used
when determining the predictions of the AAUOS test results by the DHNN tool.
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Figure 5.5: Measured average overtopping rate (logarithmic scale) for the AAUOS
test results of Example 1 as a function of the slope angle (linear scale), with cota
varying between 0.0 and 3.0. Predictions by EurOtop (2007) and the DHNN tool are
added.

The mean predictions by the DHNN tool approach the measured average
overtopping rates quite well for both the AAUO8 and UG10 test results and for both
zones of milder and steeper slopes (Figs. 5.5 and 5.6). This shows that the DHNN
tool gives rather accurate predictions for Example 1, although its predictions are
based on an interpolation between test results of the CLASH database for vertical
walls and for mild slopes.
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Based on Figs. 5.3 to 5.6, the following conclusions are drawn concerning
Example 1:

¢ aweak dependency on the slope angle occurs for the average overtopping rates of
the AAUO8 and UGIO test results for milder slopes (zone 1). This weak
dependency is also predicted by Egs. (4.5) and (4.9), and by the DHNN tool;

e the mean predictions by Eq. (4.9) and by the DHNN tool are quite accurate.
Eq. (4.5) tends to overpredict the average overtopping rates;
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Figure 5.6: Measured average overtopping rate (logarithmic scale) for the UG10
test results of Example 1 as a function of the slope angle (linear scale), with cota
varying between 0.0 and 3.0. Predictions by EurOtop (2007) and the DHNN tool are
added.

e Eq. (4.2b) overpredicts the average overtopping rates due to the violation of its
ranges of application for R, /H , ;
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e a significant decrease in average overtopping rate occurs for steeper slopes
(zone 2) with increasing slope angle. The mean predictions of the DHNN tool
accurately predict that decrease.

5.2.2 Example2- R /H 6= 0.67

Graphs similar to section 5.2.1 are shown below for Example 2. The characteristics
of the AAUO8 and UG10 test results for Example 2 are given in Table 5.2.

Table 5.2: Geometrical and hydraulic parameters for studying the independent effect
of the slope angle on the average overtopping rate of steep low-crested slopes —
Example 2.

Parameter UG10 AAUOS
R /H,, 0.67 0.75

R 0.045m 0.050 m

q, 0.067 m 0.067 m

T, 1.278 s 1.278 s

Based on Figs. 5.7 to 5.10, the effect of the slope angle on the average
overtopping rate for Example 2 is similar to that of Example 1. Again, a weak
dependency of the average overtopping rates occurs for milder slopes (zone 1), while
steeper slopes (zone 2) correspond to a decrease in overtopping rate from the
overtopping rate for milder slopes towards that of a vertical wall following a quasi-
linear trend line.

However, the slope of the descending trend line of the UGI0 data points in
zone 2 is steeper compared to the corresponding slope for Example 1 (e.g. when
comparing Fig. 5.7 to Fig. 5.3). This is caused by the larger difference between the
dimensionless average overtopping rates for milder slopes on the one hand and
vertical walls on the other hand for Example 2. Correspondingly, the effect of the
slope angle on the overtopping rates for steeper slopes is larger for larger values of
the relative crest freeboard. This is in agreement with Figs. 5.1 and 5.2 (section 5.1).

Furthermore, the intersection point between the descending trend line of the test
results for steeper slopes and the lower boundary of the 90% prediction interval of
Eq. (4.2b) is positioned at a lower value of cotor for Example 2 than for Example 1:
cota = 1.0 (vertical long-short-short -dashed line). This is caused by the increased
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width of the 90% prediction interval of Eq. (4.2b) for an increased value of the
relative crest freeboard.

Thirdly, since the data points of the AAUO8 and UGIO datasets with
1.0 <coter < 3.0 are located within the 90% prediction interval of Eq. (4.2b) in

Fig. 5.7, the effect of the slope angle on the overtopping rate is negligible according
to EurOtop (2007). On the other hand, those data points are also positioned inside the
90% prediction interval of Eq. (4.9) (Fig. 5.8). This means that the effect of the slope
angle, although it is rather weak, should not be neglected (Owen 1980). The mean
predictions by Owen (1980) tend to overpredict the measured overtopping rates for
milder slopes in Fig. 5.8.
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Figure 5.7: Measured average overtopping rate (logarithmic scale) of Example 2 as
a function of the slope angle (linear scale), with cota varying between 0.0 and 3.0.
Predictions by EurOtop (2007) and Kofoed (2002) are added.
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Similar to Example 1, the mean predictions of the DHNN tool are quite accurate
for Example 2, both for milder and steeper slopes (Figs. 5.9 and 5.10). Only a small
overprediction of the overtopping rates of the AAUO8 and UG10 test results occurs
by the mean predictions of the DHNN tool.

The conclusions drawn at the end of section 5.2.1 for Example 1 are also largely
valid for Example 2. However, the ranges of application of Eq. (4.2b) for R_/H
are not violated in Example 2. This results in a contradiction concerning the

significance of the effect of the slope angle between the predictions of Eq. (4.2b) on
the one hand and by Eq. (4.9) and the DHNN tool on the other hand.
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Figure 5.8: Measured average overtopping rate (logarithmic scale) for Example 2 as
a function of the slope angle (linear scale), with cota varying between 0.0 and 3.0.
Predictions by EurOtop (2007) and Owen (1980) are added.
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Figure 5.9: Measured average overtopping rate (logarithmic scale) for the AAUOS
test results of Example 2 as a function of the slope angle (linear scale), with cota
varying between 0.0 and 3.0. Predictions by EurOtop (2007) and the DHNN tool are
added.
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Figure 5.10: Measured average overtopping rate (logarithmic scale) for the UGI10
test results of Example 2 as a function of the slope angle (linear scale), with cota
varying between 0.0 and 3.0. Predictions by EurOtop (2007) and the DHNN tool are
added.

5.2.3 Example3- R /H =136

Figures 5.11 to 5.14 are similar to Figs. 5.3 to 5.6, but for test results of the AAUOS
and UG10 datasets with characteristics defined in Table 5.3.

The relative crest freeboard of Example 3 fulfils the ranges of application of
R /H,, for Eq. (4.15) (Table 4.7). Hence, predictions of the dimensionless average
overtopping rate for vertical walls (cota =0.0) by Eq. (4.15) (Franco et al. 1994)
are added to the graphs in this section (white square on vertical axis).
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Table 5.3: Geometrical and hydraulic parameters for studying the independent effect
of the slope angle on the average overtopping rate of steep low-crested slopes —

Example 3.
Parameter UG10 AAUOS
R/H,, 1.36 1.52
R, 0.045m 0.050 m
H., 0.033m 0.033 m
T, 1.022 s 1.022 s

In general, similar observations are made in this section compared to the two

previous sections 5.2.1 and 5.2.2. In particular, the following conclusions are drawn
for Example 3:

since the relative crest freeboard is larger compared to Example 2, the slope of
the descending trend line of the data points for steeper slopes (zone 2) is even
steeper than for Example 2;

the 90% prediction interval of Eq. (4.2b) is wider for Example 3 than for
Example 2. Hence, the abscissa of the intersection point between the descending
trend line of the data points for steeper slopes and the lower boundary of the 90%
prediction interval of Eq. (4.2b) (extended to steeper slopes) is positioned at a
steeper slope (cotar = 0.80) for Example 3 (vertical long-short-short -dashed
line);

although the data points of the UG10 dataset with milder slopes are positioned
within the 90% prediction interval of Eq. (4.2b), these points clearly describe a
curved line in Fig. 5.11, reaching a maximum for coter =2.14;

the empirical prediction formula of Owen (1980) overpredicts the dimensionless
average overtopping rates for Example 3 (Fig. 5.12). This is caused by the low

value of the wave steepness (s,,_,, = 0.024) for Example 3, which is below the

lower boundary of the range of application of the simple regression formula by
Owen (1980) for the wave steepness: s, , = 0.030" (section 4.3.2.3). The mean

' Based on T /T, =125 (JONSWAP spectrum with peak enhancement factor 3.3)

and assuming 7, /7, , = 1.1 (single peaked spectrum).
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prediction line by Owen (1980) is quite accurate for the milder slopes of
Examples 1 and 2, since these examples correspond to values of the wave

steepness s, ,, = 0.031;
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Figure 5.11: Measured average overtopping rate (logarithmic scale) for the UGI10
test results of Example 3 as a function of the slope angle (linear scale), with cota
varying between 0.0 and 3.0. Predictions by EurOtop (2007), Franco et al. (1994)
and Kofoed (2002) are added.

e the mean predictions by the DHNN tool for the AAUO8 and UGI10 test results
(Figs. 5.13 and 5.14) approach the measured overtopping rates quite well for the
milder slopes, but clearly overpredict the measured overtopping rates for steeper
slopes (coter <1.0). However, the data points are still positioned within the 90%
prediction interval (which is relatively wide for the larger relative crest freeboards)
of the DHNN tool. This means that no significant deviations occur between the
predictions of the DHNN tool and the UG10 test results.
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Figure 5.12: Measured average overtopping rate (logarithmic scale) for Example 3
as a function of the slope angle (linear scale), with cot o varying between 0.0 and
3.0. Predictions by EurOtop (2007), Franco et al. (1994) and Owen (1980) are
added.
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Figure 5.13: Measured average overtopping rate (logarithmic scale) for the AAUOS
dataset of Example 3 as a function of the slope angle (linear scale), with coto
varying between 0.0 and 3.0. Predictions by EurOtop (2007), Franco et al. (1994)
and the DHNN tool are added.
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Figure 5.14: Measured average overtopping rate (logarithmic scale) for the UG10
dataset of Example 3 as a function of the slope angle (linear scale), with cota
varying between 0.0 and 3.0. Predictions by EurOtop (2007), Franco et al. (1994)
and the DHNN tool are added.

5.2.4 Conclusions on the effect of the slope angle and the
interaction with the relative crest freeboard

5.2.4.1 Conclusions on the effect of the slope angle

Two zones of different overtopping behaviour have been identified for each of the
examples in sections 5.2.1 and 5.2.3 based on the data points corresponding to the
AAUO8 and UGIO test results. Zone | contains milder slopes with a weak
dependency on the slope angle. The corresponding data points describe a gentle
parabolic-shaped curve, reaching a maximum for a specific slope angle and further
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decreasing towards steeper slopes. Zone 2 contains data points corresponding to
steeper slopes and exhibits a large dependency on the slope angle. A sharp decrease
in average overtopping rate occurs for increasing slope angle, following a quasi-
linear trend line which descends from the gentle parabolic curve for milder slopes
towards the overtopping rates for vertical walls predicted by EurOtop (2007) and
Franco et al. (1994).

5.2.4.2 Conclusions on interaction between relative crest freeboard and the
effect of the slope angle

The interaction between the relative crest freeboard and the effect of the slope angle
on the overtopping rate is considerable. Figure 5.15 summarizes the observations
from sections 5.2.1 to 5.2.3, using two illustrative examples with relative crest
freeboards R, /H , =0.60 and 1.40.

17T —r steeper slopes, R /H,_, = 0.60
S | e steeper slopes, R/H,_, =1.40
— — — milder slopes, Rc/HmD =0.60

______ milder slopes, R/H_ = 1.40
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Figure 5.15: Dimensionless average overtopping rate (logarithmic scale) as a
function of the slope angle (linear scale), with cota varying between 0.0 and 3.0.
Hlustrative examples summarizing the conclusions from Examples 1 to 3.
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It is clear that the dependency of the overtopping rates on the slope angle
increases for larger relative crest freeboards, both for steeper slopes and milder
slopes (Fig. 5.15). Hence, it is worthwhile to take a look at the effect of the slope

angle on the average overtopping rate of structures with a zero crest freeboard
(Fig. 5.16).

o Smid et al. (2001)
—_———— DHNN

0.01 +

Dimensionless average overtopping rate q/ (g H’_,)"* [-]

0.001 n 1 1 n : 1 n 1 n ] 1 1 1 n ] 1 1 1 n ] 1 n 1 n ] 1 n 1 1
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Figure 5.16: Average overtopping rate (logarithmic scale) as a function of the slope
angle (linear scale), withcot o varying between 0.0 and 3.0, for the test results by
Smid et al. (2001) and predictions by the DHNN tool are added.

Based on Fig. 5.16, only a very weak dependency of the average overtopping rate

on the slope angle is expected for structures with a zero crest freeboard, both for
steeper and milder slopes.

The test results of Smid et al. (2001) predict an independency of the average
overtopping rate on the slope angle, with a constant value of q/+gH_, = 0.062. On
the other hand, a decrease in the average overtopping rate is predicted by the DHNN
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tool for slope angles increasing from coter =1.0 to coter =0.0 (similar to Examples
1 to 3). It is noted that the test results of Smid et al. (2001) have not been used for
training the DHNN tool. This explains the differences between both corresponding
predictions. Since Eq. (4.17) (Schuttrumpf 2001) predicts a dependency of the
average overtopping rate on the slope angle for mild slopes (3.0 <cota <6.0), the
existence of a constant average overtopping rate for steep slopes is questionable.

In conclusion, the very weak dependency on the slope angle for R /H,, = 0.0

observed in Fig. 5.16 confirms the interaction between the effects of cotor and

R /H,, on the dimensionless average overtopping rate g//g H,, for steep low-
crested structures.

5.2.4.3 Conclusions on ability of prediction models to predict the effect of the
slope angle and the interactions with the relative crest freeboard

The ability of the prediction models from Table 4.6 to predict the effect of the slope
angle on the average overtopping rate for the AAUO8 and UG10 test results depends
on the values of the slope angle and the relative crest freeboard. A division is made
into four zones (Fig. 5.15):

e zone Z1 (solid line) corresponds to steeper slopes with small relative crest
freeboards characterized by a significant effect of the slope angle. The DHNN
tool is the only prediction method which is able to predict the overtopping rates
for the steeper slopes, since these slopes are positioned outside the range of
application of cot for the prediction methods in section 4.3.2. As illustrated for
Examples 1 and 2, the mean predictions of the UG10 test results by the DHNN
tool are relatively accurate in zone 7.1;

¢ on the other hand, the mean predictions by the DHNN tool overpredict the
average overtopping rates for steeper slopes with larger relative crest
freeboards (i.c. zone Z2, dash-dot line), characterized by a significant effect
of the slope angle which is larger than in zone Z1. This is illustrated in
Example 3 (Fig. 5.14). The average overtopping rate of the UG10 data points
decreases for increasing slope angle towards the predicted values for vertical
walls on the vertical axis. On the other hand, the intersection of the trend line of
the predicted values for steeper slopes by the DHNN tool intersects the vertical
axis above the data points for vertical walls.
Nevertheless, the UG10 data points are still positioned within the 90% prediction
interval of the DHNN tool, which is quite wide for the relatively high crest
freeboard in Example 3. This means that the deviations between the predictions
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by the DHNN tool and the UGI10 test results are not significant. Hence, the
DHNN tool can be used to predict the average overtopping rates;

¢ milder slopes with small relative crest freeboards correspond to the zone Z3
(long-dashed line). The AAUO8 and UGIO0 test results only show a weak
dependency on the slope angle in that zone (Examples 1 and 2). The
overtopping rates are quite accurately predicted by Eq. (4.9) (Owen 1980), within
its ranges of application for the wave steepness, and by the DHNN tool (mean
predictions). The simple regression formula of Kofoed (2002) and EurOtop (2007)
tend to overpredict the average overtopping rates for very small relative crest
freeboards (Example 1).
Since the data points corresponding to milder slopes and low relative crest
freeboards in Example 2 are positioned inside the 90% prediction interval of
Eq. (4.2b), the overtopping rates are assumed to be accurately predicted by
Eq. (4.2b) (EurOtop 2007), which suggests the overtopping rate to be
independent of the slope angle. This is in contrast to the predicted (weak) effect
of the slope angle by Eq. (4.5), Eq (4.9) and by the DHNN tool;

¢ Dbased on Example 3, the effect of the slope angle on the overtopping rates for
milder slopes with large relative crest freeboards is not negligible (zone Z4)
(short-dashed line). Since the data points of Example 3 are positioned within the
90% prediction interval of Eq. (4.2b), the effect of the slope angle on the average
overtopping rate however is assumed to be negligible. This is again in contrast to
the mean predictions by the DHNN tool and the predictions by Eq. (4.5).

In summary, a disagreement concerning the effect of the slope angle on the
average overtopping rate occurs between the test results and (1) the mean predictions
by Eq. (4.2b) in the zones 73 and 74, and (2) the mean predictions by the DHNN
tool in the zone 7.2.

In this context, it is important to note that both Eq. (4.2b) and the DHNN tool are
determined or trained for a broad range of geometries of coastal structures subjected
to a wide range of wave conditions. Hence, the uncertainty on the predictions is
relatively large, resulting in rather wide 90% prediction intervals. The width of those
intervals is expected to decrease when only straight smooth impermeable slopes
exposed to normal wave attack are considered, i.e. applicable to the type of structures
considered in this PhD-research.

Moreover, a larger variety of structures has been included for larger crest
freeboards compared to lower relative crest freeboards when deriving Eq. (4.2b) and
when training the DHNN tool. Consequently, the prediction interval is expected to be
relatively narrower for larger relative crest freeboards when only taking into account
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straight smooth impermeable coastal structures compared to the original prediction
interval.

However, when restricting the test results originally used to derive Eq. (4.2b) to
the subset of straight smooth impermeable slopes with normal wave attack, a rather
large spreading still occurs. A standard deviation o = 0.34 has been found for the
coefficient -2.6 in Eq. (4.2b) for this subset. Possible reasons for the rather large
scatter are differences in waves, structures and overtopping measurements between
the different test results. By eliminating these model effects, a decrease in the
standard deviation should occur and the 90% prediction interval of Eq. (4.2b) in the
figures of the examples above should be narrower when only considering straight
smooth impermeable coastal structures, without model effects.

Based on this reasoning, the effect of the slope angle may become significant for
zones 73 and 74, for which the mean predictions by the DHNN tool are in good
agreement with the AAUO8 and UG10 test results. Furthermore, Eq. (4.2b) may also
overpredict the average overtopping rates for the larger relative crest freeboards in
zone 7.3.

On the other hand, reducing the dataset used for training the DHNN tool (section
5.4.4) to straight smooth impermeable slopes with normal wave attack conflicts with
the principle of the DHNN tool to be applicable for a wide range of structure. The
price paid for this wide applicability is the wide 90% prediction interval.

The clear trend of the UGIO data points towards the predicted average
overtopping rates for vertical walls in Example 3 confirm the less accurate
predictions by the DHNN tool in zone Z2. More accurate predictions would be
achieved in zone 72 when training the DHNN tool using a database which
incorporates the UG10 test results.

In conclusion, The DHNN tool is able to predict the effects of the slope angle and
the relative crest freeboard and their interactions for the UG10 test results relatively
accurately, except for zone Z2. When neglecting the effect of the slope angle in zone
74, Eq. (4.2b) 1s also able to predict the average overtopping rate accurately. An
overview is given in Table 5.4.

Table 5.4: Overview of applicable prediction models for each of the zones Z1 to Z4.

Zone Applicable prediction model
71 DHNN
72 DHNN overpredicts
73 DHNN
74 Eq.(42b) | DHNN
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5.2.4.4 Conclusions on transition point between milder and steeper slopes

The slope angle which constitutes the transition between the steeper and milder
slopes is defined as the abscissa of the intersection point of the linear trend line in the
log-linear plot of the data points corresponding to steeper slopes and the lower
boundary of the 90% prediction interval of Eq. (4.2b). Since the slope of the linear
trend line and the width of the 90% prediction interval differ depending on the value
of the relative crest freeboard, the transition point also depends on the relative crest
freeboard. Examples 1 to 3 suggest that the transition slope angle increases when the
relative crest freeboard increases (illustrated in Fig. 5.15).

However, based on the reasoning in section 5.2.4.3, the width of the 90%
prediction interval of Eq. (4.2b) should be reduced when only considering straight
smooth impermeable coastal structures (without model effects) and the reduction
should be relatively larger for larger relative crest freeboards than for smaller relative
crest freeboards. Hence, the transition point between steeper and milder slopes
should shift towards larger values of cotor and the dependency of the transition
slope angle on the relative crest freeboard should be relatively small. Therefore, the
transition slope is assumed to be coter =1.5, marked by the vertical solid line in
Fig. 5.15.

5.3 Effect of relative crest freeboard on
overtopping rate of steep low-crested slopes

The effect of the relative crest freeboard on the average overtopping rate for the
AAUO8 and UGI10 test results is shown in Fig. 5.1 and Fig. 5.2 respectively. It is
clear that a decrease in the relative crest freeboard results in an increase in the
average overtopping rate. The results of a comparison of the measured average
overtopping rates and the predictions by the models from Tables 4.6 and 4.7 are
given in this section for the UGILO test results. The AAUOS test results are not
discussed in this section due to their smaller ranges of application of the slope angle
and relative crest freeboard compared to the UG10 test results.

The four zones 71 to Z4 in Fig. 5.15 can also be identified in Fig. 5.2, as shown
in Fig. 5.17. Hence, the conclusions concerning the ability of the prediction models
from chapter 4 to predict the dimensionless average overtopping rates accurately in
each of the zones (section 5.2.4.3) also apply here. This is verified for the zones 7.3
and 74 in section 5.3.1 and for zones 7,1 and 72 in section 5.3.2.

Furthermore, the transition slope angle between the zones Z1 - Z2 on the one
hand and Z3 — Z4 on the other hand has been studied 1n section 5.2.4.4. However, the
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transition value of the relative crest freeboard between the zones 71-73 (small
relative crest freeboards) and 7.2-74 (large relative crest freeboards) is still unknown.
This is also discussed in the two sections below (sections 5.3.1 and 5.3.2).

UG10 data cot = 2.75
UG10 data cot = 2.14
UG10 data cot &= 1.73
UG10 data cot ¢ = 1.43
UG10 data cot &= 1.19
UG10 data cot &= 1.00
UG10 data cot = 0.84
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Figure 5.17: Dimensionless average overtopping rate (logarithmic scale) as a
function of the relative crest freeboard (linear scale) for the test results of the UG10
dataset, with R,/ H ,, varying between 0.0 and 2.0. Predictions by EurOtop (2007)

are added.
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5.3.1 ZonesZ3 and 74

Based on the conclusions in section 5.2.4.3, Eq. (4.2b) tends to overpredict the
overtopping rates in zone 7.3, for smaller relative crest freeboards. This is confirmed
when plotting the UG10 test results with cotor > 1.5 and the predictions of Eq. (4.2b)
against the relative crest freeboard (Fig. 5.18).

A UG10 data cot @ = 2.75
w 1 UG10 data cot o = 2.14
o UG10 data cot ¢ = 1.73
iy hon breaking, EurOtop (2007)
g non breaking, EurOtop (2007)
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Figure 5.18: Dimensionless average overtopping rate (logarithmic scale) as a
function of the relative crest freeboard (linear scale) for the test results of the UG10
dataset with cota > 1.5, with R | H,, varying between 0.0 and 2.0. Original test

results for derivation of Eq. (4.2b) are added.

Test results for smooth impermeable steep slopes with cota= 1.0 and
cota = 2.0 used for deriving Eq. (4.2b) are also added to Fig. 5.18. Only a small

number of those test results feature a relative crest freeboard R /H,, < 1.0.
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Three different zones of overtopping behaviour are identified for the UG10 test
results in Fig. 5.18 1.0 <R /H ,<2.0 (zone 1), 0.0 <R /H,, <0.5 (zone 2) and
the transition zone in between, 0.5 <R /H,, < 1.0.

In the first zone, all UG10 data points (black symbols) are located within the 90%
prediction interval of Eq. (4.2b). This means that the effect of R /H,, on

q/ g}, is accurately described by the exponential function of Eq. (4.2b).

In the second zone (0.0 <R /H < 0.5), the UGI0 data points significantly
deviate from Eq. (4.2b) towards the test results of Smid et al. (2001) with a zero crest

freeboard. The relationship between ¢/gH., and R /H,, appears to be

approximately linear in the log-linear graph for zone 2, suggesting that an
exponential function may be fitted through the data points.

In between both zones, a transition zone occurs (0.5 <R /H,, < 1.0). Since the
90% prediction interval of Eq. (4.2b) is expected to be narrower than shown in
Fig. 5.18 when only considering straight smooth impermeable slopes, the UG10 data
points are expected to significantly deviate from Eq. (4.2b) for a value of R /H
larger than 0.5. Based on all data points in Fig. 5.18 and assuming a narrower 90%
prediction interval for Eq. (4.2b), this equation is assumed to overpredict the average
overtopping rate of steep low-crested structures for R, /H,, <0.8. Correspondingly,
this 1s the transition value between the zones 73 and 74.

Based on Fig. 5.18, the predictions by Eq. (4.5), assuming a slope cota =1.73,
are located below the prediction line of Eq (4.2b) in zone 73, caused by the presence
of the factor A, . However, this factor appears to be insufficient to describe the

deviating behaviour of the UG10 data points with R /H,  <0.8. This is due to the

fact that test results of Schittrumpf (2001) for structures featuring zero crest
freeboards and milder slopes, which are positioned above the test results of Smid et
al. (2001), have been used by Kofoed (2002) for calibration.

On the other hand, the mean prediction line by Owen (1980) (coter =1.5 and
s, =0.05) is in good agreement with the average overtopping rates for the UG10 test

results, particularly for the UGI10 test results in zone Z3 (Fig. 5.19). Moreover, it
intersects the vertical axis approximately at the test results of Smid et al. (2001).
Similar to Fig. 5.12 for Example 3, it tends to overpredict the average overtopping
rate for larger relative crest freeboards (zone Z4). The trend of the UG10 test results
with R /H,, <0.8 is confirmed by the mean prediction line of the DHNN tool for

cotar =1.5 (Fig. 5.20), which interpolates between test results with low relative crest
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freeboards and test results with zero crest freeboards. The prediction line also
intersects the vertical axis around the location of the test results of Smid et al. (2001).
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Figure 5.19: Dimensionless average overtopping rate (logarithmic scale) as a
function of the relative crest freeboard (linear scale) for the test results of the UG10
dataset with cota > 1.5, with R/ H ,, varying between 0.0 and 2.0.
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Figure 5.20: Dimensionless average overtopping rate (logarithmic scale) as a
function of the relative crest freeboard (linear scale) for the test results of the UG10
dataset with cota > 1.5, with R /H  varying between 0.0 and 2.0.

In conclusion, the overtopping behaviour of smooth impermeable uniform slopes
in zones 73 and 74 is not described sufficiently accurate by a single straight line in a
log-linear graph of the average overtopping rate as a function of the relative crest
freeboard. This is similar to the case of breaking waves, where the average
overtopping rate follows a curved line when plotted in a log-linear graph as a
function of the relative crest freeboard (Battjes 1974).
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5.3.2 ZonesZ1 and 72

In zones Z1 and 7.2, a significant effect of the slope angle is seen, which increases
for increasing relative crest freeboard (section 5.2.4.3). This is also visible in Fig.
5.17. The data points in zones 71 and Z2 are marked using white symbols. The
piecewise overtopping behaviour mentioned in section 5.3.1 for zones 73 and 74 is
confirmed for each of the slope angles, with data points describing a linear trend in
the log-linear plot for 0.0 <R /H, < 0.8 and a steeper linear trend for

mo0 —

08 <R /H,, < 20. Consequently, the transition between the zones 71 and 72 also
occursat R, /H,, = 0.8.

Based on section 5.2.4.4 and the observations above, the transition points for the
slope angle and relative crest freeboard are determined and the following ranges of
application apply for the different zones 7.1 to Z4:

Table 5.5 Overview of ranges of application for the slope angle and relative crest
freeboard of each of the zones Z1 to 74

R/H,0<0.8 | R/H,,,=>0.8
cota < 1.5 zone 7.1 zone 7.2
cota > 1.5 zone 7.3 zone 7.4

A change in slope angle does not affect the shape of the trend line connecting the
data points for a specific slope angle (Fig. 5.17). However, the slopes of the
corresponding linear trend lines differ depending on the value of the slope angle,
becoming steeper for larger values of the slope angle. As a result, the vertical
spreading of the data points in Fig. 5.17, which is largely caused by differences in
slope angle, increases for increasing relative crest freeboard R, /H .

Based on section 5.2.4.4, the data points in zones Z1 and 72 are assumed to be
positioned outside the narrower 90% prediction interval of Eq. (4.2b). Only the
DHNN tool is able to predict the dimensionless average overtopping rates in zones
Z1 and 72, with an overprediction by the mean prediction line of the DHNN tool in
zone 72. This is also visible in Fig. 5.21, which shows the measured and predicted
average overtopping rates for cotor = 0.84.

It is also interesting to have a look at the effect of the relative crest freeboard on
the overtopping behaviour for the asymptotic case of a vertical wall (cotar =0.0), to
verify whether the double-linear trend lines also occur for that case. Hence,
predictions by Eq. (4.15), Eq. (4.16) and the DHNN tool are compared to test results
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of the CLASH database for plain vertical walls with non-impulsive conditions
(Fig. 5.22). These test results include the test results for a zero crest freeboard by
Smid et al. (2001).
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Figure 5.21: Dimensionless average overtopping rate (logarithmic scale) as a
function of the relative crest freeboard (linear scale) for the test results of the UG10
dataset withcot o = 0.84, with R/ H ,, varving between 0.0 and 2.0. Predictions by
the DHNN tool are added.
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Figure 5.22: Dimensionless average overtopping rate (logarithmic scale) as a
Junction of the relative crest freeboard (linear scale) for cote = 0.0, with R,/ H

varying between 0.0 and 2.0.

Two zones are identified in Fig. 5.22 based on the CLASH test results: (1) a zone
with relatively little scatter for smaller relative crest freeboards, and (2) a zone with
larger scatter for larger relative crest freeboards. The transition between both zones
occurs approximately at R /H = 0.8 (long-short-short-dashed line).

The measured average overtopping rates for R /H, ,< 0.8 are relatively

accurately predicted by Eq. (4.16) and by the DHNN tool. However, the predicted
average overtopping rate of the DHNN tool for a zero crest freeboard and the
extension of Eq. (4.16) for R /H,, = 0.0 are positioned below the test results of
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Smid et al. (2001). It is clear that the latter test results have not been used in the
training of the DHNN tool and in the derivation of the empirical prediction formula
in Eq. (4.16).

A large scatter occurs in the zone of larger relative crest freeboards, resulting in
inconsistencies in the predictions. The average overtopping rate predicted by
Eq. (4.15), which is only valid in this zone of larger scatter, is smaller than that
predicted by Eq. (4.16) and the DHNN tool.

It should be noted that both prediction lines of Eq. (4.16) and the DHNN tool
approximately correspond to a straight line for 0.0 <R /H,, < 2.0, suggesting that

the effect of the relative crest freeboard on the average overtopping rate of vertical
walls is described by a single straight line.

5.4 Effect of wave steepness on overtopping rate
of steep low crested structures

Based on Fig. 5.1 and Fig. 5.2, the effect of the wave period is expected to be small.
Hence, its effect has been omitted in the two sections above (5.2 and 5.3), when
studying the effects of the slope angle and relative crest freeboard. However, Eq. (4.9)
(Owen 1980) explicitly incorporates the wave period in its expression for the average
overtopping rate, which means the effect of the wave period may be important.

The effect of the wave period is investigated in detail in this section. The wave
period is expressed in a dimensionless form using the wave steepness s, ,,. The

effect of the wave steepness combines the effects of the wave height /7, and of the

wave period 7, ;.

The wave height H,, is part of the denominators of the dimensionless average

overtopping rate ¢/ g H>, and of the dimensionless crest frecboard R /H , in the

empirical prediction formulae of Tables 4.6 and 4.7. Accordingly, for specific values

of the wave period 7,,_, ., crest freeboard R, and slope angle cote, an increase in

wave height results in an increase in average overtopping rate g .

On the other hand, the wave period is not part of those formulae, except for
Eq. (4.9). This means that most of the considered prediction methods assume that the
effect of the wave period on the overtopping behaviour at steep slopes with non-
breaking waves and at vertical walls with non-impacting waves is negligible.
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The independent effect of the wave period on the average overtopping rate of
steep low-crested structures is studied based on the UG10 test results. The AAUO8
test results are not considered here due to their limited range of wave steepness. The

dimensionless average overtopping rate ¢/ ,/ gH’, (logarithmic scale) for test
results of the UG10 dataset with R = 0.07 m and cota = 1.73 is plotted versus the
wave steepness s, (linear scale) in Fig. 5.23. The UGIO data points are

which varies from 0.067 m, 0.100 m

to 0.133 m. The corresponding values of the relative crest freeboard R /H , are

1.04, 0.70 and 0.54. Values of q/,/ngﬂo predicted by Eq. (4.2b) and by Eq. (4.9)

for H,, = 0.067m (R /H,, =1.04) are added to Iig. 5.23, with their 90% prediction
intervals.

Figure 5.24 is similar to Fig. 5.23, for which the predictions by Eq. (4.9) have
been replaced with the predictions of the DHNN tool.

categorized according to the wave height /7

mo0 >

The differences in the dimensionless average overtopping rate q/+/gH ),

between the data points in both Figs. 5.23 and 5.24 are mainly due to variations in
wave height (and thus in relative crest freeboard). Only very small differences occur
between the data points for a particular relative crest freeboard, resulting in quasi-
horizontal trend lines. Since these trend lines are quasi-parallel, the interaction
between the wave period and the relative crest freeboard is negligible.

The data points corresponding to /,, = 0.067 m are closely aligned with the
horizontal prediction line of Eq. (4.2b) and with the prediction line of the DHNN tool

(Fig. 5.24). On the other hand, Eq. (4.9) predicts an increase in g/ g H, for an

increase in wave period (Fig. 5.23). Note that the solid mean prediction line of
Owen (1980) is positioned for its major part inside the 90% prediction interval of
Eq. (4.2b). This observation raises the question whether the effect of the wave period
is significant or not. Moreover, for large wave periods, corresponding to small values

of the wave steepness, overpredictions of the measured values of ¢/ /g H., occur

by Eq. (4.9). The overpredictions by Eq. (4.9) for small wave steepnesses have been
confirmed by experiments carried out by Hawkes (1999), in which measured average
overtopping rates for a wind sea (with large wave steepness) and a swell sea (with
small wave steepness) have been compared to predicted rates by the (semi-)
empirical formulae of Owen (1980), EurOtop (2007) and Hedges and Reis (1998) for
structures with slopes of 1:2 and 1:4.
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between 0.02 and 0.05.
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between 0.02 and 0.05.

A graph similar to Fig. 5.24 is shown for cotar =0.84 in Fig. 5.25. Since this slope
angle does not fit the ranges of application of Eq. (4.9), predictions by this equation
are not visualized.

The UG10 data points in Fig. 5.25 indicate that an increase in wave period results
in a slight decrease in the average overtopping rate for cotar = 0.84. This is in
contrast to Eq. (4.2b) and the DHNN tool which predict a quasi-horizontal line.

Eq. (4.2b) clearly overpredicts the average overtopping rates with
R /H, = 104 1n Fig 5.25, since the corresponding UG10 data are positioned in

zone Z2. Accordingly, also the DHNN tool tends to overpredict the average
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overtopping rates, which appears to be effectively the case for the largest wave
periods (smallest wave steepness).
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Figure 5.25: Dimensionless average overtopping rate (logarithmic scale) as a
Junction of the wave steepness (linear scale) for cotor =0.84, with s, | varying

between 0.02 and 0.05.

The increasing trend of the data points in Fig. 5.25 for a particular relative crest
freeboard contradicts the decreasing trend predicted by Eq. (4.9) for milder slopes in
Fig. 5.23. This suggests that there is an interaction between the wave period and the
effect of the slope angle, which is studied in section 5.5.

The vertical spreading of the data points of the UG10 dataset in the graphs in
section 5.4 for a particular wave height is much smaller than the vertical spreading of
the graphs in sections 5.2 and 5.3. This confirms that the effect of the wave period on
the average overtopping rate of steep low-crested structures is limited compared to
the effects of the relative crest freeboards and the slope angle, as suggested in
section 5.1.
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5.5 Optimal slope angle

5.5.1 Existence of optimal slope angle

The optimal slope angle corresponds to the maximum average overtopping rate.
Since the largest average overtopping rates are found in zones Z3 and 74, the
maximum average overtopping rate should be found in the range 1.5 <coter < 3.0.

As discussed in section 5.2.4.3, it is unclear whether the effect of the slope angle is

significant in the zones 73 and Z4 or not. Accordingly, there is either a zone of
optimal slope angles (1.5 < cota < 3.0), or a single optimal slope angle.

The following references predict the occurrence of a single optimal slope angle:

o Kofoed (2002) and Owen (1980) predict a maximum average overtopping rate for
cota = 1.73 (a. =30°);

e Goda (2009) suggests an optimal slope with cotor =2.0 (. =27°);
e according to Sibul and Tickner (1956), the critical slope angle «. corresponding
to maximum run-up height equals 28° to 30°.

The simple regression formulae of Kofoed (2002) (Eq. 4.5) and Owen (1980)
(Eq. 4.9) are based on datasets of test results with more limited ranges of structures
compared to the dataset which is used to develop Eq. (4.2b). This confirms that by
narrowing the 90% prediction interval of Eq. (4.2b) (when only considering straight
smooth sea defence structures), the effect of the slope angle on the average
overtopping rate should become significant. In this reasoning, the empirical
coefficients in Eq. (4.2b) are assumed to be unvariable when only considering
straight smooth sea defence structures. This is justified by the fact that identical
values of those coefficients have been suggested by Van der Meer and
Janssen (1994), based on a more limited database compared to EurOtop (2007).

5.5.2 Value of the optimal slope angle — interaction between wave
period and effect of the slope angle

Assuming that the effect of the slope angle for milder slopes (1.5 < coter < 3.0) is not
negligible, an optimal slope angle exists. According to the references mentioned in
section 5.5.1, the value of the optimal slope angle should correspond approximately
to cotar =1.73 (a. =30°). The UGIO test results with R /H , = 1.04 (zone Z4)
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confirm that the maximum overtopping rate is approximately located at cotar =1.73
(solid line in Fig. 5.26). The AAUOS test results are not used to determine the
optimal slope angle due to their limited range of slope angles.
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Figure 5.26: Measured average overtopping rate (logarithmic scale) for
R, =0.070 mand H,, =0.067 m as a function of the slope angle (linear scale),

with cota varving between 0.0 and 3.0. Data points are categorized by the wave
period.

However, the value of the optimal slope angle appears to be dependent on the
value of the peak wave period. This means that although the interaction between the
wave period and the effect of the slope angle on the overtopping rates appears to be
very small at first sight (section 5.1), it does affect the value of the optimal slope
angle. Furthermore, the interaction exhibits an increased dependency on the wave
period for steeper and milder slopes, with a minimum interaction for coter =1.73.
This explains the increase in average overtopping rate for decreasing wave period
seen in Fig. 5.25 for cotor =0.84.
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Based on Fig. 5.26, the cotangent of the optimal slope angle increases for
increasing value of the peak wave period, corresponding to a decreasing wave
steepness. Accordingly, a specific wave steepness corresponds to a specific optimal
slope angle. This suggests that the effect of the breaker parameter (which
incorporates the effects of the slope angle and the wave steepness) on the optimal
slope angle is important. A log-linear plot of the dimensionless average overtopping

rate q/+/g H., (logarithmic scale) as a function of the breaker parameter &,

(linear scale) is shown in Fig. 5.27 for the identical subset of test results of the UG10
dataset as in Fig. 5.26. The data points are also categorized by the peak wave period
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Figure 5.27: Measured average overtopping rate (logarithmic scale) for
R, =0.070 mand H,, =0.067 m as a function of the breaker parameter&,

(linear scale). Data points are categorized by the wave period.
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Predictions by Eqs. (4.2a) and Eq. (4.2b) are added within their ranges of
application for the breaker parameter ( £, ,, < 5.0), assuming a wave period

T, =1.5 s. When applying narrower 90% prediction intervals for these equations, the
effect of the breaker parameter is expected to be significant for &, | | < 5.0, with an
optimal breaker parameter positioned at &, , , ~ 3.0 (indicated by the vertical solid

line).

The interactions between the wave period and the effect of the slope angle are
smaller for UG10 test results with a smaller relative crest freeboard, R /H , = 0.67

(Fig. 5.28), positioned in zone Z.3.

Hence, the choice of the optimal slope angle is less confined when considering
those UGIO test results. Nevertheless, the optimal breaker parameter is assumed to
be &, , =3.0(Fig. 5.29).

Based on Fig. 5.27 and Fig. 5.29, a maximum average overtopping rate is

achieved for a particular sea state (subscript /) with a specific wave steepness s, .,

when the slope angle fulfils &, =3.0:

coter, m— L (5.1)

opt.j
3.0 ',sm—l,O,j

This is in agreement with the optimal slope angle proposed by Kofoed (2002):

cota =1.73 (o =30°). The characteristic sea states used during the experimental
tests of Kofoed (2002) all correspond to a wave steepness s, _,, & 0.033. Hence,
applying Eq. (5.1), the corresponding . ,,, equals 29 °.

3
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Figure 5.28: Measured average overtopping rate (logarithmic scale) for
R =0.045 mand H,, =0.067 m as a function of the slope angle (linear scale),

with coto varving between 0.0 and 3.0. Data points are categorized by the wave
period.
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Figure 5.29: Measured average overtopping rate (logarithmic scale) for
R, =0.045 mand H , =0.067 m as a function of the breaker parameter &, _ |

(linear scale). Data points are categorized by the wave period.

5.5.3 Value of the optimal slope angle — interaction between
relative crest freeboard and effect of the slope angle

The interaction between the relative crest freeboard and the effect of the slope angle
is discussed in section 5.2.4.2. However, its effect on the optimal slope angle in
particular is treated here.

The examples in Fig. 5.27 and Fig. 5.29 suggest that the value of the optimal
breaker parameter is not affected by the relative crest freeboard. Figure 5.30 shows
the effect of the relative crest freeboard on the optimal slope angle for UGI0 test
results with /7, =0.067m, 7, =1.5 s and relative crest freeboards R, =0.020 m,
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0.045 m and 0.070 m, covering both zones Z3 and 7Z4. The interaction between the
relative crest freeboard and the effect of the slope angle mainly consists of a change
in slope angle of the slope of the trend lines of the data points with coter < 1.50 for a
particular relative crest freeboard. The effect of the relative crest freeboard on the
optimal slope angle is negligible (Fig. 5.30) compared to the effect of the wave
period on the optimal slope angle (Fig