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Abstract

Overtopping flow on mound breakwaters
under depth-limited breaking wave conditions

Climate change and the social concern about the impact of infrastructures is leading to
mound breakwaters with reduced crest freeboards facing higher extreme overtopping
events. In addition, most mound breakwaters are built in the surf zone where depth-
limited wave breaking takes place. Recent studies point out the need of considering not
only the mean wave overtopping discharge (q) but also the maximum individual wave
overtopping volume (Vmax), the overtopping layer thickness (OLT) and the overtopping
flow velocity (OFV) when designing mound breakwater crest elevation using
overtopping criteria. However, few studies in the literature are focused on Vimax 0N coastal
structures under depth-limited breaking wave conditions. In addition, those few studies
report contradictory conclusions regarding the significance of depth-limited breaking
waves on Vmax. With respect to OLT and OFV, no studies are found in the literature for
their prediction on mound breakwaters.

In this PhD thesis, 2D physical model tests were conducted on overtopped mound
breakwaters (0.3<Rc/Hmo<2.5) without a crown wall armored with three armor layers
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(Cubipod®-1L, cube-2L and rock-2L) on two gentle bottom slopes (m=2% and 4%) in
depth-limited breaking wave conditions (0.2<Hm¢/h<0.9).

Vmax together with q are the most recommended variables in the literature to design
mound breakwater crest elevation based on overtopping criteria. In the present study, the
2-parameter Weibull distribution provides the best results when estimating
Vimax =Vmax/(gHmoTo12) with coefficient of determination R?=0.833. During the design
phase of a mound breakwater, q is needed to predict Vmax using methods given in the
literature. Thus, q must be estimated for design purposes when direct observations are
not available. If CLASH NN is used to estimate g (R>=0.636), the goodness-of-fit of the
2-parameter Weibull distribution proposed in this thesis to predict Vimax is R?=0.617.
Hence, the ratio between the estimated and measured Vmax falls within the range 1/2 to
2 (90% error band) when q is predicted using CLASH NN. The new estimators derived
in this study provide satisfactory estimations of Vmax~ with a method simpler than those
found in the literature. Neither the bottom slope nor the depth-induced wave breaking
seem to significantly influence the dimensionless Vimax in this study.

OLT and OFV are directly related to the hydraulic stability of the armored crest and the
pedestrian safety. Thus, OLT and OFV are required to properly design crest elevation
using overtopping criteria. Neural Networks (NNs) are used in this study to develop new
explicit unbiased estimators for the OLT and OFV exceeded by 2% of the incoming
waves with a high coefficient of determination (0.866<R?<0.867). The appropriate
number of significant figures of the empirical coefficients of such estimators is selected
according to their variability. The optimum point where wave characteristics are
determined to predict OLT and OFV was identified at a distance of 3h from the toe of
the structure (where h is the water depth at the toe of the structure). The bottom slope
does influence both OLT and OFV. The most extreme values of OLT and OFV are
described with the 1-parameter Exponential and Rayleigh distribution functions,
respectively, with satisfactory results (0.803<R?<0.812).




Resumen

Flujo de rebase sobre diques en talud
sometidos a oleaje limitado por el fondo

El cambio climético y la conciencia social sobre el impacto de las infraestructuras en el
medio esta llevando a la necesidad de disefiar diques en talud con cotas de coronacion
reducidas frente a eventos de rebase mas extremos. Ademas, la mayoria de estos diques
se construyen en zonas de profundidades reducidas, donde el oleaje rompe a causa de la
limitacion por fondo. Estudios recientes apuntan a la necesidad de considerar no solo la
caudal medio de rebase (q) sino también el maximo volumen individual de rebase (Vimax),
el espesor de lamina de agua (OLT) y la velocidad del flujo de rebase (OFV) en el disefio
de la cota de coronacion de un dique en talud segun criterios de rebase. No obstante,
existen pocos estudios en la literatura cientifica centrados en Vimax €n estructuras costeras
sometidas a oleaje limitado por fondo. Ademas, estos estudios proporcionan resultados
contradictorios en relacién a la influencia de la limitacion por fondo del oleaje sobre
Vmax. En cuanto a OLT y OFV, no se han encontrado estudios en la literatura cientifica
que permitan su prediccion en diques en talud.

En esta tesis doctoral, se han realizado ensayos fisicos 2D en diques en talud rebasables
(0.3<Rc/Hmo<2.5) sin espaldén y con tres mantos principales (Cubipodo®-1L, cubo-2L y
escollera-2L) sobre dos pendientes de fondo suaves (m=2% and 4%) en condiciones de
oleaje limitado por fondo (0.2<Hmo/h<0.9).
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Vmax junto con g son las variables mas recomendadas en la literatura cientifica para
disefar la cota de coronacion de digues en talud segun criterios de rebase. En el presente
estudio, los mejores resultados en la estimacion de Vmax =Vimax/(QHmoTo12) Sse han
obtenido empleando la funcion de distribucion Weibull de dos parametros con un
coeficiente de determinacion R?=0.833. Durante la fase de disefio de un dique en talud,
es necesario predecir q para calcular Vmax cuando se emplean los métodos dados en la
literatura cientifica. Por tanto, se debe estimar g con fines de disefio si no se dispone de
observaciones directas. En caso de emplear la red neuronal CLASH NN para estimar g
(R?=0.636), la bondad de ajuste de la funcion de distribucion Weibull de dos parametros
propuesta en esta tesis para predecir Vimax €s R?=0.617. Asi, el ratio entre Vmax medido
y estimado cae dentro del rango de 1/2 a 2 (banda de confianza del 90%) cuando se
emplea g estimado con CLASH NN. Los nuevos estimadores desarrollados en la
presente disertacion proporcionan resultados satisfactorios en la prediccion de Vimax™ con
un método mas simple que aquellos propuestos en la literatura cientifica. No se ha
encontrado una influencia significativa de la pendiente de fondo ni de la limitacion por
fondo del oleaje sobre Vimax™ en este estudio.

OLT y OFV estan directamente relacionados con la estabilidad hidraulica de la
coronacion del dique y la seguridad peatonal frente a rebase. Por tanto, se requiere
estimar OLT y OFV en la coronacién del dique para disefiar apropiadamente su cota de
coronacion empleando criterios de rebase. En este estudio, se han empleado redes
neuronales para desarrollar nuevos estimadores explicitos que permiten predecir OLT y
OFV superados por el 2% del oleaje incidente con un alto coeficiente de determinacion
(0.866<R?<0.867). El niimero de cifras significativas apropiado para los coeficientes
experimentales de dichos estimadores se ha determinado en base a su variabilidad. El
punto dptimo en el que las caracteristicas del oleaje deben ser estimadas para predecir
OLT y OFV se ha identificado a una distancia de 3h desde el pie de la estructura (siendo
h la profundidad a pie de dique). La pendiente de fondo tiene influencia sobre OLT y
OFV. Los valores mas extremos de OLT y OFV se han descrito empleando las
distribuciones Exponencial de un pardmetro y Rayleigh, respectivamente, con resultados
satisfactorios (0.803<R?<0.812).

Vi



Resum

Flux de sobrepasse de dics en talUs sotmesos a
onatge limitat per fons

El canvi climatic i la consciéncia social sobre I’impacte de les infraestructures al medi
esta portant a la necessitat de dissenyar dics en talls amb cotes de coronacio reduides
front a esdeveniments d’ultrapassament més extrems. A més, la majoria dels dics es
construeixen en zones amb profunditats reduides on I’onatge es trenca a causa de la
limitaci6 per fons. Estudis recents apunten a la necessitat de considerar no solament el
cabal mitja de sobrepasse (q) sind també el maxim volum individual de sobrepasse
(Vmax), I’espessor de la lamina d’aigua (OLT) i la velocitat del flux de sobrepasse (OFV)
pel disseny de la cota de coronacid d’un dic en talis segons criteris de sobrepasse. No
obstant, existeixen pocs estudis a la literatura cientifica centrats en Vmax en estructures
costeres sotmeses a onatge limitat per fons. Addicionalment, aquests estudis
proporcionen resultats contradictoris en relacio a la influencia de la limitacio per fons de
’onatge sobre Vmax. Quant a OLT i OFV, no s’han trobat estudis a la literatura cientifica
que permeten la seua prediccié a dics en talus.

En aquesta tesi doctoral, s’han realitzat assajos fisics 2D amb dics en talds amb
sobrepassos rellevants (0.3<Rc/Hmo<2.5) sense espatllo i amb tres elements al mantell
principal (Cubipode-1L, cubs-2L i esculleres-2L) ubicats sobre pendents de fons suaus
(Mm=2% i 4%) en condicions d’onatge limitat pel fons (0.2<Hmo/h<0.9).

Vii
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Vmax cONjuntament amb q sén les variables més recomanades a la literatura cientifica per
dissenyar la cota de coronaci6 en dics en talis segons criteris d’ultrapassament. Al
present estudi, els millors resultats en ’estimacio de Vmax =Vmax/(QHmoT01%) s’han
obtingut utilitzant la funcid de distribucié Weibull de dos parametres amb un elevat
coeficient de determinacié R?=0.833. Durant la fase de disseny d’un dic en talus, és
necessari predir q per calcular Vmax quan s’utilitzen els métodes donats a la literatura
cientifica. Per tant, es deu estimar q amb fins de disseny si no es disposa d’observacions
directes. Si s’aplica la xarxa neuronal de CLASH NN per estimar ¢ (R?=0.636), la bondat
d’ajust de la funcio de distribucié Weibull de dos parametres proposada a aquesta tesi
per predir Vmax” és R?=0.617. Aixi doncs, el ratio entre el Vimax” mesurat i estimat es troba
dins del rang de 1/2 a 2 (banda de confianga del 90%) quan s’usa q predit amb CLASH
NN. Els nous estimadors desenvolupats a aquesta dissertacid proporcionen resultats
satisfactoris en la prediccio de Vmax amb un métode més senzill que aquells proposats a
la literatura cientifica. No s’ha trobat una influéncia significativa de la pendent de fons
ni de la limitacié de 1’onatge per fons sobre Vmax a aquest estudi.

OLT i OFV estan directament relacionats amb 1’estabilitat hidraulica de la coronacié de
dics i la seguretat de vianants front a ultrapassaments. Per tant, es requereix estimar OLT
i OFV en la coronacié de dics per dissenyar apropiadament la seua cota de coronacio
utilitzant criteris de sobrepasse. En aquest estudi, s’han usat xarxes neuronals per
desenvolupar nous estimadors explicits que permeten predir OLT i OFV superats pel 2%
de 1’onatge incident amb un elevat coeficient de determinacio (0.866<R?<0.867). El
nombre de xifres significatives apropiat per als coeficients experimentals dels
mencionats estimadors s’ha determinat basant-se en la seua variabilitat. EI punt optim
on determinar les caracteristiques de I’onatge deuen ser estimades per predir OLT i OFV
s’ha identificat a una distancia de 3h des del peu de ’estructura (on h és la profunditat a
peu de dic). La pendent de fons té influéncia sobre OLT i OFV. Els valors més extrems
de OLT i OFV s’han descrit amb les distribucions Exponencial d’un parametre i
Rayleigh, respectivament, amb resultats satisfactoris (0.803<R?<0.812).
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1.1. Introduction

Climate change is a new design factor for coastal engineers. Sea level rise (IPCC, 2019)
and stronger wave conditions (Camus et al., 2019) caused by climate change increase
the risk of salinization and flooding in low lying areas, accelerate the erosion processes
in exposed beaches and damage the existing coastal structures. Thus, coastal engineers
are currently facing the challenge of designing and upgrading coastal structures
considering climate change.

Since 1987, when sustainable development was first defined by the Brundtland
Commission (WCED, 1987), society is concerned about the impact of infrastructures:
lower visual and environmental impacts are demanded. Crest elevation is a vital factor
to optimize when designing a coastal structure due to its direct effect on the economic
cost, the material consumption and the visual impact.

Both the consequences of climate change and the social demands lead to mound
breakwaters with reduced crest freeboards facing higher extreme overtopping events. In
addition, most research described in the literature refers to breakwaters in non-breaking
conditions while real mound breakwaters are built in the surf zone where depth-limited
wave breaking takes place. Therefore, new tools are needed to better design overtopped
mound breakwaters under depth-limited breaking wave conditions.

Tolerable mean wave overtopping discharges (q) are the most common criteria when
designing the crest elevation of mound breakwaters. However, Franco et al. (1994)
pointed out that the overtopping hazard should be directly related with the individual
wave overtopping events rather than with a mean overtopping rate; the mean individual
wave overtopping volume (V) may be much lower than the maximum individual wave
overtopping volume (Vmax). Consequently, recent studies (e.g.: Bae et al., 2016;
EurOtop, 2018) recommend considering not only g but also Vmax, the overtopping layer
thickness (OLT) and the overtopping flow velocity (OFV) when designing mound
breakwater crest elevation.

Several prediction methods are found in the literature to estimate q (van Gent et al.,
2007; Molines and Medina, 2016), the number of overtopping events (Now = Nw Pow) and
Vmax (Bruce et al., 2009; Molines et al., 2019) on mound breakwaters in non-breaking
wave conditions. However, few studies in the literature are focused on Now and Vimax On
coastal structures under depth-limited breaking wave conditions. Such studies give
contradictory results regarding the significance of depth-limited breaking waves on Now
and Vmax. Gallach (2018) carried out 2D physical tests with smooth impermeable steep
sloped structures on bottom slopes m = 0 and 1/100 and did not find a significant effect
of the depth-limited breakage of waves on Vmax. On the other hand, Ngrgaard et al.
(2014) conducted 2D physical tests on mound breakwaters under depth-limited breaking
wave conditions (m = 0) and observed that the existing formulas, which were developed
for non-breaking wave conditions, underpredicted the measured Now and overpredicted
the measured Vmax. Therefore, no consensus exists in the literature regarding the
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significance of breaking waves on Now and Vmax. Herrera et al. (2017) pointed out that
the bottom slope may have a significant role in mound breakwaters design, since it
influences the type of wave breaking at the toe of the structure. In addition, in depth-
limited breaking wave conditions, the optimum point where wave characteristics is
estimated becomes relevant for design and needs to be assessed. However, the effect of
bottom slope on Now and Vimax was not analyzed.

During extreme wave storms, overtopping occurs and water flows over the mound
breakwater crest. The variables which better describe such flow, OLT and OFV, are
directly related to the hydraulic stability of the armored crest (Argente et al., 2018) and
the pedestrian safety when standing on the breakwater crest (Bae et al., 2016). Since
pedestrians perform recreational activities on the breakwater crest such as fishing or
taking pictures (see Figure 1.1), OLT and OFV should be included as a design criterion
for determining the crest elevation of mound breakwaters.

Fig. 1. 1. Pedestrians on mound breakwaters: (a) fishing at Scheveningen harbor (the
Netherlands) and (b) sitting at VValencia port (Spain).

Recent studies (Bae et al., 2016; Sandoval and Bruce, 2017) analyzed the stability of
human bodies under overtopping flow conditions based on physical tests with
anthropogenic dummies and video images. Bae et al. (2016) proposed tolerable limits
for OLT and OFV for preventing pedestrian failure under overtopping flow conditions.
Although several predictors exist in the literature to estimate OLT and OFV on dike
crests, no studies were found for predicting OLT and OFV on mound breakwaters; the
goal of this study is to fill these gaps of knowledge in the literature.

1.2. Research objectives

The present PhD thesis aimed to assess the existing estimators in the literature to predict
the overtopping flow on sloping structures and to propose new design formulas to better
explain this phenomenon on mound breakwaters. Special attention was given to the
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depth-limited breaking wave conditions and the influence of bottom slope. Based on the
identified knowledge gaps, the following research questions were raised:

QL. Do the existing methods in the literature satisfactorily describe the overtopping flow
on mound breakwaters under depth-limited breaking wave conditions?

Q2. Can the methods given in the literature be improved to estimate Now and Vmax 0n
mound breakwaters under depth-limited breaking wave conditions?

Q3. Is it possible to develop explicit estimators to predict the extreme values of OLT and
OFV on mound breakwater crests under depth-limited breaking wave conditions?

Q4. Where is the optimum point to estimate wave characteristics for predicting
overtopping flow on mound breakwater crests under depth-limited breaking wave
conditions?

Q5. Does the bottom slope play a significant role on the overtopping flow on mound
breakwater crests under depth-limited breaking wave conditions?

The following objectives were stablished for this PhD thesis:

1. Toreview the existing literature regarding wave breaking and design criteria for
determining crest elevation of mound breakwaters

2. To analyze the existing formulas for estimating the overtopping flow over
sloping structures in order to identify the main significant explanatory variables.

3. To develop new design formulas to better estimate the overtopping flow on
mound breakwaters under depth-limited breaking wave conditions.

4. Todetermine the optimum point where wave characteristics should be estimated
for predicting the overtopping flow on mound breakwaters under depth-limited
breaking wave conditions.

5. To evaluate the significance of bottom slope on the overtopping flow on mound
breakwaters under depth-limited breaking wave conditions.

1.3. Background for the research

The present PhD thesis is the result of research conducted by the author and funded
through the FPU program (Formacién de Profesorado Universitario, grant
FPU16/05081) by the Spanish Ministry of Education (Ministerio de Educacion, Cultura
y Deporte). Most of the results of this PhD thesis are based on the research project
ESBECO (EStabilidad hidraulica del manto, BErmas y Coronacion de diques en talud
con rebase y rotura por fondo — Hydraulic stability of the toe berm, armor and
breakwater crest with overtopping and breaking wave conditions, grant BIA2015-
70436-R) awarded by the Spanish Ministry of Economy and Competitivity (Ministerio
de Economia y Competitividad) and FEDER (Fondo Europeo de Desarrollo Regional).

Result of this PhD thesis have been published in the following papers:
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3. Mares-Nasarre, P., Molines, J., Gémez-Martin, M.E., Medina, J.R., 2020b.
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1.4. Dissertation structure

The dissertation presents the research structured into 6 chapters:

Chapter 1 describes the motivation, the research objectives and the main
contributions of the actual PhD thesis.

Chapter 2 presents a literature review on wave breaking, paying special
attention to depth-limited wave breaking, and overtopping criteria to design
mound breakwater crest elevation. Methods in the literature to describe
overtopping flow on coastal structures are also reported.

Chapter 3 describes the experimental methodology of the physical model tests
conducted in this PhD thesis (ESBECO Project).

Chapter 4 introduces a new method to better estimate individual wave
overtopping volumes on mound breakwaters under depth-limited breaking wave
conditions.

Chapter 5 describes new predictors to estimate the extreme values of OLT and
OFV on mound breakwater crests.

Chapter 6 summarizes the main conclusions from this PhD thesis answering
the research questions raised in Chapter 1 and suggesting future lines of
research.
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2.1. Introduction

Crest elevation is a key parameter to be determined during the breakwater design process
since it affects the cost and the risk, as well as many environmental and aesthetic factors.
Typically, the tolerable mean overtopping discharge (q) is the criterion used to design
crest elevation (USACE, 2002). However, more recent recommendations (EurOtop,
2018) point out the need of considering further criteria related to individual wave
overtopping events; the maximum individual wave overtopping volume (Vmax) may be
much larger than the mean individual wave overtopping volume (V). Therefore, it is
obvious that overtopping flow characteristics need to be determined to better design the
crest elevation of mound breakwaters.

Most mound breakwaters are built in the surf zone, where depth-limited wave breaking
occurs. Wave forces and currents significantly change due to the depth-induced broken
waves, since the larger waves break before reaching the structure. The incident wave
characteristics in the depth-induced wave breaking zone are required to design mound
breakwaters under depth-limited breaking wave conditions. For this reason, an extensive
research exists on wave breaking characterization (Ting and Kirby, 1995, 1996).
Nevertheless, most methods for estimating overtopping flow conditions do not consider
the changes in the wave characteristics in the surf zone.

In this chapter, a brief review on wave breaking is first presented. Secondly, criteria
given in the literature to determine crest elevation of mound breakwaters is reviewed.
Thirdly, the methods in the literature to estimate individual wave overtopping volumes,
overtopping layer thickness (OLT) and overtopping flow velocity (OFV) are analyzed.
It should be noted that formulas to predict OLT and OFV on dike crests are reviewed,
since no methods in the literature were found for mound breakwaters.

2.2. Waves in breaking conditions

Waves are usually the cause of the main loads on coastal structures. Thus, a proper
coastal structure design requires an accurate estimation of wave characteristics. Waves
propagate from deep water towards the coast suffering transformations due to refraction,
shoaling, diffraction and breaking. Wave breaking is produced when the crest travels
faster than the waveform, making the wave unstable with a significant dissipation of
energy through turbulence.

2.2.1. Types of wave breaking mechanisms

Two types of wave breaking mechanisms are reported in the literature: (1) wave breaking
due to an excessive wave steepness (s = H/L too large, where H is the wave height and
L the wave length) and (2) wave breaking due to water depth limitation (H/h too large,
where h is the water depth). Most mound breakwaters are built in shallow water where
wave breaking takes place due to depth-limitation (H/h too large).
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Iribarren and Nogales (1950) defined the Iribarren number (Ir"), also called surf
similarity parameter (Battjes, 1974), as

H (2.1)

where m is the bottom slope, Lo = gT%2ris the deep water wave length, g is the
gravitational acceleration and T is the wave period. Ir” has been widely applied for wave
breaking classification (Galvin, 1968; Gourlay, 1992); four categories of wave breaking
are usually considered for beaches and sloping structures: spilling, plunging, collapsing
and surging (see Figure 2.1).

‘(a) Spilling breaker ‘ ‘(b) Plunging breaker ‘

—_—

‘(c) Collapsing breaker ‘

‘ (d) Surging breaker

]

Fig. 2. 1. Wave breaker types.

Spilling breakers are characterized by symmetrical wave contours and a foamy water
surface due to the unstable wave crest. Spilling waves are usually found on very gentle
beach slopes.

Plunging waves are characterized by a high dissipation of energy, turbulence and air
trapping. Their crest becomes first vertical, then curls over the shoreward face of the
wave and finally falls on the trough of the wave with a violent impact. Plunging waves
are usually found on gentle to intermediate beach slopes.

Collapsing breakers are between plunging and surging waves. They are similar to
plunging waves but the crest is not breaking. The lower part of the shoreward face
steepens and falls, creating an irregular turbulent water face.

Surging waves occur on very steep beaches, where waves do not break. Surging waves
are usually considered on sloping structures because of the relatively larger forces
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generated by these breaking waves. Surging waves go up and down on the slope with
minor breaking and a little bit of foamy water.

Table 2.1 shows the types of wave breakers according to Iribarren and Nogales (1950).

Breaker type  Ir"=m/(H/Lo)%®

Spilling <05

Plunging 05-25
Collapsing 25-3.0

Surging >3.0

Table 2. 1. Wave breaker types as function of Ir™ according to Iribarren and Nogales (1950).

Although Iribarren and Nogales (1950) classification is the most common, its
performance is not good in situations with complex bathymetry featuring steps,
platforms and bars (Smith and Kraus, 1991; Mead and Black, 2001; Scarfe et al., 2003;
Blenkinsopp and Chaplin, 2008).

Smith and Kraus (1991) found that the critical values of the surf similarity parameter
were different on barred beaches and proposed a different classification based on the surf
similarity parameter in deep waters (&" = m/so, where so = Ho/Lo is the deep water wave
steepness and Ho is the deep water wave height). Smith and Kraus (1991) recommended
& < 0.4 for spilling waves, 0.4 < & < 1.2 for plunging waves and & > 1.2 for
collapsing or surging waves.

Grilli et al. (1997) established new criteria to describe wave breaking of solitary waves
based on So = 1.521 m/Ho. Since the period and wave length of solitary waves are
theoretically infinite, they were not considered in the classification parameter So. Grilli
et al. (1997) recommended So < 0.025 for spilling waves, 0.025 < Sg < 0.3 for plunging
waves and 0.3 < Sp < 0.37 for collapsing or surging waves.

Other classifications in the literature are based on the wave geometry at the breaking
point (Peregrine, 1983; New et al., 1985; Bonmarin, 1989). New et al. (1985) proposed
a criterion using the parameter Sjet = Lijet/Lcrest, Where Ljet is the length of the jet and Lerest
is the length of the crest (see Figure 2.2). Based on Sit, only two categories were
distinguished: spilling breakers (Sjet < 3/100) and plunging breakers (Sjet > 1/10).

10
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Fig. 2. 2. Breaking parameters according to New et al. (1985).

Breaking waves have also been classified by analyzing the wave plunge distances (Smith
and Kraus, 1991) and the wave vortex parameters (Longuet-Higgins, 1982) with both
empirical and numerical methods (Vinje and Brevig, 1981; Khayyer et al., 2008).

Recently, Diaz-Carrasco et al. (2020) and Moragues et al. (2020) recommended using
the logarithmic space log(h/L)-log(H/L) or the alternate slope similarity parameter,
log(h/L H/L), to better analyze wave breaking and flow characteristics on slopes.

2.2.2.Wave breaking criteria
As mentioned in the previous section, two types of wave breaking exist: (1) wave
breaking due to an excessive wave steepness (s = H/L too large) and (2) wave breaking
due to water depth limitation (H/h too large).

2.2.2.1 Wave steepness

Wave breaking due to an excessive wave steepness takes place mainly in deep and
medium waters. Michell (1893) proposed the most well-known criterion for this type of
wave breaking; the limiting wave steepness (s = H/L) was established as 0.142 in deep
waters for waves with crest angles of 120° (see Figure 2.3)

3

I L —

g — T

Crest angle

Limiting steepness % = 0.142

Fig. 2. 3. Limiting criterion for wave breaking due to excessive wave steepness (USACE, 1984).
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Later, Miche (1944) provided a criterion for water depths shallower than Lo/2; the
breaking limit was established at (H/L)max = 0.142tanh(2xH/L). This criterion was
adapted for horizontal sea bottoms by Danel (1952) who exchanged the constant 0.142
by 0.12. Ostendorf and Madsen (1979) also modified Miche's (1944) criterion in order
to include the effect of the beach slope on the wave breaking point. Some studies based
on laboratory tests indicated a limit for wave breaking of H/gT? = 0.021 while
measurements in the North Sea established such limit at H/gT? = 0.0067. Longuet-
Higgins (1983) established the breaking limit as function of the acceleration of the wave
at the breaking point at -0.388g.

This thesis is focused on depth-limited breaking waves; thus, breaking waves in deep
water are not considered in this research.

2.2.2.2 Water depth

Two common parameters are reported in the literature to define the wave breaking
criterion caused by the water depth limitation: (1) the breaker index, yr, and (2) the
breaker height index, Q. The breaker index is defined as

Yor = (%)max = (%) (2.2)

where Hy is the breaker wave height at a water depth h,. The breaker height index is
defined as

H,,
Qb:H_O

where Hg is the wave height in deep water.

(2.3)

Although the breaker index seems to be the most widely used, no consensus exists in the
literature regarding the proper criteria to determine the breaking point (Rattanapitikon
and Shibayama, 2000; Robertson et al., 2013). Robertson et al. (2013) classified in six
categories the breaker index formulas found in the literature: (1) breaker index as a
constant, (2) breaker index as function of bottom slope, (3) breaker index as function of
Ir*, (4) breaker index as function of the hyperbolic tangency of breaking wavelength and
height, (5) breaker index as function of the bottom slope and the wave height and
wavelength in deep waters, and (6) breaker index as function of an exponential of the
bottom slope and the wave height and wavelength in deep waters. The main contributions
in the literature are described in the following paragraphs.

The first criterion was given by McCowan (1894) for a solitary wave over an horizontal
bottom; yr = 0.78. Such value was restated by Munk (1949). Munk (1949) also defined
the breaker height index for a solitary wave as Qp = 1/(3.3s0) 2.

Based on physical tests, Camfield and Street (1968), Galvin (1968) and Collins (1969)
included the bottom slope in the breaker index definition. Later, Le Roux (2007)

12



Chapter 2. Literature review

proposed an equation for the breaker index which included the bottom angle instead of
the bottom slope based on USACE (1984) data.

Battjes (1974) was the first author who included the surf similarity parameter in the
breaker index definition. Battjes's (1974) proposal was updated by Sunamura (1981) to
make it applicable to a wider range of bottom slopes. Alternate proposals with better
correlations can be found in Kaminsky and Kraus (1993).

Bottom slope and the wave height and wavelength in deep waters were first considered
by Le Méhauté and Koh (1967). Le Méhauté and Koh's (1967) equation was later
recalibrated by Sunamura and Horikawa (1974) using the experimental data given in
Goda (1970). Similar proposals for estimating the breaker index can be found in Ogawa
and Shuto (1985).

Gourlay (1992) did not find a significant effect of bottom slope on the breaker index.
However, Rattanapitikon and Shibayama (2000) reported a poor performance of
Gourlay's (1992) formula. Tsai et al. (2005) characterized breaking conditions on steep
bottom slopes, since most of the existing studies were conducted in gentle to mild bottom
slopes.

Based on laboratory data published in the literature, Camenen and Larson (2007)
assessed the performance of the existing formulas. The authors concluded that the
behavior in breaking conditions with steep bottom slopes was not properly described.
Finally, Camenen and Larson (2007) proposed a new equation using trigonometric and
deep water steepness relationships.

Yao et al. (2012) conducted new experiments in order to characterize depth-limited wave
breaking on an idealized fringing reed (a plane sloping front reef and a horizontal
submerged reef). The authors concluded that the ratio between the horizontal submerged
reef depth and the wave height was a significant factor to describe wave breaking
features.

Exponential relationships have been widely applied for estimating the breaker index or
the breaking wave height. Goda (1970) conducted laboratory tests with regular waves
on bottom slopes 5% < m < 20% and suggested an exponential dependence of the
breaking wave height on the breaking water depth. Later, Goda (1975) modified such
relationship for random irregular waves based on a new random wave breaking model.
Muttray and Oumeraci (2001) recommended a new coefficient for Goda's (1975)
formula which better described wave breaking on bottom slopes over 1/30. Tsai et al.
(2005) observed that Goda's (1975) equation overestimated the wave height on steep
bottom slopes. Rattanapitikon and Shibayama (2000) and Goda (2010) modified Goda's
(1975) formula to improve its performance on steep slopes.

Weggel (1972) re-analyzed the breaking wave data in the literature and developed a new
model for predicting the maximum breaker wave height to which a coastal structure may
be subjected. Weggel's (1972) formula considered the water depth at which the wave

13
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breaks, the beach slope, the breaker steepness and the breaker travel distance given by
Galvin's (1968) equation. Camenen and Larson (2007) confirmed that Weggel (1972)
proposal overestimated the breaker wave height. Smith and Kraus (1991) re-calibrated
the coefficients in Weggel's (1972) formula.

CIRIA/CUR/CETMEF (2007) recommended the formulas given in Goda (1970) and
Weggel (1972) for estimating the breaker index for normally incident regular waves over
a uniform slope (see Egs. 2.4 and 2.5).

H L h
Yor = (h_:) =0.17 h—z (1 —exp [—1.5 nL—Z{l +15 m4/3}]> (2.4)
H, b(m) Hy
Yor =\ 7 = = b(m) —a(m)—
b (hb> 14 a(m) ?_z LO (25)

where a(m) = 6.96(1-exp[-19m]) and b(m) = 1.56(1+exp[-19.5m]).

As previously mentioned, Goda (1975) suggested exchanging the coefficient 0.17 in Eq.
2.4 (valid for regular waves) for values between 0.18 and 0.12 for irregular random
waves. Goda (2010) also reduced the coefficient 15 in Eq. 2.4 to 11 to better describe
wave breaking on steep slopes.

Eg. 2.6 given by Rattanapitikon and Shibayama (2000) was also recommended in
CIRIA/CUR/CETMEF (2007).

Hb HO 0.35
(—) = (=140 m? + 0.57 m + 0.23) (—) (2.6)
hy, Lo

where Ly, is the wave length calculated using the linear wave theory at a water depth h.

2.2.3. Estimation of wave characteristics in shallow waters

Rayleigh distribution was proposed by Longuet-Higgins (1952) to describe wave height
distribution in deep water, where wave surface elevation follows a Gaussian process.
However, in shallow water, the water profile is distorted due to the wave transformation
and the water surface elevation does not follow a Gaussian process any more. In the
breaking zone, the wave height is limited; the waves which exceed the breaking limit,
break. A comparison between the wave height distribution in deep waters and shallow
waters is presented in Figure 2.4.

Since Collins (1970) proposed the first methodology for transforming wave
characteristics in deep water into the corresponding breaking wave characteristics in
shallow waters, several methods have been developed in the literature. A review on the
statistical models to describe the distribution of the highest wave heights can be found
in Massel and Sobey (2000).

14
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Based on the energy dissipation produced by the depth-induced breaking phenomenon,
Battjes and Janssen (1978) developed a bore-type dissipation model to estimate the
transformation of random breaking waves in shallow water. During the following years,
different methods (Mase and Iwagaki, 1982; Dally and Dean, 1987; Dally, 1990, 1992)
were proposed to calculate the wave height distribution in shallow waters. A relevant
contribution is the one by Baldock et al. (1998) who modified Battjes and Janssen's
(1978) method to improve its performance on steep beaches. Baldock et al. (1998) also
provided explicit expressions for the energy dissipation rate within the surf zone and for
the fraction of broken waves.

20 14

1.8 {143
E" Rayleigh
- distribution L
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Fig. 2. 4. Comparison between the wave height distribution in deep water and
shallow water.

Most methods in the literature (Tayfun, 1981; Hughes, S.A., Borgman, 1987; Klopman,
1996) characterize the wave height distribution in shallow water as empirical or semi-
empirical variations of the Rayleigh distribution including the effects of wave breaking.
Battjes and Groenendijk (2000) proposed the Composite Weibull Distribution to
describe the individual wave height distribution for depth-limited waves (see Eq. 2.5).
Later, such distribution was implemented in SwanOne model (Verhagen et al., 2008)
which can be used for estimating wave characteristics in the surf zone for a given
bathymetry and deep water wave conditions.
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( H k1
|1—exp<—[—] >ifHS H;,
H,

k2

| H ,

1—exp —[—] if H= H,
\ H,
where Hi and H, are the scale parameters, ki and k. are the exponents whose
recommended values are k; = 2.0 and k2 = 3.6 based on laboratory data with five bottom
slopes, and Hy = (0.35+5.8m)h is the transitional wave height. The variance of the
surface elevation (mo) or the significant spectral wave height (Hmo = 4mo®®) are needed
to apply this method, since the root mean square wave height has to be calculated as Hrms
= me®5(2.69+3.24 [mo®°/h]). Thus, Battjes and Groenendijk (2000) provided a table with
the characteristic values for Hi/s/ Hrms, H10/ Hrms, H206/ Hrms, H19% Hrms and Ho 106/ Hrms.

F(H) = 2.7)

The Composite Weibull Distribution has been widely recommended in manuals such as
CIRIA/CUR/CETMEF (2007) or EurOtop (2018). It has also been compared with field
data from stations in the North Sea in Mai et al. (2011) with reasonable results.
Nevertheless, Caires and Van Gent (2012) pointed out that high wave heights on
horizontal bottom slopes were underestimated when using the Composite Weibull
Distribution.

Formulas for estimating the significant wave height, Hs = Hy3, and the maximum wave
height, Hmax, in the surf zone were given in Goda (2000) (see Egs. 2.8 and 2.9).

(Kg Hy) for h/Ly = 0.2

403 iU + 30, e L 6, D) for o <02 (28)
_ _ (1.8 K, H}) for /Ly > 0.2
Hoe = o150 = (5315 + B, ) 18 K, D for g <02 @)

where Ho’ is the equivalent deep waters significant wave height, Ks = H/Hp’ is the
shoaling coefficient, h/Lg is based on the significant wave period (T13) and fSo, Si, Fmax,
S, B, Brax are coefficients calculated using the equations in Table 2.2.

Coefficients for Hys Coefficients for Hmax

' —0.38
Bo = 0.028(Hy/Lo) **Pexp(20m*) g5 = 0.052(Ho/Lo)  exp(20m'S)

By = 0.52exp(4.2m) B: = 0.63exp(3.8m)

Brnax = max(0.92,0.32[Hg /L] ~%%%exp[2.4m]) Brax = max(1.65,0.53[H{ /Ly ] 7%%%exp[2.4m])

Table 2. 2. Coefficients for estimating Hus and Hmax in shallow waters according to Goda (2000).

Goda (2000) also provided diagrams for directly obtaining His and Hmax for bottom
slopes m = 1%, 3.33%, 5% and 10%.
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CIRIA/CUR/CETMEF (2007) also provided five diagrams based on Van der Meer
(1990) to determine Hmo/h in shallow waters as function of the wave steepness in deep
waters (Sop) and the ratio h/Lo, for m < 2%, where Lop=gT,%/2 is the deep waters wave
length based on the peak period, Tp.

As presented in this section, a wide variety of proposals exist in the literature since wave
breaking is not a fully solved problem. Thus, more specific studies on wave breaking are
still being developed, such as the characterization of the breaking depth for a determined
type of breaker (Xie et al., 2019) or the development of new techniques for measuring
wave breaking using video images (Andriolo et al., 2020) and remote sensing (Diaz et
al., 2017). More recent proposals for wave height distribution in shallow waters can be
found in Mendez et al. (2004) and Méndez and Castanedo (2007).

2.3. Criteria to assess the crest elevation of mound breakwaters

Coastal structure designs must ensure not only the structure integrity but also safe
operational conditions during port activities. Although criteria based on tolerable mean
wave overtopping discharge (q) are commonly applied, recent recommendations (Bae et
al., 2016) point out the need of new criteria based on the individual wave overtopping
events. This need was first stated by Franco et al. (1994), who noted that the mean
individual wave overtopping volume (V) may be much lower than the maximum
individual wave overtopping volume (Vmax). In this section, main criteria for designing
mound breakwater crest elevation are reviewed.

Acceptable limits for mean wave overtopping discharges (q) were proposed by experts
based on their subjective impressions when observing overtopping on prototype
breakwaters (Fukuda et al., 1974; Goda, 1985). Those recommendations were included
in manuals such as British Standard (1991) or CIRIA/CUR (1991). As shown in Figure
2.5, both the structural safety and the functional safety were considered.

Sigurdarson and Viggosson (1994) recommended a limit value of g = 0.42l/s/m in the
50-year design storm for preventing damage to equipment and cargo on quay. However,
Franco et al. (1994) pointed out the lack of data related to safe operation of ports and
ship mooring on the breakwater rear side. Moreover, these authors proposed the
individual wave overtopping volumes as a better criterion for designing breakwater crest
elevation. Franco et al. (1994) analyzed the effect of such overtopping volumes on
model vehicles and model pedestrian in physical model tests with vertical and composite
structures. The authors concluded that pedestrians were more stable than vehicles under
the same overtopping event and that the admissible limits were dependent on the
structure geometry; the same overtopping volume was more dangerous on vertical
breakwaters (fast water jet) than on sloping structures (slower aerated flow). This may
indicate that not only the overtopping volume but also the velocity of the overtopping
flow resulted significant for pedestrian and vehicle safety. Figure 2.6 shows the risk
curves for pedestrians obtained by Franco et al. (1994) for different structure geometries.
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Fig. 2. 5. Admissible mean wave overtopping discharges according to the existing guidelines
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Fig. 2. 6. Overtopping risk curves for pedestrian according to Franco et al. (1994).
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USACE (2002) recommended admissible q equivalent to those reported in British
Standard (1991) or CIRIA/CUR (1991) (see Figure 2.5). Bruce et al. (2003) highlighted
the role of the velocity of the overtopping jet on human stability and proposed using both
the individual wave overtopping volumes and the velocity of the overtopping jet as
design criteria.

Geeraerts et al. (2005) measured forces caused by overtopping impact on dummies
installed on the Zeebrugge mound breakwater (Belgium) in order to assess pedestrian
safety. Later, Geeraerts et al. (2007) suggested the overtopping limits for vehicles and
pedestrians in Table 2.3 based on previous works (Fukuda et al., 1974); admissible g and
Vmax Were given accounting the location, the training level and attitude of the pedestrian
when facing the overtopping event. De Rouck et al. (2009) added property limitations
shown in Table 2.3 to recommendations given by Geeraerts et al. (2007). Allsop et al.
(2008) also proposed admissible q and Vimax Similar to those recommended in Geeraerts
et al. (2007) and De Rouck et al. (2009).

Hazard q (I/s/m) Vmax (I/m)

Unaware pedestrian, no clear view of the sea,
relatively easily upset or frightened, narrow 0.03 2-5
walkway or close proximity to edge

Aware pedestrian, clear view of the sea, not
easily upset or frightened, able to tolerate getting 0.1 20-50
wet, wider walkway

Trained staff, well shod and protected, expecting
to get wet, overtopping flows al lower levels
only, no falling jet, low danger or fall from
walkway

1-10 500

Vehicles driving moderate or high speed,
impulsive overtopping giving falling or high 0.01-0.05 5
velocity jets

Vehicles driving at low speed, overtopping by
pulsating flows at lower levels only, not falling 10-50 1,000
jets

Sinking small boats set 5-10m from wall.

Damage to larger yatchs 10 1,000 - 10,000

Significant damage or sinking of larger yatchs 50 5,000 - 50,000

Table 2. 3. Summary of the overtopping limits according to Geeraerts et al. (2007) and De Rouck
et al. (2009).
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Additional guidance on tolerable overtopping on buildings can be found in Chen et al.
(2017).

Bae et al. (2016) were the first authors who explicitly assessed pedestrian safety under
overtopping flow conditions using overtopping layer thickness (OLT) and overtopping
flow velocity (OFV). The authors conducted physical tests with anthropomorphic
dummies of several sizes (adults and children), weights (thin, standard and obese) and
footwear and determined the admissible OLT and OFV. Bae et al. (2016) also compared
their results with previous studies performed under steady flow conditions and concluded
that humans were less stable under overtopping flow conditions. Figure 2.7 shows the
thresholds for OLT and OFV given by Bae et al. (2016) as well as the experimental
results of pedestrian accidents from different authors (Abt et al., 1989; Endoh and
Takahashi, 1995; Karvonen et al., 2000; Jonkman and Penning-Rowsell, 2008; Sandoval
and Bruce, 2017). In this figure, open symbols correspond to steady flow observations
while closed symbols correspond to overtopping flow observations.
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Fig. 2. 7. Experimental observations of pedestrian accidents in the literature and admissible
overtopping layer thickness and overtopping flow velocity for pedestrian safety by Bae et al.
(2016).

Sandoval and Bruce (2017) analyzed pedestrian safety as function of OLT and OFV
using data from video images. The authors also observed that pedestrian were more
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unstable under overtopping flow conditions than under steady flow conditions, similar
to Bae et al. (2016).

EurOtop (2018) considered both g and Vmax to assess the hazards driven by wave
overtopping and to give advice on tolerable wave overtopping. However, other
overtopping variables such as overtopping velocities over the crest, OLT and
overtopping falling distances were categorized as significant. EurOtop (2018) proposed
wave overtopping limits based on the structural stability of the breakwater and the safety
of the property, vehicles and people behind the coastal defense. Table 2.4 summarizes
the limits for wave overtopping applicable to mound breakwater designs according to
EurOtop (2018).

Hazard q (I/s/m) Vmax (I/m)
Rubble mound breakwaters facing Hmo>5m; no 1 2,000 — 3,000
damage

Rubble mound breakwaters facing Hmo>5m; rear

: . ; 5-10 10,000 — 20,000
side designed for wave overtopping

Significant damage or sinking of larger yachts;
Hm0>5m

Significant damage or sinking of larger yachts;
Hmno=3-5m

Sinking small boats set 5-10m from wall, Hno=3-

>10 >5,000 — 30,000

>20 >5,000 — 30,000

5m. Damage to larger yatchs >5 >3,000 - 5,000
Safe for larger yatchs; Hno>5m <5 <5,000
Safe for small boats segEr;.lOm from wall, Hyno=3- <1 <2,000
Building structure elements; Hno=1-3m. <1 <1,000
Damage to equipment set back 5-10m <l <1,000
People at seawall
Hmo=3m 0.3 600
Hmo=2m 1 600
Hmo=1m 10-20 600
Hmo<0.5m No limit No limit
Cars on seawalls or railway close behind crest
Hmo=3m <5 2,000
Hmo=2m 10-20 2,000
Hmo=1m <75 2,000

Table 2. 4. Summary of overtopping limits according to EurOtop (2018).
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Recently, Altomare et al. (2020) analyzed the validity of the safety overtopping limits
proposed in the literature for pedestrian using field data from the Catalan coast. The
authors concluded that the pedestrian hazard is linked to the combination of the
overtopping layer thickness and the overtopping flow velocity.

As shown in this section, acceptable limits for q and Vmax Seem to be appropriate criteria
for designing mound breakwater crest when considering the structural safety and the
hazard to building and properties in the protected area. However, recent studies (e.g.:
Altomare et al., 2020) point out the need of considering overtopping layer thickness and
the overtopping flow velocity when assessing vehicles and pedestrian safety.

2.4. Individual wave overtopping volumes on mound breakwaters

In the previous section, the maximum individual wave overtopping volume (Vimax) was
presented as one of the most relevant criteria to assess mound breakwater crest elevation.
In this section, the methods given in the literature for estimating individual wave
overtopping volumes are described.

2.4.1. Individual wave overtopping volumes distribution

Van der Meer and Janssen (1994) and Franco et al. (1994) were the first who described
individual wave overtopping volumes using the Weibull distribution on dikes and
vertical and composite structures, respectively. Later, the 2-parameter Weibull
distribution (see Eq. 2.10) was widely applied in the literature to predict individual wave
overtopping volumes for a variety of coastal structures.

b
FV)=F(x<V)=1—exp (— [g] ) (2.10)

where F(x <V) is the non-exceedance probability of the individual wave overtopping
volume per wave, x is the individual wave overtopping volume, a is the dimensional
scale factor and b is the shape factor. Eq. 2.10 can be rewritten as

—b
F(V)=1—exp (— [VAl ) (2.11)

where ¥/ is the measured mean individual wave overtopping volume and A=a/ V is the
scale factor.

If the measured individual wave overtopping volumes followed an ideal Weibull
distribution and all measured data were included in the analysis, V should be equal to the
mean value of the Weibull distribution (um = V). Under the described hypothesis, a
relationship between A and b exists and is given by
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B 1

= @ (2.12)

where I is the gamma function, calculated as I'(z) = f0°° t7 le~tdt.

A=

< Q

Van der Meer and Janssen (1994) and Franco et al. (1994) recommended a shape
coefficient b = 0.75 for dikes and vertical and composite structures, respectively.
According to Eq. 2.12, A = 0.84.

Besley (1999) investigated individual wave overtopping volumes on sloped structures,
vertical walls and composite breakwaters. The author referred to the results in Franco et
al. (1994) who observed that the shape factor b was about 0.1 lower for vertical walls
than for sloping structures. Franco et al. (1994) also reported the significance of the
wave steepness on the shape factor b for vertical walls. Thus, Besley (1999) proposed
values for the shape factor b as function of the offshore wave steepness (Sop =
27Hs0/[gTpo?], Where Hyo is the significant offshore wave height and Ty is the deep
waters peak period); b = 0.76 for sop = 0.02 and b = 0.92 for sgp = 0.04.

Bruce et al. (2009) conducted 2D physical tests on mound breakwaters over horizontal
bottoms with a wide variety of armor layers, both single- and double-layer. Main
experimental ranges of such tests were 0.8<R¢/Hmo<1.3 and 0.33<Hmn¢/h<0.40, where R,
is the crest freeboard. Bruce et al. (2009) analyzed the individual wave overtopping
volumes higher than ¥ and proposed a shape factor b = 0.74. No significant differences
were observed between the performance of the different tested armors.

Victor et al. (2012) analyzed individual wave overtopping volumes on smooth
impermeable steep slopes (0.36<cota<2.75, where cote is the armor slope) with
0.11<R/Hmo<1.69 on horizontal bottoms. During the tests with large Hmo, the authors
observed that the wave heights followed a Composite Weibull distribution, instead of a
Rayleigh distribution, and concluded that such deviations were caused by the depth-
induced breaking of the highest waves (0.04<Hno/h<0.37). The authors also observed
that both the shape factor b and Vmax decreased when waves were not Rayleigh
distributed. Furthermore, the effect of R¢/Hmo, cota and sp, was investigated; Sop
(0.012<50<0.041) resulted negligible. Finally, they proposed Eq. 2.13 to estimate the
shape factor b based on the individual wave overtopping volumes higher than V7.

c

b= (ZOR
= exp 04

mo

) + (056 + 0.15 cota) 2.13)

Zanuttigh et al. (2013) studied the shape factor b on rough and smooth low-crested
structures (0<Rc/Hmo<2) using the individual wave overtopping volumes higher than V7.
The authors observed that those formulas considering Re/Hmo gave good results for
smooth structures whereas poor performance was obtained for rubble mound
breakwaters. Higher scatter of rubble mound breakwaters data was also observed.
Zanuttigh et al. (2013) proposed Eq. 2.14 for estimating the shape factor b on rubble
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mound breakwaters based on the dimensionless mean wave overtopping discharge,
Q"=0/(gHmoTm-1,0) (Where Tm-10 = m.1/mg and my is the k-th spectral moment, m,, =
fooo S(Hf*df, and S(f) is the wave spectrum) similar to Q"=q/(gHmoTo1) (Where To; =
mo/m1) recommended by Besley (1999). EurOtop (2018) also suggested Eq. 2.14 for
rubble slopes and mounds.

b = 0.85 + 1500Q***3 (2.14)

Ngrgaard et al. (2014) carried out 2D physical tests on horizontal bottoms with rock-
armored mound breakwaters with crown wall both in non-breaking and breaking
conditions (0.18<Hme/h<0.50) with 0.9<R./Hme<2.0. These authors assessed the
performance of the formulas to estimate the shape factor b in the literature which were
developed in non-breaking conditions using data in breaking conditions. Ngrgaard et al.
(2014) concluded that such formulas were overpredicting the largest overtopping wave
volumes and proposed Eq. 2.15 based on 30% of the highest individual wave overtopping
volumes.

( HmO
| 0.75 for < 0.848 or o <02
1/10
b= o H,/no Hono 219
|-6.1+8. 08 for > 0.848 and —= > 0.2
k 1/10 1/10 h

where Hyg is the average of 10% of the highest waves in the test run.

Gallach (2018) conducted thousands of 2D physical tests with steep sloped and vertical
structures with a wide range of crest freeboards (0.0<R./Hmo<3.25) on bottom slopes m
= 0 and m = 1/100. The author found negligible the effect of depth-induced breaking
waves (0.03<Hme/h<0.50) on the shape factor b, contrary to the results reported in Victor
et al. (2012) and Ngrgaard et al. (2014). Gallach (2018) also noted that the roughness
of the structured did not affect the shape factor b and proposed a new formula to estimate
b as function of Re/Hmo fitted with the largest 10% individual wave overtopping volumes.
The author also fitted the scale factor A and obtained values significantly different from
those given by Eq. 2.12.

Similar to Pan et al. (2016), Molines et al. (2019) pointed out the existing inconsistencies
in the selection criteria regarding the number of overtopping events used to fit the 2-
parameter Weibull distribution. Molines et al. (2019) used the 2D physical tests
performed by Smolka et al. (2009) on conventional mound breakwaters
(1.25<R¢/Hmo<4.78) with crown wall in non-breaking conditions (0.10<Hmn¢/h<0.32) to
analyze the effect of the aforementioned selection criteria on the fit of the 2-parameter
Weibull distribution. These authors fitted the scale A and shape factor b using 10%, 30%
50% and 100% (with a quadratic utility function) of the highest individual wave
overtopping volumes. Utility functions are applied to consider the relative relevance of
the observed data; special attention is given to the highest volumes when using the whole
dataset with a quadratic utility function. The relationship between A and b was not
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described by Eq. 2.12. Small overtopping events are not relevant for practical
applications but they significantly influence ¥V and Now and, subsequently, the
estimations of A given by Eq. 2.12. Molines et al. (2019) proposed Egs. 2.16 and 2.17
for estimating the scale and shape factors, respectively, using the quadratic utility

function on all observed individual wave overtopping volumes.

b = 0.63 + 1.25 exp(—3.0 - 105 Q%) (2.16)
1
A=14-047 (2.17)

Additionally, Molines et al. (2019) reported a good performance of the 2-parameter
Exponential distribution when describing the individual wave overtopping volumes,

given by
V/V-C
F(V)=1—exp (— [/TD (2.18)
where
D = 2.6+ 2.6 exp(—3.0 - 10° Q%) (2.19)
C=12-D-0.2D? (2.20)

2.4.2.Number of overtopping events

Makkonen (2006) recommended the Weibull plotting position formula (see Eq. 2.21) to
assign an exceedance probability to every individual wave overtopping volume.

F(V) = (2.21)

Now +1
where i is the rank of the individual wave overtopping volume, sorted in descending
order (i=1 refers to Vimax) and Now is the number of overtopping events.

Lykke Andersen et al. (2009) rewrite the Weibull distribution function using Eq. 2.21 as

1/b

V; = AV (—ln[ = AV(In[N,,, + 1] — In[iDY? withi = 1 to N,,, (2.22)

i
77 1)
By setting i=1 in Eq. 2.22, Vimax can be obtained as

V; = AV(In[N,,, + 1/? (2.23)
Besley (1999) and EurOtop (2018) recommended Eq. 2.24 instead of Eq. 2.23.
V; = AV(In[N,,, D" (2.24)
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Since Eq. 2.24 uses Now instead of Nowt+1, Vmax = 0 for Now = 1 (Lykke Andersen et al.,
2009). Both the number of overtopping events (Now) and the mean individual wave
overtopping volume (V = qTy;N,,/N,,,, Where Ny is the number of waves) need to be
calculated for estimating Vmax using either Eq. 2.23 or 2.24. To this end, Besley (1999)
recommended Egs. 2.25 and 2.26 for estimating Now for simple slopes and complex
slopes with berms and return walls, respectively.

Py, = Now = exp (—K1 [L i]) (2.25)
Ny To1v9Hmo Y7
55.4Q0*°%*  for0<(Q*<8-107*
Pow =425Q*%" for8-107* < Q* < 1072 (2.26)

1 for Q* > 1072

where Poy is the proportion of overtopping waves, K; is an empirical coefficient and y
is the roughness factor. Note that Q"=q/(gHmoTo1) is used. Besley (1999) proposed
K1=37.8 for structure slope cota=2 and K;=63.8 for structure slope cota=1. Besley (1999)
proposed Eq. 2.27 for estimating g.

q X ( K. Re 1>
— = Kexp| Kz ————
9To1Hmo 2 ° Toin/9Hmo V7
where K; and K3 are experimental coefficient to be calibrated as function of cota. For
cota=1.5, K»=8.84-10"° and K3=19.9.

Ngrgaard et al. (2014) modified Eq. 2.26 to make it applicable to depth-limited breaking
wave conditions for 0.006<P,,<0.120 and 7.3-107<Q"<6.2-10°. Ngrgaard et al. (2014)
proposed Pow=C; Eq. 2.26.

(2.27)

( H H
| 1 for —=% < 0.848 or %0 <02
1/10
C, = { Hoo H/o H,o (2.28)
L—6.65 +9.02 —/—— for —— > 0.848 and —— > 0.2
1/10 1/10 h

Regarding the estimation of g, Ngrgaard et al. (2014) suggested using CLASH Neural
Network (CLASH NN) (van Gent et al., 2007).

EurOtop (2018) proposed Eqg. 2.29 to estimate Pow on mound breakwaters with
permeable crest berms.

Poy = €xp (— [vm Re ]2> (2.29)

Uz,

where Ruy is the wave run-up heights exceeded by 2% of the incoming waves,
calculated as
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T — L6V Yoot 10 (2:300)
with a maximum value of
Ruye, . 1.50
Hoo = min (1-00yf,surgingyﬁ [4.00 - \/f_—1_o ,2.0) (2.30b)

where ytsurging= yt +(&1,0-1.8)(1- y9)/8.2; 5 is the oblique wave attack factor, ye is the
influence factor for the presence of berms and &.10 is the Iribarren number of surf
similarity parameter calculated as

§ 10 = tana/ [2Ho/ (9T 10" @:31)
EurOtop (2018) recommended Eq. 2.32 to estimate q.
q

R
—— = 0.09exp (—1.5 —C>
g]—] 03 Hmoyfyﬁ' (2.32)
" m

Molines et al. (2019) proposed calculating Pow using Eq. 2.33 for 0.001<P,,<0.20 and
7.0-10%<Q"<6.4-10°.

P, = 480Q*"*® (2.33)

Similar to Ngrgaard et al. (2014), Molines et al. (2019) suggested using CLASH NN to
estimate g. A summary of the experimental ranges of the methods in the literature is
given in Table 2.5.

As exposed in this section, most models in the literature to estimate individual wave
overtopping volumes were developed under non-breaking conditions with horizontal or
bottom slopes m = 1/100. On the other hand, those conducted under depth-limited
breaking wave conditions reported opposite results. Thus, further research is needed on
the effect of depth-limited wave breaking as well as on the influence of the bottom slope.
A table showing the summary of the methods in the literature to estimate Vimax 0n sloped
structures or mound breakwaters is shown in Table 2.6.
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Crown

Author Structure wall Re/Hmo Hmo/hs cot a
Bruce et al. Mound
(2009) breakwaters Yes 0.80-1.03 0.33-0.40 2
. Smooth
v|c(t200r1e2t) al impermeable  No  011-169  0.04-037 Oé3$5‘
steep slopes '
Smooth slopes
Zanuttigh et and rubble )
al. (2013) mound 0-2 B 2-4
breakwaters
Rubble
N:{g(";%ﬂ)et mound Yes 09-2  018-050 15
' breakwaters
Steep slopes
Gallach . 0-0.27
and vertical No 0-3.25 0.03-0.50 .
(2018) SirUCiLres /100 15-2.75
Molines et al. Mound
(2019) breakwaters Yes 1.25-4.78 0.10-0.32 15

Table 2. 5. Summary of the experimental ranges of the methods given in the literature to

estimate Vmax.

. Ngrgaardet EurOtop  Molines et
Variable Besley (1999) al. (2014) (2018)  al. (2019)
q (I/s/m) Eq. 2.27 CLASH NN Eg. 223  CLASH NN

Simple slopes: Eq. 2.25
Pow (-) Eq. 2.28 Eqg. 2.29 Eg. 2.33
Complex slopes: 2.26
0.76 for spp=0.02
b(-) Eg. 2.15 Eq. 2.24 Eq. 2.26
0.92 for spp=0.04
A() Eq. 2.12 Eq. 2.12 Eg. 2.12 Eq. 2.17
Vmax (I/m) Eq. 2.24 Eq. 2.23 Eq. 2.24 Eg. 2.23

Table 2. 6. Summary of the methods given in the literature to calculate Vmax on mound
breakwaters and permeable slopes.

2.5. Overtopping layer thickness and overtopping flow velocity

In Section 2.2, overtopping layer thickness (OLT) and overtopping flow velocity (OFV)
were presented as key variables to assess pedestrian safety when designing mound
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breakwaters. Since no methods were found in the literature that focused on OLT and
OFV on mound breakwaters, the methods valid for dikes are also presented here. Special
attention is given to the variables considered significant for describing OLT and OFV in
the literature.

Van Gent (2002) and Schuttrumpf et al. (2002) measured OLT and OFV on dikes crests
during 2D physical tests. Subsequently, Schiittrumpf and Van Gent (2003) combined the
results of the two studies and described the overtopping flow on dike crests using two
variables: (1) OLT on the dike crest exceeded by 2% of the incoming waves (hcs%), and
(2) OFV on the dike crest exceeded by 2% of the incoming waves (Uczs). In addition,
Schittrumpf and Van Gent (2003) proposed a method to estimate hcoo and uczg on dikes
using Ruzg calculated with van Gent (2001) as

Co §s,-1 ifés-1 <D

Ruzy,
—=0 = C2 2.34a
Hpno €1 — £, ifés-12Dp ( )

C
c, = o.zsci0 (2.34b)
1

where co=1.35, ¢1=4.0, ¢z and p are given by Egs. 2.34b and 2.34c, respectively and c is
the Iribarren number or surf similarity parameter obtained with Hys and Tm-1,0 (See EQ.
2.31). Main variables involved in Schittrumpf and Van Gent (2003) method are
presented in Figure 2.8.

Fig. 2. 8. Definition of the variables considered by Schittrumpf and Van Gent (2003) to estimate
OLT and OFV on a dike.

Egs. 2.35 and 2.36 were proposed by Schittrumpf and Van Gent (2003) to calculate the
OLT and OFV on the seaside slope of the dike (0<za<R(), respectively.
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hazo,(24) (RuZ% — ZA)

tazn\Za) _ . (K29 T 24 (2.35)
Hmo Ah HmO

Uazo0(Za) _ . [Ruay — 24 (2.36)

=C
VIHmo o Hno

where ha2e(za) and uaze(za) are the run-up layer thickness and velocity along the seaside
slope exceeded by 2% of the incoming waves, respectively, za is the elevation over the
mean water level (MWL) and can” and ca,” are empirical coefficients shown in Table
2.7.

van Gent Schuttrumpf  Van der Meer Lorke et al. Formentin et
(2002) et al. (2002) et al. (2010) (2012) al. (2019)

cot a 4 3,4,5 3 3,6 2,4
Re/Hs 0.7-2.2 0.0-4.4 0.7-2.9 0.33-2.86 0,0.5,1.0
Hs/h 0.2-1.4 0.1-0.3 0.1-0.3 0.13-0.3 0.10-0.19
can” 0.15 0.33 0.13 - -
cau” 1.30 1.37 - - -
Cor” 0.40 0.89 i 0.35 for cota=3  0.35 for Re>0

0.54 for cota=6  0.18 for R¢<0

Cc,u* 0.50 0.50 - - -

Table 2. 7. Summary of the experimental ranges and empirical coefficients of the methods in the
literature to estimate OLT and OFV on dikes.

Following Schittrumpf and Van Gent (2003) method, OLT and OFV on the dike crest
(0<xc<B) can be determined as

hcz%(xc) Xc
— " =exp|—c, — (2.37)
haz9,(za = R.) p( oh B)
ucz%(xc) ( XcU )
— =exp|—c},—— 2.38
s Cn = R~ P\ b (i) (238)

where heaos(Xc) and ucao(Xc) are the overtopping layer thickness and the overtopping flow
velocity on the crest exceeded by 2% of the incoming waves, respectively, X. is the
distance to the intersection between the crest and the seaward slope, B is the crest width,
W is the friction coefficient and ccn” and c.," are empirical coefficients shown in Table
2.7. Schuttrumpf et al. (2002) recommended pi=0.0058-0.02 for smooth slopes.

Van Gent (2002) and Schittrumpf et al. (2002) proposed values for the empirical
coefficients in Eqgs. 2.35-2.38 based on their own physical tests. Although the range of
application of the coefficients suggested in Van Gent (2002) falls within the range of
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application of those given by Schittrumpf et al. (2002), relevant differences exist for
can and Cen'. hease(Xc) calculated using can =0.15 and ccn"=0.40 suggested by Van Gent
(2002) is 58%(]0.15/0.33]%[exp{-0.40x1/2}/exp{-0.89x1/2}]) of the hcao(Xc) estimated
using can™=0.33 and c.»"=0.89 recommended by Schiittrumpf et al. (2002). Even if the
dike models were similar, estimations by Schuttrumpf et al. (2002) are almost twice the
estimations by Van Gent (2002). Such differences may be caused by different
experimental set ups (e.g. bottom slope) or different experimental ranges (see Table 2.7).
However, these significant differences are hard to explain since both authors tested dikes
under similar conditions.

Van der Meer et al. (2010) performed physical tests on dikes with cota=3 and measured
OLT and OFV at the seaward edge and landward edge of the dike crest. Experimental
ranges of Van der Meer et al. (2010) are given in Table 2.7. The authors combined their
experimental results with those reported in Van Gent (2002) and Schittrumpf et al.
(2002) and proposed a new method to estimate OLT and OFV. Such method was also
based on the difference between Ruzy and R¢ and is given in Egs. 2.37 and 2.39-2.41.

hazo(Re) = 0.13(Ruzy, — R) (2.39)
Ugz0,(Re) = 0.35cota/ g(Ruze, — R,) (2.40)

Uca, (Xc) ( Xc )

—————=cxp|—-14 2.41

Uazo,(Re) P Lin-10 @4)

where Lim-1,0 is the wave length based on Ti-1,0. Considering za=Rc in Egs. 2.35 and 2.39,
can =0.13 given in Table 2.7 is obtained. Van der Meer et al. (2010) also recommended
Rayleigh distribution to describe the OLT and OFV distribution functions.

Lorke et al. (2012) measured OLT and OFV on the landward edge of dike models with
coto=3 and 6 in physical model tests focused on the effect of currents and wind on the
overtopping. These authors used conventional wage gauges and miniature propellers to
measure OLT and OFV, respectively. Lorke et al. (2012) proposed new values for ccn”
in Eq. 2.37 given by Schiattrumpf and Van Gent (2003) based on their experimental
observations; ccn=0.35 for cota=3 and c.n"=0.54 for cota=6. Note that coefficients
recommended by Lorke et al. (2012) are similar to those suggested by Van Gent (2002)
for cota=4.

Hughes et al. (2012) analyzed the physical tests conducted by Hughes and Nadal (2009)
on slightly submerged levees (-0.32<R./Hs<-0.11); OLT and OFV were measured on the
crest close to the seaward and landward edges using pressure cells and Doppler
velocimeters, respectively. Based on Egs. 2.39 and 2.40 proposed by Van der Meer et al.
(2010), Hughes et al. (2012) derived and calibrated a relationship between OLT and
OFV given by

Ua206(Rc) = 1.53y g hazos(Rc) (2.42)
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Hughes et al. (2012) also proposed the Rayleigh distribution function to describe the
10% upper values of OLT and OFV. No correlation was found between the OLT and
OFV corresponding to the same overtopping event.

EurOtop (2018) recommended a method to estimate haze and heag on dike crests based
on the difference between Ruzg and Rec. First, Ruoy is estimated using Eq. 2.43.

Ruz%
H

= 1.65¥£YpYpefs—1 (2.433)

with a maximum value of

Ru, 1.5
— 2 = 1.0yyp (4 ——
HS VvV VbeS(s,—l

Once Ruasy is determined, hazes(Re) is calculated using Eq. 2.35 with can™=0.20 for cota=3
and 4 and can™=0.30 for cota=6. Finally, hcoo(X:>>0)=(2/3)ha2es(Rc) is assumed as
constant on the crest of the dike not close to the seaside slope, after an initial zone of the
crest where turbulence occurs.

(2.43b)

Recently, Formentin et al. (2019) analyzed the existing methods in the literature to
estimate OLT and OFV valid for dikes using numerical and experimental observations.
OLT and OFV measured at the seaward edge of the dike crest were used. These authors
found a non-negligible effect of the seaward slope on OLT and OFV. Formentin et al.
(2019) proposed new formulas for estimating hcao(Xc=0) and ucoe(Xc=0) based on the
difference between Ruy and R (see Egs. 2.44 and 2.45).

hepo,(xc = 0) = 0.085cota(Ruyy, — R)3° (2.44)
Uz (X = 0) = (0.12cota + 0.41) (g[Ruyy, — R]%>)13° (2.45)

Regarding the evaluation of OLT along the dike crest, Formentin et al. (2019) observed
a linear decay and refitted c¢" in Eq. 2.37 as

. {0.35 forR. =0
eh =10.18 for R, < 0

These authors also investigated the evolution of OFV along the dike crest; different
trends were observed for positive and negative freeboards. In case of positive freeboards,
Formentin et al. (2019) recommended neglecting the decay of OFV along the dike crest,
since it only occurred on very short crest widths. Such observations were contrary to
those reported in previous studies (Schittrumpf and Van Gent, 2003; van Bergeijk et al.,
2019).

In this section, methods in the literature to estimate OLT and OFV on dike crests were
presented. Such models proposed almost the same significant variables for describing
OLT and OFV: Hs, Tm-1,0 and cota gathered in the surf similarity parameter or Iribarren
number (&.-1) and the crest freeboard. Thus, similar variables are expected to be relevant

(2.46)
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for describing OLT and OFV on mound breakwater crests. Table 2.8 summarizes the
variables considered in the literature to describe OLT and OFV on dike crests.

Variable Author Hs Tmi1o0 coOta Rec B Lmio

Schittrumpf and van Gent (2003) X

Lorke et al. (2012)
Ne2%

X | X| X| X
X | X| X| X
X | X| X| X

X
X
EurOtop (2018) X
Formentin et al. (2019) X

Schittrumpf and van Gent (2003)

Van der Meer et al. (2010)
Uc2%

X | X[ X

X | X| X| X
X | X| X| X
X

X
X
EurOtop (2018) X
X

Formentin et al. (2019) X

Table 2. 8. Summary of the variables considered to estimate OLT and OFV in the literature.
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“Scale effects are to the experimenter
what simplifying assumptions are to the
theorist”

Alain Le Méhauté

Experimental
methodology

{

Wave flume of the Laboratory of Ports and Coasts at the Universitat Politecnica de
Valéncia (Spain). September 2017
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Chapter 3. Experimental methodology

3.1. Introduction

Within the framework of the ESBECO project, 2D physical model tests on overtopped
mound breakwaters under depth-limited breaking wave conditions were conducted in the
wave flume of the Laboratory of Ports and Coasts at the Universitat Politecnica de
Valéencia (LPC-UPV). Such physical model tests were focused on the characterization
of the armor stability (Argente et al., 2018), rock toe berm stability (Gomez-Martin et
al., 2019) and overtopping.

In this chapter, the experimental facilities and equipment are first described. Secondly,
the experimental design of the model and the test matrix is presented. Thirdly, the
instrumentation used during the tests is detailed. Fourthly, the results of the tests are
analyzed. Wave analysis following Herrera et al. (2017) methodology is conducted
while individual wave overtopping volume identification is performed applying the
method proposed by Molines et al. (2019). Finally, the methodology applied in this thesis
is summarized.

3.2. Experimental facilities

Two-dimensional physical model tests were performed at the LPC-UPV wave flume
(30.0mx1.2mx1.2m) on mild bottom slopes (m=2% and 4%) and with a piston-type
wavemaker. As shown in Figure 3.1, two bottom slope configurations were tested. First
configuration was formed by a 6.3m-long m=4% ramp and a 9.0m-long m=2% ramp.
Second configuration was composed of a continuous 15.3m-long bottom slope of m=4%.
Both configurations show a 5.5m-long horizontal bottom at the wave generation zone.

(a ) Model Passive
51-85 s6-s9 s10 511 Wave
Wavemaker L || | | Aattenuator
|__H _ I 1 : %M
m=4% m=2%
F——>B5.46— 6.25 9.02
(b) S$1-S5 S$6-S9 S10 S11
ET ! H % HH T"——L—E [T
— = |
- 5.46 15.27
20.73
30.00

Fig. 3. 1. Longitudinal cross sections: (a) m=2% configuration and (b) m=49% configuration.
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At one end of the wave flume, a piston-type wavemaker was installed while at the
opposite end of the wave flume a passive wave attenuator was located to dissipate wave

energy (see Figure 3.2). The physical model was built in front of the passive wave
attenuator.

Fig. 3. 2. Passive wave attenuator.

The piston-type wavemaker (see Figure 3.3) had a maximum stroke of 0.9m and the
AWACS (Active Wave Absorption System) was activated to prevent multi-reflections
in the wave flume. Three wave generation types were available: (1) regular waves, (2)
irregular waves (random seed number), and (3) irregular waves (given seed number).

Shm A emdi TN

Fig. 3. 3. Piston-type wavemaker of the LPC-UPV wave flume.

The LPC-UPV wave flume has a double floor of 25cm which prevents wave breaking in
the wave paddle and allows water recirculation to prevent piling-up. Piling-up is an
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undesirable effect which consists of an increase of the water depth in the model area due
to the accumulation of water caused by slow currents and high overtopping rates. Neither
piling-up (S11 in Fig. 3.1) nor low-frequency oscillations were significant during the
tests conducted in this study.

3.3. Physical model

The tested cross-section depicted in Figure 3.4 corresponds to a mound breakwater
(H/VV=cote=1.5) without crown wall and with rock toe berms.

S10
B
Dnso or 2Dnso
Hm0;7T01 +0.05 Rec
~ 000
4Dnso 3 3
h 2[ = N2

2Dnso
Fig. 3. 4. Cross-section tested in the LPC-UPV wave flume. Dimensions in m.

In order to ensure the toe berm hydraulic stability during the tests, different nominal
median diameters or equivalent cube sizes (Dnso) of the stones were used as function of
the bottom slope. Tests carried out on m=2% presented a medium-sized rock toe berm
(Dnso=2.3cm) whereas tests conducted on m=4% required a larger rock toe berm
(Dnso=3.9cm). Natural rocks with sharp edges and density p=2.6g/cm? were used. Figure
3.5 shows the nominal median diameter for the rocks in the toe berms.

Rock toe berm for m=2% Rock toe berm for m=4%

1 o Dn50 1 o Dn50
0 = Average Dn50 0 = Average Dn50
0 50 100 150 200 250 0 20 40 60 80

Fig. 3. 5. Nominal median diameter (Dnso) for rocks in the toe berms used in the experiments.
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Three armor layers were considered: single-layer randomly-placed Cubipod®
(Cubipod®-1L with nominal diameter or equivalent cube size D,=3.79cm), double-layer
randomly-placed cube (cube-2L with D,=3.97cm) and double-layer randomly-placed
rock (rock-2L with Dnsg=3.11cm) armors. Figure 3.6 presents the nominal median
diameter for the tested armor units while Table 3.1 summarizes the characteristics of the
materials used in the tests.

(a) Cubipod®

1 O Dn
0 -—Average Dn
0 10 20 30 40 50 60 70
(b) cube
5
4 oo Sive e Wig Willg Wilg Wive Wi Wilg Wi Wi Wi Wilig Mg Wiie e Wi Niig SN'Q)
-
£3
<
Q2
1 O Dn
0 = Average Dn
0 5 10 15 20

© Dn50

—Average Dn50

0 10 20 30 40 50 60 70 80 90 100 110

Fig. 3. 6. Nominal diameter or equivalent cube size of the tested armor layers: (a) Cubipod®, (b)
cube, and (c) rock.
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Weight Density Nominal

(@) (g/cmd) diameter (cm)
Gravel 1 (core) 0.86 2.722 0.68
Gravel 2 (filter) 15.4 2.729 1.78
Cubipod® 121.1 2.21 3.79
cube 1415 2.27 3.97
rock (armor) 81.1 2.66 3.11
rock (toe berm m=2%) 31.8 2.61 2.28
rock (toe berm m=49%b) 153.1 2.63 3.86

Table 3. 1. Summary of the average characteristics of the materials used in the experiments.

Figure 3.7 shows the typical construction process of the tested physical models. First,
the construction materials are washed and characterized; a sample splitter is used for
rocks in order to obtain a representative sample. Secondly, the cross-section of the
physical model is drawn on the walls of the wave flume. Thirdly, the core is built using
Gravel 1. Note that the tube for wave gauge S10 needs to be inserted in the core. Fourthly,
the rock toe berm and filter layer (Gravel 2) are constructed. Finally, the armor is placed.
During the construction process of the different layers, a spirit level is used to check the
geometry of the physical model.

Froude similarity (see Eq. 3.1) was applied with an approximate reference length scale
1:50. This implies that gravitational and inertial forces are properly represented in the
model, while the others, namely surface tension or elastic forces, may be affected by
scale effects.

u2
Fr = E (31)

where u is the velocity parameter, g is the gravitational acceleration and | is the length
parameter.
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Fig. 3. 7. Construction process: (a) characterization of the materials, (b) drawing the cross
section, (c) construction of core, (d) construction of filter, (e) view of the model with core, filter

and tube for S10 gauge, and (f) Cubipod®-1L physical model.
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3.4. Tests

Random wave runs of 1,000 irregular waves were generated following a JONSWAP
spectrum (y=3.3). As previously mentioned, the AWACS wave absorption system was
activated to prevent multi-reflections in the wave flume. On every foreshore
configuration, two water depths at the toe of the structure (h) were tested. During the
tests conducted on m=2%, h=20 and 25cm were tested with Cubipod® and rock armors
while h=25 and 30cm were tested with cube armor. Those experiments conducted on
m=4% were performed with h=20 and 25cm.

For each h, Hmo and T, at the wave generation zone were determined in order to keep the
wave steepness (Sop,=0.018 and 0.049) constant along the test series. For each Sop, Hmo in
the wave generation zone (Hmo,g) Was increased in steps of 1cm from no damage until
the armor layer failure or the breakage of waves in the wave generation zone. It shall be
noted that the random seed to generate the wave runs was kept in order to repeat the
same experiments with every armor layer and without structure.

Since one of the key explanatory variables of wave overtopping is the crest freeboard
(Rc), an accurate measurement of R is required. Therefore, two corrections were applied
in order to consider the water loss during the test series in the wave flume: (1) the natural
evaporation and facility leakages, and (2) the overtopping volume pumped after each test
accumulated during the working day. Such corrections led to a small increase in Rc on
the order of 10mm for a long working day (a 3.9% variation in terms of water depth).
The corrected crest freeboard was applied in the following calculations. A summary of
the test characteristics is presented in Table 3.2. Note that not all the tests in Table 3.2
presented significant overtopping rates, so they could not be included in the analysis.
Thus, in the following sections, the number of tests as well as the experimental ranges
used in that section are indicated.

Tests without a structure were also conducted using an efficient passive wave attenuator
assembly (see Figure 3.2) at the end of the wave flume in order to characterize wave
conditions in the model zone, where depth-induced wave breaking takes place. In this
manner, reflection caused by the model is avoided and wave energy was absorbed by the
passive attenuator (reflection coefficient, Ki=Hmo,/Hmo,i<0.25 in the wave generation
zone, where Hmor and Hmo,i are the reflected and incident spectral significant wave
height, respectively) and measured waves approximately corresponded to the incident
waves.
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m Armor B(m) #tests h(m) Rc(m) Hmo(m) Tmio(S) To1 (S)

30 0.20 0.12 0.06-0.14 0.92-2.21 0.84-1.97
CC-1L 0.24

30 0.25 0.07  0.06-0.16 0.97-2.24 0.89-2.02

30 0.25 0.11  0.06-0.16 0.95-2.25 0.88-2.03
2% CB-2L 0.27

24 0.30 0.06 0.06-0.18 0.92-2.05 0.85-1.88

1 2 1 .06-0.12  0.90-1. 83-1.
CEoL 026 5 020 015 0.06-0.12 0.90-1.83 0.83-1.66

15 0.25 0.10 0.06-0.13 0.91-1.87 0.84-1.71

28 0.20 0.12 0.06-0.15 0.93-2.02 0.84-1.65

CC-1L 0.24
30 0.25 0.07  0.06-0.18 0.91-2.33 0.82-2.11

30 0.20 0.11  0.05-0.16 0.95-2.10 0.87-1.69

9 B-2L 27
4 C 0 30 0.25 0.06  0.06-0.17 0.96-2.34 0.87-2.12

2 2 1 .05-0.14 0.92-2.04 0.84-1.
CE-2L 026 0 0.20 0.15 0.05-0 0.92-2.04 0.84-1.86

17 0.25 0.10 0.05-0.14 0.88-2.05 0.80-1.88

Table 3. 2. Summary of characteristics of the physical tests. CC-1L, CB-2L and CE-2L
represent Cubipod®-1L, cube-2L and rock-2L.

3.5. Instrumentation

Along the wave flume, 11 capacitive wave gauges arranged in two groups measured the
water surface elevation. DHI capacitive wave gauges are composed by two parallel
stainless-steel electrodes which measure the conductivity of the water volume located
between them. This way, water surface was tracked at a frequency of 20Hz.

The first group of wave gauges (S1 to S5) was placed on the horizontal bottom near the
wavemaker following Mansard and Funke (1980) recommendations (Eq. 3.2) in order
to separate incident and reflected waves in the wave generation zone.

dy = L/10
L/6<d;+d, <L/3
dy+d, #L/5
d, +d, #3L/10
where L is the wave length, d; is the distance between the first and second considered
wave gauges and d; is the distance between the second and third considered wave gauges.

(3.2)

The second group (S6-S11) was located in the model zone: S6-S9 were placed in front
of the model, S10 was installed on the model crest and S11 was located behind the model.
Note that existing methods to separate incident and reflected waves are not reliable in
the model zone, since depth-limited wave breaking takes place (see Figure 3.8). Wave
gauges S6, S7, S8 and S9 were installed at distance of 5h, 4h, 3h and 2h from the model
toe, respectively, where h is the water depth at the toe of the structure. Wave gauge S10
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measured OLT in the middle of the mound breakwater crest while S11 was used to detect
possible variations of the mean water level in the wave flume (piling-up).

1L [ ~ ] f \

.

Fig. 3. 8. Wave breaking in the group of sensors located in the model zone.

As previously mentioned, wave gauge S10 was used to measure OLT at a frequency of
20Hz. Capacitive wave gauges need to be constantly submerged and their daily-
calibrated reference level must be stable. Therefore, wave gauge S10 was inserted in a
hollow cylinder filled up with water to ensure its submergence. On the top of the
cylinder, a lid with a slot was located to prevent water loss during the tests. The cylinder
was 8.5cm in diameter and 12cm in length. As shown in Figure 3.9, a clear water surface
was observed during the visual inspection of the experiments. Thus, aeration was
considered negligible.

Three miniature propellers were installed to measure OFV. Miniature propellers are
composed by a head and tube. On the head of the propeller, a five bladed PFV helix is
mounted on a stainless-steel shaft which is protected by a cage of 11.6mm in diameter.
Such head is joined with the tube inside which there is a gold wire. When the propeller
rotates due to the movement of a conductive liquid, the impedance between the wire and
the tube changes. In this manner, movement is registered as pulses at a frequency of
20Hz.Those pulses are translated into velocity using calibrated relationships provided by
the manufacturer. OFV was measured in three points along the model crest: (1) on the
seaward edge of the crest, (2) at the middle of the crest, and (3) at the rear edge of the
crest. Note that the propellers are located in a different longitudinal axis to avoid
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interferences between them. Figure 3.10 shows miniature propellers installed on the
breakwater crest.

Fig. 3. 9. Overtopping layer thickness (OLT) measurement: (a) wave gauge S10, and (b) visual
inspection of OLT.

Fig. 3. 10. Overtopping flow velocity (OFV) measurement using miniature propellers.

Overtopping discharges were recorded using a weighting system located behind the
model in every test. Such weighting system consisted of a chute in the rear side line of
the crest which led overtopping water to a collection tank over a load cell. A pump was
also installed to drain the water after every test. The inner width of the chute was 5cm
and its inner bottom face was aligned with the model crest to prevent too much
overtopping loss. The load cell used in the tests measured at a frequency 5Hz and had a
precision of 0.01kg. A continuous record of the accumulated overtopping volume was
obtained (see Figure 3.11) after each test.
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Fig. 3. 11. Overtopping measurement: (a) weighting system for overtopping collection, and (b)
record of accumulated overtopping volume.

Three cameras were used to study the armor damage in the frontal slope, crest and rear
side of the armor with the Virtual Net Method (Gdmez-Martin and Medina, 2014) as
reported in Argente et al. (2018). Tests were also recorded using AXIS P1355 Network
Cameras at a framerate FPS=5 in order to control the experiments and check possible
outliers as well as to observe wave breaking and armor damage evolution during the tests

(see Figure 3.12).
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Fig. 3. 12. Video cameras recording the physical tests.
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3.6. Data analysis

3.6.1. Goodness-of-fit metrics

In order to assess the goodness-of-fit in this study, the correlation coefficient (r), the
coefficient of determination (R?) and the relative bias (bias) are used. 0 <r < 1 assesses
the correlation, 0 < R? < 1 estimates the proportion of the variance explained by the
model and -1 < bias < 1 provides a dimensionless measure of the bias. Thus, the higher
the r, the higher the R? and the closer the bias to 0, the better.

Yo (0, — 0)(e; — @)

r =
- - (33)
(0= 0252 (e, — e
1
, A Yo (0, — e)?
RE=1-T0 (3.4)
o ~\2
N, Zizl(oi — 0)
1 (e — o)
e, — 0
bias = — 2; (3.5
N, =~ o]

where No is the number of observations, o; and e;j are the observed and estimated values,
and o is the average observed value.

3.6.2. Wave analysis

In this study, incident and reflected waves in the model zone cannot be accurately
separated using methods in the literature, since tests were performed under depth-limited
breaking wave conditions. Thus, the methodology applied in Herrera et al. (2017) was
used. Herrera et al. (2017) proposed two methods for estimating Hmo under depth limited
breaking wave conditions: (1) using the total wave records at the toe of the model (where
wave breaking occurs) together with the reflection coefficients in the wave generation
zone, and (2) using the SwanOne model (Verhagen et al., 2008). Such methodologies
were validated by Herrera et al. (2017) using measurements in tests without a structure
and are valid when reflection is relevant, but not dominant (reflection coefficient,
Ki=Hmo,r/Hmo,i<0.4, where Hmor and Hmoi are the reflected and incident spectral
significant wave height, respectively). Reflection coefficients measured in the wave
generation zone as function of the wave number (k=27n/Lmo, where Lo is the mean deep
waters wavelength calculated with Toy) in this study are presented in Figure 3.13.
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Fig. 3. 13. Reflection coefficients in the wave generation zone (Ky) as function of the wave
number (k).

Therefore, the following steps were performed to analyze wave characteristics in this
thesis. Firstly, incident and reflected waves were separated in the wave generation zone
applying the LASA-V method (Figueres and Medina, 2005) with wave gauges S1-S5.
After that, Hno was determined using both the reflection coefficient in the wave
generation zone and the SwanOne model. A validation with tests without a structure was

performed similar to Herrera et al. (2017). Finally, methodology with best results is
selected for further analysis.

3.6.2.1 LASA-V. Wave separation in the wave generation zone.

The LASA-V method was applied to determine incident and reflected waves in the wave
generation zone since it is valid for separating nonstationary and highly nonlinear
irregular waves. Figure 3.14 shows the user interface of the LASA-V software.
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Fig. 3. 14. LASA-V software (Figueres and Medina, 2005).

The LASA (Local Approximation using Simulated Annealing) method analyzes the
incident and reflected waves in the time domain using triangular windows with linear
superposition. Note that other methods in the literature, such as the 2-point model by
Goda and Suzuki (1976), conduct the analysis in the frequency domain without
respecting the principle of casualty. The LASA method performs the following steps:

= Eliminate noise
= Define windows for estimating the central points
= Determine the local approach model

The empirical Stokes-V model, valid for highly asymmetric waves, is fitted for each
window by minimizing the Mean Squared Error (see Eq. 3.6).

NO
1
MSE = — Z(Oi — ¢)? (3.6)
No i=1

Simulated annealing is used as optimization technique in order to reach the optimum
model in an efficient manner and without stagnating in a local minimum. Therefore, a
cost function and a mechanism of generation is required in the LASA method. The cost
function assesses the validity of each possible solution while the generation mechanism
provides a new possible solution to evaluate. The mentioned algorithm is developed in
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series, moving to a new solution or keeping the previous solution found, until the
“crystallized” process converges to a global optimum.

3.6.2.2 SwanOne simulations

SwanOne is a free wave propagation model for 1D bathymetry (wave flume) developed
by Delft University of Technology. The user interface of the SwanOne model is shown
in Figure 3.15. The following physical phenomena are modeled by SwanOne:

= Wave propagation in time and space, including shoaling, refraction caused by
depth and currents, and frequency shifting caused by non-stationary depth and
currents.

» Nonlinear wave-wave interactions

= Wave generation by wind

= Depth-induced wave breaking

= Blocking of waves due to currents

Methods to separate incident and reflected waves are not reliable for breaking waves. In
addition, measurements by wave gauges in breaking conditions are not accurate due to
turbulence and air entrainment. Thus, simulations with the SwanOne model were
performed to determine the incident wave characteristics in the model zone after the
physical tests. Incident wave conditions in the wave generation zone were estimated for
each physical test using the LASA-V method (Section 3.6.2.1). Both the incident wave
conditions and the bottom slope profile were provided to the SwanOne model as input
parameters. Based on these inputs, the model fitted a JONSWAP spectrum (y=3.3) and
propagated such spectrum along the virtual wave flume. The Composite Weibull
Distribution (Battjes and Groenendijk, 2000) was applied to describe the wave height
distribution in shallow foreshores. This way, the SwanOne model provided the following
outputs all along the wave flume: Hmo, H1/10, Ha%, Tp, Toz and Tm-1,0.

It should be noted that the SwanOne model considers frequencies between 0.03-0.8Hz
since it is prepared for prototype scale wave conditions. Consequently, a reference scale
1/30 was assumed in this thesis.
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Fig. 3. 15. The SwanOne model interface.

3.6.2.3 Validation with tests without a structure

As mentioned in Section 3.4, tests without a structure were performed with the same
wave generation conditions as the tests with the breakwater model. Wave energy was
absorbed by an efficient passive wave attenuator at the opposite side of the flume (see
Figures 3.1 and 3.2). Thus, measured waves approximately corresponded to the incident
waves.

Tests without a structure were used to validate the two methodologies suggested by
Herrera et al. (2017) to estimate the incident Hmo under depth-limited breaking wave
conditions. The first methodology proposed by Herrera et al. (2017) consisted of
assuming the reflection coefficient (K;) in the wave generation zone as constant all along
the wave flume and calculating the incident wave height in the model zone by applying
this reflection coefficient to the total register measured in the model zone. A comparison
between the measured Hmo (Hmom) in the tests without a structure and Hmo calculated
using the measurements at the toe of the structure in the tests with model and K; in the
wave generation zone is presented in Figure 3.16. Good results were obtained
(R?=0.884), similar to those results reported in Herrera et al. (2017). Thus, Hmo estimated
using K in the wave generation zone is a reasonable estimator of the actual Hmo under
depth-limited breaking wave conditions when reflection is relatively small (K,<0.4).
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Fig. 3. 16. Comparison between the measured Hmo (Hmom) in the tests without a structure and
Hmo calculated using measurements in tests with structure assuming K in the wave generation
zone at the toe of the structure.

As exposed in the previous section, numerical simulations were conducted with the
SwanOne model. The incident wave conditions in the wave generation zone and the
bottom slope profile were given to the SwanOne model as input parameters. This way,
wave characteristics were calculated all along the wave flume. A comparison between
the measured Hmo (Hmom) in the tests without a structure and Hmo calculated using the
SwanOne model in the wave generation zone and in the model zone is presented in
Figures 3.17 and 3.18, respectively. Comparison in the wave generation zone represents
the capability of the model to fit the JONSWAP spectrum in the wave generation zone
to the input incident wave conditions. On the other hand, comparison in the model zone
represents the capability of the model to reproduce the wave conditions when depth-
induced wave breaking takes place. Although very good results were obtained
(R?>0.966), it should be noted that decreasing values of bias were obtained for Hmo in
the model zone for increasing values of h: bias = 0.057 for h=0.20cm, bias = 0.021 for
h=0.25cm and bias = -0.018 for h=0.30cm.

51



Overtopping flow on mound breakwaters under depth-limited breaking wave conditions

H,, (m) in generation zone
0.25

r=0.999
R?=0.998
bias = 0.005

0.20

o
[
w

© m=2%: hs=0.20cm; sOp=0.049|
A m=2%: hs=0.20cm; sOp=0.018
o m=2%: hs=0.25cm; sOp=0.049
A m=2%: hs=0.25cm; sOp=0.018
® m=2%: hs=0.30cm; sOp=0.049
© m=4%: hs=0.20cm; sOp=0.049
B m=4%: hs=0.20cm; sOp=0.018
<& m=4%: hs=0.25cm; sOp=0.049
0O m=4%: hs=0.25cm; sOp=0.018

H,, SwanOne (m)
o
S

0.05

0.00

0.00 0.05 0.10 0.15 0.20 0.25
H,,, without structure (m)

Fig. 3. 17. Comparison between the measured Hmo in tests without a structure and estimations
given by the SwanOne model in the wave generation zone.
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Fig. 3. 18. Comparison between the measured Hmo in tests without a structure and estimations
given by the SwanOne model in the model zone.
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The SwanOne model does not only provide Hmo; Tm-1,0 and Toz given by the SwanOne
model were also compared to those measured in the tests without a structure in the wave
generation zone and in the model zone (see Figures 3.19 to 3.22). As shown in Figures
3.19 and 3.20, reasonable results were obtained for Tm-1,0 in the wave generation zone
(R?=0.882), whereas poor results were obtained in the model zone (R?=0.415). Note that
the negative bias obtained in the model zone is approximately twice the bias obtained in
the wave generation zone. Thus, the SwanOne model underestimates Tm-1,0 in the model
zone. Regarding To1, good results were obtained in the wave generation zone (R?=0.954),
while poor results were obtained in the model zone (R?=0.245). Unlike Tm.10, the
SwanOne model clearly overestimated Toz in the model zone (bias=0.059).

Tm-1,0 (s) in generation zone

© m=2%: hs=0.20cm; sOp=0.049
A m=2%: hs=0.20cm; sOp=0.018
O m=2%: hs=0.25cm; sOp=0.049
2.5 | Am=2%: hs=0.25cm; sOp=0.018
® m=2%: hs=0.30cm; sOp=0.049
& m=4%: hs=0.20cm; sOp=0.049

3.0

=20 B m=4%: hs=0.20cm; sOp=0.018
~ © m=4%: hs=0.25cm; sOp=0.049
g 0O m=4%: hs=0.25cm; s0p=0.018
S 15
2
(%)
3
£ 1.0
0.5 r=0.988
R?=0.882
bias =-0.078
0.0
0.0 0.5 1.0 1.5 2.0 2.5 3.0

Ti1,0 Without structure (s)

Fig. 3. 19. Comparison between the measured Tm-1,0 in tests without a structure and estimations
given by the SwanOne model in the wave generation zone.
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Fig. 3. 20. Comparison between the measured Tm-1,0 in tests without a structure and estimations
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Fig. 3. 22. Comparison between the measured To1 in tests without a structure and estimations
given by the SwanOne model in the model zone.

During the design phase of a mound breakwater, the design wave conditions (Hmo, Tm-
1,0, To1) at the location where the breakwater will be built need to be estimated. In
addition, best results when estimating Hmo Were obtained with the numerical simulations
performed with the SwanOne model. Thus, Hmo, Tm-1,0 and To1 provided by the SwanOne
model were used in this thesis.

3.6.3. Identification of individual wave overtopping volumes

Overtopping in physical tests is usually recorded using (1) wave gauges which measure
the variations in the water level inside a collection tank, or (2) load cells located below
the collection tank in order to measure the variations in weight. Wave gauges may be
affected by the oscillations of the water level during the overtopping events whereas load
cells may be affected by an added apparent mass caused by large overtopping events.
Both measurement techniques provide a continuous accumulated overtopping volume
register which is used to identify individual wave overtopping volumes. Different
methods were proposed in the literature to this end, since an accurate identification of
the individual wave overtopping volumes is key to avoid errors in the subsequent
analyses. However, some authors (e.g. Victor et al., 2012; Zanuttigh et al., 2013) did not
describe any explicit methodology to identify individual wave overtopping volumes.

Besley (1999) proposed a methodology based on two sensors to identify individual wave
overtopping volumes. First, a wave gauge was located on the structure crest in order to
identify the individual wave overtopping events. Second, if load cells were used, the
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individual wave overtopping volume was determined as the difference between two
successive overtopping events. A time delay was accounted between the overtopping
event detected by the wave gauge and the overtopping volume measured by the load cell.
If water level gauges were used, the difference between the water levels before and after
the overtopping event were considered to calculate te overtopping volume. In order to
determine the reference baseline before the overtopping event, Besley (1999)
recommended taking the average of the water level measured during the last few seconds
before the arrival of the overtopping event.

Ngrgaard et al. (2014) proposed using a water level gauge together with an algorithm to
identify rapid changes in the water volume in a small collection tank. Results provided
by the algorithm were compared with the time series of the accumulated overtopping
volume after each test.

Molines et al. (2019) proposed a 10-step method to identify individual wave overtopping
volumes, using load cells, which considered the water falling after a large overtopping
event and the noise caused by dynamic loads. The ten steps of this methodology are
described below.

1. Step 1. The weight record measured by the load cell, W (kg), is transformed into
volume, Vo1 (1).

2. Step 2. Vq (1) is obtained by considering the pump operations; a non-decreasing
record is obtained, Vo2 (ti.1) < Voo(ti). The inner width of the chute (C=0.05m) is
also accounted as Vos(t)= Voz(ti)/C.

3. Step 3. The corrected accumulated volume register Vo3 is derived according to
Eq. 3.5. Overtopping water is discharged during the crest phase of the wave,
which approximately corresponds to Te/2. Thus, Eq. 3.7 is evaluated in
intervals of To1/2. The obtained derivative volume register, g1 (I/s/m), presents
local peaks close to the beginning of possible overtopping events.

Vo3 (ti + %) - V03(ti)

q:(t;) = T i=1,..,L (3.7a)
~01
2
L, = max(i) — round(5T,,/2) (3.7b)

4. Step 4. The triangular moving average function given by Eq. 3.8 is applied to
the derivative volume register gi1. Eq. 3.8 eliminates frequency noise higher than
3Hz caused by the dynamic loads of the large overtopping events falling into
the collection tank. The length of the register of g is denoted as L.

q2(t;) = 0.25q,(tj—1) + 0.5¢,(¢;) + 0.25¢,(tj41) j=2,..,L, —1 (3.8)

5. Step 5. The individual wave overtopping events are calculated using Vo3 (Step
2) with Eq. 3.8. The number of local peaks in g2 obtained in Step 4 is denoted
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10.

as Npeak While the time when g2 presents a local peak and a possible overtopping
event (Step 4) is represented as tx.

Vi(t) = Vos(tke1) = Vos (&)  k =1,..., Npeax (3.9)

Step 6. The small values of V1 (I/m) obtained in Step 5 do not always correspond
to an actual small overtopping event, but to water constantly falling into the
collection tank after a large overtopping event. Thus, a low threshold Vr
(I/m)=0.25 is compared to the individual wave overtopping volumes (Step 5) to
determine if they are real. If Vi(td)>Vr, Va(t) is considered a real overtopping
event. On the other hand, if Vi(t)<Vr, Vi(t) may correspond to a small
overtopping or to water falling into the collection tank after another overtopping
event. Note that the low threshold Vr (I/m)=0.25 would correspond to 6251/m
(0.25%(50%/50)) assuming a reference scale 1/50. This value is close to the
tolerability limit for pedestrian on seawall given by EurOtop (2018) (see Table
2.4).

Step 7. Values Vi(t\)<Vr are analyzed considering two scenarios: (1) gz(t)=
g2(tk+1)= g2(tk+2)=... with an increasing time delay between the local peaks (tx+1-
t<tr+2-tk+1), and (2) small overtopping events with a local peak g(t) surrounded
by smaller local peaks. The first scenario is caused by water constantly falling
into the collection tank after a large overtopping event. Thus, the time delay can
be used to identify the starting time of the actual overtopping event, t(s). If a
decreasing time delay is observed, the first time position of the sequence may
correspond to an actual overtopping event. Regarding the second scenario, a
small real overtopping event is considered when the local peak qz(tx) is higher
than the surrounding peaks, q2(t)> g2(tc-1) and g2(t)> g2(ti+1).

Step 8. Individual wave overtopping volumes, Vo(I/m), are again calculated
using Eg. 3.9. The time positions and the number of real overtopping events
obtained after Steps 6 and 7 are denoted as tm(s) and Npeak2.

V, (tm) = Vo3(tm+1) — Vo3 (tm) m=1, ---'Npeakz (3-10)

Step 9. The time delay between the overtopping events obtained after Step 7 is
analyzed. Note that in Step 7 small overtopping events are added to those
detected in Step 6. To this end, Vo(I/m) are sorted in descending order as
Vo (ty)=max(Va(tm); m=1 to Npeakz). Starting with Va(t1), if another overtopping
event is closer than 0.8Tos, |tm-t1|<0.8To1, the overtopping event corresponding
to the time position tm(s) is removed, since it is not possible to have two waves
closer than To1.

Step 10. The actual individual wave overtopping volumes are finally calculated
according to Eq. 3.10. The time positions and the number of overtopping events
obtained after Step 9 are denoted as t,(s) and Now.

V(tn) = V03(tn+1) — Vo3 (tn) n=1,..,Ny (3-11)
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In this thesis, the 10-step method given by Molines et al. (2019) was applied. R?>~1 when
comparing the total measured Vo3(I/m) and the total Vo3(l/m) obtained after the
reconstruction. A comparison between the measured Vo3(I/m) and the reconstructed
Vos(I/m) using the 10-step method for Test#17 is displayed in Figure 3.23.
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Fig. 3. 23. Comparison between the measured Vos(I/m) and estimated Vos(I/m) reconstructed
with the 10-step method by Molines et al. (2019) for Test#17.

3.6.4. Analysis of the identified individual wave overtopping volumes

As shown in Section 2.4, the 2-parameter Weibull distribution is usually used to describe
individual wave overtopping volumes. In order to fit such distribution, the Weibull plot
is generated by taking logarithms on both sides of Eq. 2.11 twice:

In(—In[1-F(W)]) =b (ln [;] —1In A) (3.12)

Therefore, the Weibull plot can be represented with In[V/V] in the x-axis
and In(—In[1 — F(V)]) in the y-axis. Using the Weibull plot, the scale (A) and shape
(b) factors can be estimated as the intercept and the slope of the fitted line.
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In the literature, the shape factor (b) of the 2-parameter Weibull distribution is usually
determined as the slope of the straight line in the Weibull plot while the scale factor (A)
is calculated using Eq. 2.12. However, significant differences between the measured and
estimated A given by Eq. 2.12 were observed in the literature (Pan et al., 2016; Gallach,
2018; Molines et al., 2019).

Distribution functions of individual wave overtopping volumes are usually fitted using
the highest individual wave overtopping volumes, for instance, 10%, 30% or 50% of the
highest volumes. Nevertheless, the low individual wave overtopping events are
significant to estimate A when using Eq. 2.12. Now and the mean wave overtopping
volume, V = V,yra1/Now, affect the estimation of A but they are not easy to measure in
laboratory tests. Now and V are subjected to a high uncertainty due to the low individual
wave overtopping volumes, which are not relevant for most practical applications. As
Molines et al. (2019) pointed out, both b and A need to be calibrated in order to provide
an accurate description of the distribution of the highest individual wave overtopping
events; in this case, Eq. 2.12 is not valid and the mean value of the distribution (L) may
be different from the measured V.

If both b and A are calibrated, their value will depend on the number of data used to fit
the Weibull distribution. As shown in the literature review, the number of data selected
to fit such distribution depends on the author (highest 10%, 30%, 50%, etc.). In the
present thesis, it is used the criterion given by Molines et al. (2019) who recommended
using 100% of the individual wave overtopping volumes together with a quadratic utility
function. In this manner, low individual wave overtopping volumes were included in the
analysis while the relative relevance of the data was also considered.

3.6.4.1 Quadratic utility function

Utility functions, f(u), are useful for considering the relative relevance of each datum in
a dataset; the weights applied to the observed data to calibrate a mathematical model
depend on f(u). If the utility function concept is applied to studies in the literature, only
step utility functions were used (see Figure 3.24) considering different cut-off thresholds
0 <Vp <Vmax, being p the percentage of volumes over the threshold, Vi>V,. However, the
criteria to determine the cut-off threshold is not clear nor easy to justify. Thus, a
continuous and monotonically increasing utility function such as the quadratic utility
function was proposed by Molines et al. (2019). This way, the higher V; present the
higher relevance in this analysis and the inconsistency in the step utility function is
avoided.

The 2-parameter Weibull distribution was fitted using the weighted least squared
methods using a 2-parameter Weibull plot; the Weibull distribution was represented by
a straight line. Regarding the implementation of the quadratic utility function, each V;
was represented by a number of virtual points proportional to its weight.
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(a) Quadratic utility function (b) Step utility function
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Fig. 3. 24. Utility function: (a) quadratic function, and (b) step function.

3.6.5. Overtopping layer thickness and overtopping flow velocity analysis

As mentioned in Section 3.5, OLT and OFV were measured on the model crest. Wave
gauge S10 recorded OLT in the middle of the breakwater crest whereas three miniature
propellers measured OFV along the breakwater crest. The performance of the wave
gauge S10 was remarkable when measuring OLT; low noise as well as a low variation
in the reference level was observed. In this study, the maximum OLT during each
overtopping event was considered as illustrated in Figure 3.25.
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Fig. 3. 25. Example of the record of the OLT in the middle of the breakwater crest (Test#90).

60



Chapter 3. Experimental methodology

Based on the miniature propellers measurements, OFV at the middle of the breakwater
crest was further studied in this thesis. Miniature propellers are able to measure velocities
between 0.15<u(m/s)<3.00. Therefore, velocities under 0.15m/s are disregarded. Similar
to the OLT, the maximum values of the OFV during each overtopping event were
considered, as shown in Figure 3.26. The aforementioned operational threshold is also
represented.
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Fig. 3. 26. Example of the record of the OFV in the middle of the breakwater crest (Test#90).

3.6.6. Statistical methodology

One of the objectives of this thesis was to determine whether the bottom slope had a
significant effect on the overtopping flow on mound breakwater crests. Since
overtopping is a highly non-linear phenomenon, distributions different from Gaussian
distribution were expected and non-parametric statistics needed to be applied.

In order to determine if the data followed a Gaussian distribution three criteria were
applied: (1) asymmetry and Kkurtosis criteria, (2) Kolmogorov-Smirnov test
(Kolmogorov, 1933; Smirnov, 1939; Massey, 1952; Miller, 1956) and (3) Shapiro-Wilk
test (Shapiro and Wilk, 1965). When asymmetry and kurtosis were out of [-2, 2], data
could not be considered Gaussian distributed. If asymmetry and kurtosis were within [-
2, 2], Kolmogorov-Smirnov and Shapiro-Wilk tests were applied to verify the
distribution shape.

Once the data was characterized as non-Gaussian distributed, significant differences
between the mean values of the data were assessed using Mood test (Mood, 1954) or
Kruskal-Wallis test (Kruskal and Wallis, 1952). Kruskal-Wallis test was applied when
the hypothesis of same variance and same distribution of both datasets could be assumed.
Significant differences between the variances were assessed using the Levene’s test
(Levene, 1960) while significant differences between the data distributions were assessed
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using Kolmogorov-Smirnov test and Mann-Whitney test (Mann and Whitney, 1947).
Kolmogorov-Smirnov test is based on the maximum distance between the cumulated
distributions of both datasets while Mann-Whitney test uses the rank positions.
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“Some people love the ocean. Some
people fear it. | love it, hate it, fear it,
respect it, cherish it, loathe it, and
frequently curse it. It brings out the best
in me and sometimes the worst.”

Rosalind “Roz” Savage

Individual wave overtopping
volumes under depth-limited
breaking wave conditions

Port of Palamds (Spain), September 2020
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4.1. Introduction

The maximum individual wave overtopping volume (Vmax) is widely recommended in
the literature for designing mound breakwater crest elevation (De Rouck et al., 2009;
EurOtop, 2018). Most of the studies focused on its estimation were conducted in non-
breaking conditions, as exposed in Section 2.4. In this chapter, the performance of these
methods is assessed using the experimental database in depth-limited breaking wave
conditions described in Section 3. After that, a new method valid for depth-limited
breaking waves is derived; the influence of the bottom slope on Vmax is also examined.
During the design phase of a mound breakwater, the mean wave overtopping discharge
(g) needs to be estimated in order to calculate Vmax, Since no measurements are available.
Thus, the proposed method to estimate Vmax is finally evaluated using estimated q. Most
results in this chapter were recently published in Mares-Nasarre et al. (2020b).

4.2. Estimation of the number of overtopping events, Now, and the
maximum individual wave overtopping volume, Vmax, USing
methods given in the literature

In this section, the performance of the methods to estimate Vmax 0n mound breakwaters
reviewed in Section 2.4 were evaluated. First, the mean wave overtopping volume, V =
qTy1N,w /Ny, is required to calculate Now. Therefore, q needs to be estimated using
methods given in the literature when direct observations are not available. As exposed
in Section 2.4, estimators for g were recommended by the authors of the methods to
estimate Now and Vmax. Here, the goodness of fit of such estimators of q was assessed
using the experimental database described in Section 3; 219 out of the total 299 physical
tests were used (Now>2; Q"=q/(gHmoTo1)>7-107), since not all the physical tests
performed in this study shown overtopping. A comparison between the measured and
the estimated Q" using the methods recommended in Section 2.4 is presented in Figure
4.1.

Besley (1999) suggested Eq. 2.27 together with y=0.50 to estimate q for rock-2L. Since
this author did not propose y: for Cubipod®-1L and cube-2L, it was only applied to data
for rock-2L. Eq. 2.32 recommended by EurOtop (2018) was applied with y=0.49, 0.47
and 0.40 to calculate g for Cubipod®-1L, cube-2L and rock-2L, respectively. CLASH
NN was used with y=0.48, 0.53 and 0.49 given by Molines and Medina (2015) for
Cubipod®-1L, cube-2L and rock-2L, respectively. This predictor was applied on 189
physical tests within the range of application of CLASH NN.

It should be noted that quantitative goodness-of-fit metrics given in Figure 4.1 were
calculated for InQ”. Methods proposed by Besley (1999) and EurOtop (2018) provided
poor results (R2<0). On the other hand, satisfactory results (R>=0.636) were obtained
with the predictor CLASH NN recommended by Ngrgaard et al. (2014) and Molines et
al. (2019).
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Fig. 4. 1. Comparison between measured and estimated Q"=g/(gHmoToz) with methods in the
literature.

4.2.1. Estimation of Now with existing methods given in the literature

Formulas to estimate Now presented in Section 2.4.2 are assessed in this section. A
comparison between the observed and the estimated Now with methods in the literature
valid for mound breakwaters is shown in Figure 4.2.

All formulas were applied no matter their application range. In order to simulate the
design phase conditions, q estimated with the predictors suggested by the authors were
applied. The predictor for Now given in Eq. 2.25 proposed by Besley (1999) was applied
with 7:=0.50 for rock-2L. Since this author did not propose y: for Cubipod®-1L and cube-
2L, it was only applied to data for rock-2L. K;=50.8 was used in Eq. 2.25 for cota=1.5,
obtained from the interpolation between the values given for cota=1 and cota=2. Eq.
2.29 suggested by EurOtop (2018) was used together with y=0.49, 0.47 and 0.40 to
calculate q for Cubipod®-1L, cube-2L and rock-2L, respectively. CLASH NN, which
was recommended by Ngrgaard et al. (2014) and Molines et al. (2019), was used to
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predict g with y:=0.48, 0.53 and 0.49 given by Molines and Medina (2015) for Cubipod®-
1L, cube-2L and rock-2L, respectively.
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Fig. 4. 2. Comparison between measured and estimated Now with methods in the literature.

The quantitative goodness-of-fit metrics shown in Figure 4.2 are given for InNow. The
best agreement with experimental data was obtained with the methods by Ngrgaard et
al. (2014) and Molines et al. (2019) (0.55<R?<0.59). In contrast, formulas proposed by
Besley (1999) and EurOtop (2018) overpredicted the values of Now; poor results were
obtained (R?<0). Note that all the methods compared in Fig. 4.2 overpredicted the values
of Now<100. Since none of the existing predictors of Now in the literature satisfactorily
described Now Within the experimental ranges of the present study, a new estimator for
Now is developed in Section 4.3.
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4.2.2. Estimation of Vmax with existing methods given in the literature

In Section 2.4.1, formulas in the literature to estimate the shape factor b and the
dimensionless scale factor A of the 2-parameter Weibull distribution were presented. In
this section, the performance of the formulas valid for mound breakwaters are assessed
when estimating Vmax.

In this assessment, g and Now were estimated with the methods recommended by the
authors (see Table 2.7). Note that such predictors of g and Now Were previously evaluated
in this section. The dimensionless scale factor A was estimated using Eq. 2.12 in the
methods given by Ngrgaard et al. (2014) and EurOtop (2018) while Eqg. 2.17 was used
in the method by Molines et al. (2019). Vimax Was calculated using Eq. 2.23. A comparison
between the observed and the estimated Vmax With methods in the literature valid for
mound breakwaters is shown in Figure 4.3.
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measured Vmax (1/m)

Fig. 4. 3. Comparison between measured and estimated Vmax with methods in the literature.

Molines et al. (2019) proposed the dimensionless Vimax, Vmax = Vimax/(gHmoTo12), to better
characterize the goodness of fit of the existing methods to estimate Vmax. A comparison
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between the observed and the estimated Vmax With methods in the literature valid for
mound breakwaters is shown in Figure 4.4.
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Fig. 4. 4. Comparison between measured and estimated Vmax” with methods in the literature.

The observed Vimax in this study agreed well with the predictions given by the estimators
in Ngrgaard et al. (2014) and Molines et al. (2019). However, higher scatter was
observed for Vmax<51/m and Vmax <2107, It should be noted that both Ngrgaard et al.
(2014) and Molines et al. (2019) tested mound breakwaters with crown wall and that
Molines et al. (2019) conducted tests in non-breaking wave conditions. Hence, the
presence of a crown wall and depth-limited wave breaking may not have a significant
effect on Vmax". The quantitative goodness-of-fit metrics for INVimax and InVmax~ as well
as the number of variables and parameters of the methods shown in Figures 4.3 and 4.4
are presented in Table 4.1.
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Author #parameters  #variables Metric Vmax(1/m) Vimax (=)
r 0.888 0.790
Ngrgaard et 5
al. (2014) 13 3 R 0.784 0.618
bias 0.148 -0.002
r 0.830 0.382
EurOtop .
(2018) 12 4 R <0 <0
bias 2.222 0.173
r 0.891 0.798
Molines et >
al. (2019) 7 1 R 0.788 0.630
bias -0.023 -0.017

Table 4. 1. Goodness-of-fit metrics for Vmax™ estimated with methods in the literature.

4.3. A new method to estimate the number of overtopping events, Now,
on mound breakwaters

In Section 4.2.1, methods in the literature to estimate Now 0N mound breakwaters were
assessed using the experimental data in this study. None of the existing predictors of Now
in the literature satisfactorily described Now, since all the compared methods
overpredicted the values of Now<100. Therefore, a new estimator for Now is developed in
this section; effect of the bottom slope on N is also discussed.

4.3.1. Influence of the bottom slope on Now

In Section 3, two bottom slope configurations of the wave flume were described (m=2%
and 4%). No significant differences were observed between both configurations in the
scatter plot (see Figure 4.5). In addition, a statistical analysis was performed to guarantee
that Now was equally distributed for different bottom slopes. Since data was not Gaussian
distributed, Mann-Whitney tests was conducted (see Section 3.6.5). The null hypothesis
corresponded to Now not being influenced by the bottom slope. Based on 103 tests with
m=2% and 116 tests with m=4%, the null hypothesis was not rejected with a significance
level of 0s=0.10. Thus, the bottom slope did not show a significant influence on Now in
this study.
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Fig. 4. 5. Now as function of Q"=g/(gHmoToz).

4.3.2. A new method to estimate Now

As shown in Section 4.2.1, methods given in Ngrgaard et al. (2014) and Molines et al.
(2019) provided reasonable results within their range of application. However, they do

not properly estimate Poy, for extreme values of Q". When Q" is very low (Q"-0), Pow

should also become very small (Pow—0) whereas when Q" is very large (Q"—«), Pow

should tend to 1. Thus, an exponential model may describe better Pow than a power law
of Q”, since it considers the behavior of Poy, for extreme values of Q"

In the present study, a clear correlation between Pow and Q" was observed, as previously
reported in the literature (Besley, 1999; Ngrgaard et al., 2014; Molines et al., 2019).
Hence, an exponential function of Q" was proposed as

Now _Gl
Py = N, = exp (Q*GZ (4-1)

where G1 and G, are empirical coefficients to be calibrated. G; and G, were calibrated
using 219 tests by minimizing the MSE (see Eq. 3.5) for InNow. As mentioned in Section
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1.1, the optimum point to determine wave characteristics becomes relevant when in
depth-limited breaking wave conditions (Herrera et al., 2017). Hence, G1 and G, were
calibrated using Q"=q/(gHmoTo1) calculated with wave characteristics (Hmo and Toz)
estimated at several distances from the model toe. Hmo and To; were determined at
distances from the structure toe of x=0, h, 2h, 3h, 4h, 5h and 6h. No significant
differences were observed in the fitted values of G1 and Gz; G1=-0.1 and G»=0.3 were
obtained for Hmo and To; estimated at distances between 0 to 6h from the model toe.
Therefore, Hmo and To1 calculated at a distance of 3h from the structure toe were used in
the presented study, following recommendations by Herrera et al. (2017). No distinction
was considered between the three armor units, following the results in Bruce et al.
(2009).

A comparison between the observed and the estimated Now using Eq. 4.1 together with
G1=-0.1 and G»=0.3 is shown in Figure 4.6. 90% error band as well as the goodness-of-
fit metrics for InNow are also presented in Figure 4.6. Good agreement is observed
(R?=0.919).
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Fig. 4. 6. Comparison between measured and estimated Now using Eq. 4.1 together with wave
characteristics calculated at a distance of 3h from the model toe.
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The 90% error band was determined using the methodology by Herrera and Medina
(2015), since MSE decreased for increasing values of InNow. Error was assumed to be
Gaussian distributed with 0 mean and variance given by

d%(e) = 0.55—0.09InN,,, 4.2)

The 95% and 5% percentiles for InNqw can be calculated as

In Ny, 278 = In Ny, + 1.64,/0.55 — 0.091In N,,, (4.3)

The range of application of Eqg. 4.1 with G;=-0.1 and G2=0.3 is 0.002<P<0.53 and
7.2:107<Q"<6.9-10*. Note that Eq. 4.1 properly extrapolates the predictions for very

small and very large values of Q" (Pow—0 when Q"-0 and Pow—1 when Q" —).

4.4. A new method to estimate the maximum individual wave
overtopping volume, Vmax, on mound breakwaters

In Section 2.4.1, distribution functions to describe individual wave overtopping volumes
were reviewed; the 2-parameter Weibull distribution and the 2-parameter Exponential
distribution were recommended by authors in the literature (e.g.: Franco et al., 1994;
Molines et al., 2019). In this section, both distribution functions are considered to fit
F(V); the quadratic utility function (see Section 3.6.4) proposed by Molines et al. (2019)
is applied to account for the higher relevance of the largest individual wave overtopping
volumes in practical applications. The influence of the bottom slope on the
aforementioned distributions is also analyzed.

4.4.1. Influence of the bottom slope on the individual wave overtopping volumes

The 2-parameter Weibull distribution and the 2-parameter Exponential distribution
proposed to describe F(V) are characterized by their coefficients: b and A, and D and C,
respectively. Here, the influence of the bottom slope (m=2% and 4%) on the fitted values
of these coefficients is analyzed.

No substantial differences were observed between the values of the coefficients from
both bottom slope configurations in the scatter plot. Furthermore, Mann-Whitney test
(see Section 3.6.5) was performed for each coefficient to determine if significant
differences existed between both datasets. The null hypothesis corresponded to the
coefficient (b, A, D or C) not being affected by the bottom slope. Based on 97 tests with
m=2% and 106 tests with m=4%, the null hypothesis was not rejected with a significance
level of 0s=0.10. Thus, the bottom slope did not show a significant influence on the
distribution of individual wave overtopping volumes in this study.

4.4.2. A new method to estimate Vmax using the 2-parameter Weibull distribution

If the 2-parameter Weibull distribution is used to describe the individual wave
overtopping volumes, the maximum individual wave overtopping volume, Vmax, is
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estimated with Eq. 2.23. Thus, Now, b and A, and V need to be calculated to predict Vimax.
As exposed in Section 3.6.4, a quadratic utility function was applied to the whole
individual wave overtopping volume dataset of each test in order to fit b and A.
Therefore, a value for b and A was obtained for each test. Tests with very low Now
(Now<5) were disregarded to prevent inconsistencies due to the low number of
observations; 209 were used to characterize b and A as

b = Kp1 + exp(Kp2Q") (4.4)
A =145 0.4b (4.5)

Similar to Section 4.3.2, the empirical coefficients Kg; and Kg, were fitted considering
wave characteristics (Hmo and To1) in Q"= g/(gHmoTo1) at distances from the structure toe
of x=0, h, 2h, 3h, 4h, 5h and 6h. Vimax =Vmax/(QHmoTo1%) was calculated for each couple
of values using Egs. 2.23, 4.4 and 4.5 together with the measured Now and V. The
goodness-of-fit of these estimations of Vmax~ was assessed using r and R?; best results
were obtained for Kg;=0.8 and Kg,=-2-10° using wave characteristics determined at
distances between x=2h and x=6h (r=0.92 and R?=0.83). Hence, Hmo and To: estimated
at x=3h from the structure toe were used, following recommendations by Herrera et al.
(2017). Figure 4.7 relates Q" and b and the least-squares fitting for b given by Eq. 4.4.
Relationship between 1/b and A as well as the least-squares fitting given by Eq. 4.5 is
shown in Figure 4.8. Ranges of application for Egs. 4.4 and 4.5 are 0.005<P,,<0.53 and
1.3-105<Q"<6.9-10.

3.0
. b=08+E
55 o E = exp(-2-10°Q*)
go To o Q*=q/(g Hmo To1)
®
Q@
2.0 o °og X =3h
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0.0

1.e-07 1.E-06 1.E-05 Q*l.E-04 1.E-03 1.E-02

Fig. 4. 7. Relationship between the shape factor, b, of the 2-parameter Weibull distribution and
Q.

73



Overtopping flow on mound breakwaters under depth-limited breaking wave conditions

1.6

A=1.45-0.4/b

1.4

1.2

1.0

< 0.8

0.6

0.4
0.2

0.0

0.0 0.5 1.0 1.5 2.0 2.5
1/b

Fig. 4. 8. Relationship between the scale factor, A, and the shape factor, b, of the 2-parameter
Weibull distribution.

The performance of Eq. 2.23 to estimate Vmax using b and A calculated with Eq. 4.4 and
4.5, respectively, together with the measured Now and V is presented in Figure 4.9. The
95% and 5% percentiles for the predicted Vmax” are also shown in Figure 4.9. Satisfactory
results were obtained (R?=0.833).

Error of InVmax” Was Gaussian distributed with 0 mean and constant variance ¢%(¢)=0.15.
Thus, the 90% error band for the estimated Vmax Using Eqgs. 2.25, 4.4 and 4.5 together
with the measured Now and ¥/ is given by

In Vo 1257 = In V™ £ 0.63 (4.6)

An example of the fitting of the 2-parameter Weibull distribution to the measured
distribution of individual wave overtopping volumes is illustrated in Figure 4.9 for a
randomly-selected test (#30). Figure 4.9 is presented in Weibull plot (see Eq. 3.11).
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2-parameter Weibull distribution
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Fig. 4. 9. Comparison between the measured and estimated Vimax"=Vmax/(gHmoTo1?) using Egs.
2.23, 4.4 and 4.5 together with wave characteristics calculated at a distance of 3h from the
model toe.
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4.4.3.A new method to estimate Vmax using the 2-parameter Exponential
distribution

As explained in Section 2.4.1, Molines et al. (2019) recommended the 2-parameter
Exponential distribution (see Eq. 2.18) to describe F(V). When using this distribution,
Vmax Can be estimated as

Vinax = DV(In[N,,, + 1] + C/D) 4.7)

D and C coefficients were characterized as
D = Kp1 — Kp, exp(Kp3Q™) (4.8)
C=1-D—0.2D? (4.9)

D and C fitted to the experimental dataset in this study applying a quadratic utility
function (see Section 3.6.4). Tests with very low Now (Now<5) were not included in the
analysis to avoid inconsistencies caused by the low number of observations, similar to
Section 4.4.2. Wave characteristics (Hmo and Toz1) were considered in Q"= g/(gHmoTos) at
distances from the structure toe of x=0, h, 2h, 3h, 4h, 5h and 6h. Vimax =Vmax/(gHmoT01?)
was estimated for each couple of values using Egs. 4.7, 4.8 and 4.9 together with the
measured Now and V. Best goodness-of-fit metrics were obtained using Hmo and Toz
estimated at distances between x=0 and x=3h with r=0.92 and R?=0.85. Therefore, wave
characteristics calculated at x=3h from the structure toe were used with Kp1=1.5, Kp>=1.5
and Kpsz=-10°, following recommendations by Herrera et al. (2017). The relationship
between Q" and D as well as the least-squares fitting given in Eq. 4.8 are presented in
Figure 4.11. The relationship between D and C and the least-squares fitting given in Eq.
4.9 are depicted in Figure 4.12.
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Fig. 4. 11. Relationship between the coefficient D of the 2-parameter Exponential distribution
and Q".
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e C=1-D-0.2 D

Fig. 4. 12. Relationship between the coefficients D and C of the 2-parameter Exponential
distribution.

The performance of Eq. 4.7 to estimate Vmax Using C and D predicted with Eq. 4.8 and
4.9, respectively, together with the measured Now and V is presented in Figure 4.13. The
95% and 5% percentiles for the estimated Vmax are also depicted in Figure 4.13.
Satisfactory results were obtained (R?=0.845), similar to those obtained with the 2-
parameter Weibull distribution. Egs. 4.8 and 4.9 are applicable within the ranges
0.005<P+<0.53 and 1.3-105<Q"<6.9-104.

Error of InVmax followed a Gaussian distribution with 0 mean and constant variance
0%(¢)=0.13. Therefore, the 90% error band for the estimated Vmax Using Egs. 4.7, 4.8 and
4.9 together with the measured Now and V is given by

In Vo 12578 = In Vo™ £ 0.59 (4.10)

Figure 4.14 illustrates the fitting of the 2-parameter Exponential distribution to the
measured distribution of individual wave overtopping volumes for the previous
randomly-selected test (#30) in Figure 4.10. Figure 4.14 is presented in Exponential plot,
generated as

w/mvy-c

- (4.11)

In(1 — F(V)) =
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2-parameter Exponential distribution
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Fig. 4. 13. Comparison between the measured and estimated Vimax"=Vmax/(gHmoTo1?) using Egs.
4.7, 4.8 and 4.9 together with wave characteristics calculated at a distance of 3h from the model
toe.
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Fig. 4. 14. Comparison between measured and estimated individual wave overtopping volumes
for Test#30 with Egs. 4.7, 4.8 and 4.9.
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4.5. Estimation of the maximum individual wave overtopping
volume, Vmax, for mound breakwater designs

During the design phase of a mound breakwater, the structural geometry and the design
wave conditions (Hmo and To1) are known. However, the mean individual wave
overtopping volume (V = qTy,N,,/N,,,) and the number of overtopping events (Now)
are required to apply formulas in the literature to estimate Vmax. Hence, q and Now need
to be estimated using predictors in the literature when direct observations are not
available. Methods recommended in the literature to estimate g were assessed in Section
4.2; best results to predict Q" were obtained using CLASH NN (R?=0.636). Thus,
estimations provided by CLASH NN were used here for further analysis.

Now calculated using Eq. 4.1 developed in this thesis together with g predicted with
CLASH NN provided R?=0.584. This agreement is worse than R?=0.919 obtained with
measured g. Figure 4.15 illustrates the performance of Eq. 4.1 to estimate Now When q is
predicted with CLASH NN; results of the methods in the literature to estimate Now with
best results in Section 4.2.1 are also presented. The goodness-of-fit metrics in Figure
4.15 are given for InNow.
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1,000

estimated N,
S
o

10

1 10 100 1,000 10,000
measured N,,,

Fig. 4. 15. Comparison between the measured and the estimated number of overtopping events,
Now, Using estimated Q".
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Note that the fitting of the new formula (Eg. 4.1) was equal to that obtained with the
method given in Ngrgaard et al. (2014), which provided the best fitting to the
experimental data in this study in Section 4.2.1. Nevertheless, the method proposed by
Ngrgaard et al. (2014) to predict Now involves 3 variables and 10 parameters, while the
method given in this thesis requires 1 variable and 2 parameters. In addition, lower bias
and slightly higher r were obtained with the method proposed in the present thesis.

In Figure 4.16, Vimax =Vmad/(gHmoTo1?) predicted using Eq. 2.23 (2-parameter Weibull
distribution) together with Eqgs. 4.4 and 4.5 to estimate b and A, respectively, is compared
to the observed Vmax" in this study. The 90% error band is also given in Figure 4.16. Note
that g and VV were estimated using CLASH NN while Now Was calculated using Eq. 4.1
developed in this thesis. The performance of the methods in the literature to predict Viax
with best results in Section 4.2.1 are also shown. The goodness-of-fit metrics in Figure
4.16 are given for INVimax -

2-parameter Weibull distribution

1.E-01
r R? bias v _p
x N@rgaard (2014)| 0.790 0.618 -0.002 3
B Molines (2019) | 0.798 0.630 -0.017 1
® This study 0.798 0.617 0.029 1
1.E-02

estimated Vg, *

1.E-04
1.E-04 1.E-03 1.E-02 1.E-01

measured V,q,*

Fig. 4. 16. Comparison between the measured and the estimated dimensionless maximum
individual wave overtopping volume, Vmax", with the 2-parameter Weibull distribution using
estimated Now and Q"
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On the other hand, the performance of the 2-parameter Exponential distribution proposed
in the present thesis using estimated g and Now is assessed in Figure 4.17. Vimax” in Figure
4.17 is calculated using Eq. 4.7 together with Egs. 4.8 and 4.9 to estimate C and D,
respectively; the 90% error band is also presented. Note that g and VV were calculated
using CLASH NN whereas Now was determined using Eq. 4.1 recommended in this
thesis. Similar to Figure 4.16, the results of the methods in the literature to predict Vimax
with best results in Section 4.2.1 are included in Figure 4.17. The goodness-of-fit metrics
in Figure 4.17 are given for InVmax’.

2-parameter Exponential distribution
1.E-01

r R? bias v
X N@rgaard (2014)| 0.790 0.618 -0.002 3
® Molines (2019) | 0.798 0.630 -0.017 1

1

o This study 0.806 0.534 -0.050

1.E-02

estimated V,,,, *

1E03 & wlg -
/M

N,, = 1,000

Vinax

g Hyo Toy

Vmax -

1.E-04
1.E-04 1.E-03 1.E-02 1.E-01

measured Vg *

Fig. 4. 17. Comparison between the measured and the estimated dimensionless maximum
individual wave overtopping volume, Vmax", with the 2-parameter Exponential distribution
using estimated Now and Q.

As shown in Figures 4.16 and 4.17, the goodness-of-fit of three of the four compared
methods was similar (0.617<R%<0.630); the 2-parameter Exponential distribution
provided worse results (R?=0.534). Although methods given by Ngrgaard et al. (2014)
and Molines et al. (2019) provided similar results to those obtained with the 2-parameter
Weibull distribution proposed in this thesis, the new method developed in the present
study (1 variable, Ny, and 6 parameters, N) is much simpler than that recommended by
Ngrgaard et al. (2014) (N,=3 and Np=13) and simpler than that given in Molines et al.
(2019) (Ny=1 and Ny=7). Thus, the 2-parameter Weibull distribution given in Eq. 2.11
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with b and A calculated using Egs. 4.4 and 4.5 is suggested in this thesis. Using such
method, the ratio between the estimated and the measured Vmax for design purposes falls
within a factor of 2 (see the 90% error band in Figure 4.16).

4.6. Summary and conclusions

In this section, methods in the literature to estimate Vmax were first evaluated using the
experimental database in this study. Note that in the present thesis mound breakwaters
without a crown wall under depth-limited breaking wave conditions were tested.
Satisfactory results were provided when applying the methods given in Ngrgaard et al.
(2014) and Molines et al. (2019). Since these two studies were conducted on mound
breakwaters with a crown wall, the presence of a crown wall seems to be negligible when
estimating Vmax. Best results were obtained using the formulas given by Molines et al.
(2019), who performed tests in non breaking conditions. Thus, the influence of depth-
limited breakage may not influence Vimax.

Using the experimental database in this thesis, new equations were proposed to predict
Vmax. The two distribution functions in the literature were assumed to describe the
individual wave overtopping volumes: (1) the 2-parameter Weibull distribution (Egs.
2.11, 4.4 and 4.5) and, (2) the 2-parameter Exponential distribution (Egs. 2.18, 4.8 and
4.9). Since q and Now are unknown during the design phase of a mound breakwater and
need to be estimated, formulas developed in this study were assessed using estimated ¢
and Now. Best results were obtained using the 2-parameter Weibull distribution with
goodness-of-fit metrics similar to those obtained using the methods by Ngrgaard et al.
(2014) and Molines et al. (2019). Nevertheless, the new method developed in the present
study using the 2-parameter Weibull distribution (Nv=1 and Np=6) is much simpler than
that recommended by Ngrgaard et al. (2014) (Nv=3 and N,=13) and simpler than that
given in Molines et al. (2019) (Nv=1 and Ny=7). Consequently, the 2-parameter Weibull
distribution given in Eg. 2.11 together with b and A calculated using Egs. 4.4 and 4.5 is
recommended here. For design purposes, the ratio between the estimated and the
measured Vmax falls within a factor of 2 (see the 90% error band in Figure 4.16).
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“When dealing with water, first
experiment then use judgement. ”
Leonardo Da Vinci

Overtopping layer thickness
and overtopping flow velocity
on mound breakwater crests

Port of Scheveningen (the Netherlands), October 2019
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Overtopping flow on mound breakwaters under depth-limited breaking wave conditions

5.1. Introduction

During the last decades, pedestrian stability under steady flow conditions (Abt et al.,
1989; Endoh and Takahashi, 1995) has been studied in order to better quantify the flood
hazard for humans. In the current context of climate change, human stability under
overtopping flow conditions has taken relevance; new studies focused on preventing
pedestrian accidents under overtopping flow conditions (Bae et al., 2016; Sandoval and
Bruce, 2017) have been developed. Such studies identified OLT and OFV as the
significant flow variables to guarantee pedestrian safety. Several studies in the literature
are focused on OLT and OFV prediction on dikes. However, no studies were found to
estimate OLT and OFV on mound breakwaters.

In this chapter, the existing methods in the literature to estimate OLT on dikes (Section
2.5) were assessed using the data on mound breakwaters described in Section 3. Since
the aforementioned methods developed for dikes (smooth impermeable slope) are not
directly applicable to mound breakwaters (rough permeable slope where infiltration of
overtopping water occurs), new estimators for mound breakwaters were proposed. Based
on the literature, significant explanatory variables to describe OLT and OFV were
selected and Neural Network models were trained. Using these models, the optimum
point to estimate wave characteristics to calculate OLT and OFV under depth-limited
breaking wave conditions was determined and bottom slope influence was analyzed.
Finally, new explicit estimators to predict the extreme values of OLT and OFV were
developed. Most results in this chapter have been recently published in (Mares-Nasarre
etal., 2019, 2020a, 2021).

5.2. Comparison of the existing methods for estimating the
overtopping layer thickness

In Section 2.5, formulas proposed in the literature to estimate OLT exceeded by 2% of
the incoming waves, hcoo, 0n dikes were exposed. Although dikes are different to mound
breakwaters, a comparison was conducted between the measured hcoo, in the middle of
the breakwater crest, heao(B/2), in this study and the predictions provided by the methods
proposed for dikes (Section 2.5). Note that some methods were developed only for the
seaward edge of the crest (Van der Meer et al., 2010; Formentin et al., 2019). Hence,
only the methods valid to estimate hco,(B/2) were assessed.

A comparison between the measured and estimated heo(B/2) using methods in the
literature valid for dikes is presented in Figure 5.1 Roughness factors recommended in
EurOtop (2018) were applied in the formulas proposed by such manual (Egs. 2.25, 2.43
and he2o(B/2)=[2/3]ha2e6(Rc)): 1= 0.49, 3= 0.47, and = 0.40 for single-layer Cubipod®
armors, double-layer randomly placed cube armors and double-layer rock armored
structures with a permeable core, respectively. However, it should be noted that Molines
and Medina (2015) pointed out that roughness factors depend on the experimental
database and the formula; % needs to be calibrated specifically for each database and
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formula. Therefore, comparison with the experimental data in this study was also
performed considering #=1.00. Egs. 2.34, 2.35 and 2.37 given by Schittrumpf and Van
Gent (2003) were applied considering the experimental coefficients can” and ccn'
proposed by Schuttrumpf et al. (2002) and van Gent (2002) (see Table 2.7).

0.7

Schiittrumpf and van
0.6 0;»9 o Gent (2003) with
coefficients given by
Schiittrumpf et al.
(2002)

0.5

EurOtop (2018)
yf=1.00

0.4

Schiittrumpf and van
Gent (2003) with
coefficients given by
van Gent (2002)

0.3

estimated h 9 (B/2)/Hmo

0.2 -
.
., g &
& .I ..
0.1 . u @ Vi(Cubipod®-11)=0.49
. ‘ ) m YVicube-21)=0.47
Oﬁ’ u ® de @ Vi(rock-2L1)=0.40
® & “‘ v ° ..
0.0 /oldime o odPooo ®

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
measured h_,5(B/2)/H o

Fig. 5. 1. Comparison between the measured and the estimated overtopping layer thickness
exceeded by 2% of the incoming waves in the middle of the breakwater crest, hco(B/2), with the
methods in the literature for dikes.

As shown in Figure 5.1, none of the existing estimators developed for dike crests
provided satisfactory results (R?<0.164). Significant discrepancies were also observed
between the different estimators. As previously mentioned in Section 2.5, predictions of
heoos(B/2) with Eqgs. 2.34, 2.35 and 2.37 with coefficients by van Gent (2002) are almost
half the estimations of he2o(B/2) when considering coefficients given in Schiittrumpf et
al. (2002). However, Egs. 2.34, 2.35 and 2.37 (Schuttrumpf and Van Gent, 2003)
together with coefficients proposed by van Gent (2002) provided similar results to Egs.
2.25 and 2.43 with heo(B/2)=[2/3]ha296(Rc) given by EurOtop (2018) when x#=1.00 was
considered. Thus, the prediction of Ruzs/Hmo Was the main reason for the aforementioned
differences when roughness factors were considered in the method given by EurOtop
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(2018). In order to illustrate the differences in the estimation of Ruze/Hmo using methods
recommended in the literature, calculations of Ruzs/Hmo are given here for test #121. In
this test, Hnog=104mm, Tm.10=1.23s, w=m=1, #=0.40 (rock-2L) and cota=1.5. Surf
similarity parameter for this test can be calculated as

[/ 12n0.104
£ 4 = (1/15) / (%) —3.18 G.1)

Applying the method given in EurOtop (2018) (Eq. 2.43),
Ruyo,/Hpymo = 1.65 x 1 x1x0.40 x 3.18 = 2.06 (5.2a)

with a maximum value of

Rugo,/Hpo = 1.0 X 0.40 X 1 X (4 - (5.2b)

1.5
——| =126
V1 X 3.18>

Using the equations proposed by Schittrumpf and Van Gent (2003) (Eq. 2.34) with
co=1.35 and c¢1=4.0,

4.02
= — = 5.3a
¢, = 0.25 X 722 = 2.96 (5.3a)

4.0
=05x—=1. 5.3b
p = 0.5 X T35 1.48 (5.3b)
Since &,1=3.18<1.48=p, Ruaw/Hmo can be calculated as

Ruy,/Hpo = 4.0 — 2.96/3.18 = 3.07 (5.3c)

Therefore, significant differences in the prediction of Ruzw/Hmo were observed;
Ruzs/Hmo(van Gent, 2001)=3.07>>1.26= Ruze/Hmo(EurOtop, 2018).

The results of the present section confirmed that methods in the literature to estimate
hc20s(B/2) on dikes are not applicable to mound breakwaters. Such methods were based
on Ruxy,; significant inconsistencies were found when predicting Ruze using the
recommended methods in the literature. Since the prediction of uce(B/2) on dike crests
using predictors in the literature is also based on Ruas, similar incoherencies are
expected. Thus, new explicit estimators for both heo(B/2) and uce(B/2) on mound
breakwaters are needed.

5.3. Influence of bottom slope on overtopping layer thickness and
overtopping flow velocity

As exposed in Section 2, only wave characteristics at the structure toe and geometric
variables of the coastal structure were considered in the formulations in the literature to
estimate hcoo, and Uczo (See Table 2.8) on dike crests. When in depth-limited breaking
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wave conditions, the optimum point to determine wave characteristics needs to be
assessed and bottom slope (m) results significant for mound breakwater designs (Herrera
and Medina, 2015; Herrera et al., 2017). Thus, in this section, the optimum point to
estimate wave characteristics to calculate hcoo(B/2) and ucze(B/2) was evaluated and the
effect of m on such variables was analyzed. To this end, Neural Networks (NNs) were
applied.

5.3.1. Analysis using Neural Networks

Feedforward Neural Networks (NNs) are techniques from the artificial intelligence field
which can be applied to model nonlinear relationships between explanatory variables
(inputs of the model) and responses (outputs of the model). NNs have been widely
applied in researches and practical applications related to overtopping (van Gent et al.,
2007), since it is a highly nonlinear problem. NNs have also been satisfactorily used on
smaller datasets with fewer input variables to identify the most significant variables to
estimate crown wall forces (Molines et al., 2018), to define explicit overtopping
formulae (Molines and Medina, 2016) or to assess the influence of the armor placement
on the hydraulic stability of mound breakwater armors (Herrera et al., 2015). When the
assumption of the linear relationship between variables is not possible, reliable results
may be obtained using NNs rather than conventional methods. In this section, NNs were
applied to determine the influence of the bottom slope on the overtopping layer thickness
and the overtopping flow velocity on mound breakwaters in depth-limited breaking wave
conditions (a highly nonlinear problem).

5.3.1.1 General outline

heoos(B/2) and ucoos(B/2) were obtained from the 2D physical model tests described in
Section 3. As mentioned in Section 3.6.5, Uc0(B/2) values out of the operational range
of the miniature propellers were disregarded. As a results, 235 values of hca(B/2) (102,
93 and 40 for Cubipod®-1L, cube-2L and rock-2L, respectively) and 167 values of
Uc29(B/2) (57, 80 and 30 for Cubipod®-1L, cube-2L and rock-2L, respectively) were used
in this study.

Each armor layer and overtopping variable (hc2e(B/2) and uce(B/2)) was studied
independently in order to keep the model as simple as possible. In case of including the
three armor layers in only one NN, one or several extra input neurons would be necessary
(e.g., armor element, number of armor layers). Additionally, a balanced dataset is
required to guarantee a proper NN training. Thus, the same number of tests from each
armor layer should be used in the training procedure, limiting the number of tests used
to the minimum between the three armor layers. In other words, only 40 tests (Np for
rock-2L) would be used to train the NN for heo(B/2) even if 102 and 93 tests were
available for Cubipod®-1L and cube-2L, respectively. Therefore, since each armor layer
was studied independently in this study, the following analysis were conducted 6 times
(3 armor layers x 2 variables). Figure 5.2 illustrates the procedure of the analysis
performed in this thesis using NNs.
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Final Blind Test 2 o ] ]
(25%) > R*(p5%, p50%, p95%)

]
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NN
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———~ = Validation: 15%
| = Test: 15%

Fig. 5. 2. Diagram of the Neural Network (NNs) analysis conducted in this study.

First, every dataset was randomly divided in two sections: 75% of the data was used to
train NNs (TR=75%xNp) while 25% of the data was kept for a final blind test (T-
BLIND=25%xNp). 500 random datasets were generated applying the bootstrapping
technique on the 75% of the data for training NNs. Bootstrap resample technique consists
on the random selection of Np data from a dataset with Np data. Every data has a
probability of 1/Np to be selected each time. Hence, some data are not selected while
some data are selected once or more than once in each resample. 500 NNs were trained
based on the 500 random resamples and their goodness-of-fit was assessed on the T-
BLIND dataset. In this manner, not only the average value of R? but also its variability
could be obtained.

Multilayer feedforward NNs with one hidden layer were used with a hyperbolic tangent
sigmoid transfer function. The NN structure was composed by three layers: (1) input
layer with 4 neurons (N;), (2) hidden layer with 3 neurons (Ny) and (3) output layer with
one neuron (Nov). Therefore, the number of free parameters of the NN model is P = N,
+ N (Ni + No. + 1) = 19. In order to prevent overlearning, P/TR < 1 was ensured (P/TR
= 0.63 in the worst case) and an early stopping criterion (The MathWorks Inc., 2019) was
implemented. This early stopping criterion divided the data for training (TR=75%xNp),
in three sections: formal training (TR-TRAIN=75%x70%xNp), validation (TR-VAL
75%x15%xNp) and test (TEST=75%x15%xNp). Data in the training section (TR-
TRAIN) was used to formally train the NN, updating the biases and weights. The error
after each training step was monitored using the data in validation section (TR-VAL) in
order to stop the training procedure once the error in this subset started growing
(indicating possible overlearning). Data in the test section (TEST) was not used during
the training procedure but as cross validation to compare different models.
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5.3.1.2 Explanatory variables affecting hco(B/2) and ucx(B/2)

The structure of the used NN model is presented in Figure 5.3. Both hc(B/2) and
Uc2s(B/2) were made dimensionless for the analysis as hcw(B/2)/Hmo and
Uc20s(B/2)/(Hmo/ Tm-1,0). Based on the literature (see Table 2.8), five input variables were
considered: the spectral significant wave height (Hmo), the spectral wave period (Tm-1,0),
the crest freeboard (Rc), the water depth at the toe of the structure (h) and the bottom
slope (m). In order to prevent the NN model to be affected by the model scale, they were
rearranged as four dimensionless variables to feed the NN model

- m, is the bottom slope.

- Rc¢/Hmo, is the dimensionless crest freeboard. This input variable is the most
common and accepted variable for describing the mean wave overtopping
discharge (e.g.: van Gent et al., 2007, or Molines and Medina, 2016).

- Irmo=tana/(2zHmo/g/Tm-10%), is the Iribarren number or breaker parameter
calculated using Hmo and Tm-10. Irm10 represents the influence of the wave
steepness and determines the type of wave breaking on the slope. Although, only
tana=2/3 was tested in this study, Irm-1,0 was used instead of the wave steepness
since it was reported as significant for estimating hcoo and ucoy in the literature
(Schittrumpf et al., 2002; van Gent, 2002; Schittrumpf and Van Gent, 2003).

- h/Hmo, is the dimensionless water depth calculated with the water depth at the
toe of the structure and Hmo. h/Hmo is commonly used as breaking index to
indicate if waves are depth-limited or not (van Gent, 1999; Ngrgaard et al.,

2014).
heao,(B/2)
HmO
or
tana
Minos = s ' % e (B/2)
2mH ITE . Y
ﬂimoz (Hmo/Tm-1,0)
9 Timn-1,0

Fig. 5. 3. Structure of the neural networks (NNs) used in this study.
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5.3.2. Optimum point to estimate wave parameters

The methodology presented in Figure 5.2 was repeated 7 times for each armor layer and
overtopping variable (7 times x 3 armors x 2 variables = 42 times), modifying the wave
characteristics (Hmo and Tm-1,0) considered to feed the model. Wave characteristics were
estimated using SwanOne model (see Section 3.6.2) at the toe of the structure, at a
distance of h from the toe of the structure, at a distance of 2h from the toe of the structure,
and so on until 6h from the toe of the structure. Figure 5.4 illustrates the positions where
wave characteristics were estimated for the configuration with bottom slope m=4%.

o To10— gn

1.24h

i

]

! ,

| |
I m=4%
6h

Fig. 5. 4. Locations where wave characteristics were estimated to assess the optimum point.

In this manner, percentiles 5%, 50% and 95% of R? on the T-BLIND dataset (p5%, p50%
and p95%, respectively) could be calculated as a function of the distance from the toe of
the model where wave characteristics were estimated. The evolution of p50% R? for
he20e(B/2)/Hmo and Ucoos(B/2)/(Hmo/Tm-1,0) is shown in Figures 5.5 and 5.6, respectively.
In these figures, the x-axis represents the distance from the toe of the model to the point
where wave characteristics were estimated while the y-axis represents the p50% R? on
the T-BLIND dataset.

The highest R? for the dimensionless heao(B/2) for the three studied armor layers was
obtained when using wave characteristics (Hmo and Tm.1,0) estimated at a distance of 3h
from the toe of the model. Regarding the dimensionless uc%(B/2), no clear tendency was
found for Cubipod®-1L armor. This may be caused by the low number of tests for m =
2% (Np = 13 for m = 2% and Np = 44 for m = 4%). For cube-2L and rock-2L armors, the
highest R? was obtained using wave characteristics estimated at a distance from the
model toe between 3h and 4h. Therefore, the optimum zone to estimate wave
characteristics (Hmo and Tm-1,0) to calculate heoo(B/2) and uco0s(B/2) was selected at a
distance of 3h from the toe of the structure. Note that this point was also suggested by
Herrera et al. (2017) to better describe the rock armor damage in depth-limited breaking
wave conditions. In addition, this distance approximately corresponds to the distance of
5Hme recommended by Goda (1985) to determine wave characteristics to design vertical
breakwaters in breaking wave conditions. Later, Melby (1999) also suggested the
distance proposed by Goda (1985) to better describe the armor damage progression of
rubble mound breakwaters.
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5.3.3. Influence of bottom slope on heos(B/2) and ucze6(B/2)

In the previous section, the zone where optimum wave characteristics (Hmo and Tm-1,0)
are estimated for the calculation of hco(B/2) and ucoes(B/2) was identified at a distance
of 3h from the toe of the model. Thus, the influence of m on heo(B/2) and ucae(B/2) is
evaluated here using the NNs trained with wave characteristics estimated at a distance
of 3h from the model toe.

5.3.3.1 NN model performance

The performance of the NN models for heoo(B/2)/Hmo and uc2o(B/2)/(Hmo/ Tm-1,0) Using
the training (TR-TRAIN), validation (TR-VAL) and test subset (TEST) is illustrated in
Figures 5.7 and Figures 5.8. Good agreement was observed with the testing subset;
R?=0.903 and 0.789 for hcass(B/2)/Hmo and ucz96(B/2)/(Hmo/ Tm-1.0), respectively. Note that
R?=0.164 was obtained for uczo,(B/2)/(Hmo/Tm-1,0) for the Cubipod®-1L armor due to the
low variance of the randomly-selected testing subset; reasonable correlation (r=0.936)
and bias (bias=0.017) were obtained. As previously mentioned in this section, T-BLIND
subset was used to assess the goodness-of-fit of the trained NNs. Figures 5.9 and 5.10
illustrate the goodness-of-fit of the predictions given by the p50% NNs models for the
T-BLIND subset. A good performance was observed with R?=0.913 and 0.918 for
he20s(B/2)/Hmo and Ucaes(B/2)/(Hmo/ Tm-1,0), respectively.

0.6 .
o Cubipod®-1L TRAIN > _
o Cubipod®-1L VAL R® TEST = 0.903
05 |* Cubipod®-1L TEST
> | O cube-2L TRAIN
I cube-2L VAL Py
2 0.4 |Mcube-2L TEST o
§ “* | 0 rock-2L TRAIN
8 o rock-2L VAL
< 0.3 ® rock-2L TEST
E .
o]
£
5 0.2
r R? _ bias
0.1 Cubipod®-1L 0.937 0.856 -0.018

cube-2L 0.937 0.885 0.118

rock-2L 0.994 0.981 0.338
0
0 0.1 0.2 0.3 04 0.5 0.6
measured h yo/H 0

Fig. 5. 7. Comparison between measured and estimated hc2o(B/2)/Hmo with the NN models on
the testing subset (TEST).
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Fig. 5. 8. Comparison between measured and estimated Uc2e(B/2)/(Hmo/Tm-1,0) with the NN
models on the testing subset (TEST).
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Fig. 5. 9. Comparison between measured and estimated hc2e(B/2)/Hmo with the NN models on
the final blind test subset (T-BLIND).
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Fig. 5. 10. Comparison between measured and estimated Uc2e(B/2)/(Hmo/Tm-1,0) with the NN
models on the final blind test subset (T-BLIND).

5.3.3.2 Influence of m on heow(B/2) and uce(B/2)

In order to assess the influence of m on heo(B/2) and uces(B/2), wave conditions were
selected in the wave generation zone (Hmo and Tm-10 in the wave generation zone,
denoted here as Hmog and Tm.104, respectively) and they were propagated along 5
numerical flumes using the SwanOne model (Verhagen et al., 2008) until a distance of
3h from the toe of the structure. Bottom slope (m) values were varied within the tested
range (m = 2.0%, 2.5%, 3.0%, 3.5% and 4.0%). Figure 5.11 illustrates the wave flumes
considered in this section.

After that, the propagated wave characteristics were used together with the p50% NNs
to simulate he2(B/2) and uc(B/2). Consequently, heao(B/2) and ucae(B/2) were
calculated for 5 bottom slope configurations using the same wave characteristics in the
wave generation zone. Figures 5.12 and 5.13 show the evolution of the dimensionless
he20s(B/2) and uc204(B/2) as function of m for the three tested armor layers (Cubipod®-1L,
cube-2L and rock-2L) and different wave conditions.
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Fig. 5. 11. Scheme of the numerical flumes used for propagating with SwanOne.
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Fig. 5. 12. Influence of m on dimensionless hc2w(B/2). 1r,g denotes the surf similarity parameter
calculated using Hmo,g and Tm-1,0.

95



Overtopping flow on mound breakwaters under depth-limited breaking wave conditions

H_ ,.=19cm, h = 24cm
7.0 mog ’ Uc254(B/2)
6.5 m u
]
-~ ]
Q 60 ™
i
I~E 5.5
N 500 g o 2 &
g 4.5 ? 0 ? ?
IE o) (o]
> 4.0
X
N
:" 35 O cube-2L, Ir,g=3.5 B cube-2L, Ir,g=4.5
3.0 O rock-2L, Ir,g=3.5 ® rock-2L, Ir,g=4.5
2.5
0.020 0.025 0.030 0.035 0.040
Bottom slope (m)

Fig. 5. 13. Influence of m on dimensionless uc2e6(B/2). Ir,g denotes the surf similarity parameter
calculated using Hmo,g and Tm-1,0,g.

As shown in Figures 5.12 and 5.13, m did affect both hcae(B/2) and ucoe(B/2); the
dimensionless hco(B/2) decreased for increasing values of m whereas the dimensionless
Uc2os(B/2) slightly increased for increasing values of m.

5.4. A new method to estimate the overtopping layer thickness (OLT)
on mound breakwater crests

Mares-Nasarre et al. (2019) described a method to estimate heoo(B/2) and hc(B/2) on
overtopped mound breakwaters under depth-limited breaking wave conditions with m =
2%. The present section presents new formulas to calculate heo(B/2) and he(B/2) on
overtopped mound breakwaters under depth-limited breaking wave conditions
considering the bottom slope effect (m = 2% and 4%).

5.4.1.OLT exceeded by 2% of the incoming waves, heay, (B/2)

Here, the methodology to build-up new estimators for heoo(B/2) is described. First, p50%
NNs implemented in Section 5.3 were used to calculate the trends of the 4 dimensionless
explanatory variables: m, Re/Hs, Irm-10 = tana/(2eHmo/g/Tm-10?) and h/Hs. An almost
linear model was proposed. Second, linear regression was applied as a first approach to
estimate the coefficients for the new models. Since negative values of heay(B/2) are not
allowed, the model was not fully linear. Thus, bootstrapping technic was used to
determine the final coefficients of the new estimators as well as their variability. Linear
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regression results were used to determine the initial solution for the bootstrapping
optimization procedure.

5.4.1.1 Influence of explanatory variables on hcay (B/2)/Hmo

Bottom slope (m) trend is presented using the simulations conducted with the p50% NN
of Cubipod®-1L for Re/Hmo = 0.5, 1.0 and 1.5, Irm-1,0 = 4.0 and h/Hmo = 2.0. As shown in
Figure 5.14a, heoo(B/2)/Hmo decreased with increasing values of m. Since two values for
m = 2% and 4% were tested, a linear approach is reasonable. Figure 5.14b illustrates the
differences between the three armor layers: Cubipod®-1L, cube-2L and rock-2L for
Re/Hmo = 0.5. Trend for rock-2L seems steeper than that for Cubipod®-1L and cube-2L.

(a) 0.6 (b) 0.6
& R/H,=1.5 Cubipod®-1L R/Hns=0.5
05 | © R/Hm=1.0 Ir10=4.0 05 Iry.10=4.0
& R/H,,=0.5 h/H,,,=2.0 ° ° h/H,,y=2.0
S . 204 % [ ]
Zoa . ) £ 04 . ! " =
~N * N .
_'\T * -~ [ ] *
Qo3 Qo3
) Q
§ . ] °
S02 9 o + 02
<o
<o
01 ¢ ? B¢ 0.1 | ¢ Cubipod®-1L
S B cube-2L
0.0 0.0 ® rock-2L
0.020 0.025 0.030 0.035 0.040 0.020 0.025 0.030 0.035 0.040
m m

Fig. 5. 14. Influence of m on heaw(B/2)/Hmo with Irm-1,0 = 4.0, h/Hmo = 2.0 and constant Re/Hmo.

Dimensionless crest freeboard (Re/Hmo) was simulated first using the p50% NN of
Cubipod®-1L for m = 4%, Irm.10 = 3.5, 4.0 and 4.5 and h/Hmo = 2.0. In Figure 5.153, it is
observed that hcoo(B/2)/Hmo decreases for increasing values of Rc/Hmo in an
approximately linear trend. In Figure 5.15b simulations using p50% NNs of the three
armor layers were performed using Irm-1,0 = 4.0. No significant differences between the
three armor layers were observed for high values of Re/Hmo.
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Fig. 5. 15. Influence of Re/Hmo on hezee(B/2)/Hmo with m = 4%, h/Hmo = 2.0 and constant Irm-1,0.

The influence of the Iribarren’s number or the breaker parameter (Irm-1,0) was analyzed
using simulations conducted with the p50% NN of Cubipod®-1L for m = 2.5%, Rc/Hmo
=0.5,1.0and 1.5 and h/Hmo = 2.5. Figure 5.16a shows increasing values of heao(B/2)/Hmo
for increasing values Irm.1,0; @ linear trend is observed. Difference between the three
armor layers is illustrated in Figure 5.16b for R//Hmo = 1.0. Trend for rock-2L seems
milder than that for Cubipod®-1L and cube-2L.
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Fig. 5. 16. Influence of Irm-1,0 0n he2w(B/2)/Hmo with for m = 2.5%, h/Hmo = 2.5 and constant
Rc/HmO.

Dimensionless water depth (h/Hmg) trend is presented in Figure 5.17 using the
simulations performed with the p50% NN of Cubipod®-1L for m = 2.5%, R¢/Hmo = 0.5,
1.0 and 1.5 and lrm-1,0 = 3.5. Figure 5.17a shows how hcoo(B/2)/Hmo decreases with
increasing values of h/Hmo. Figure 5.17b presents the comparison between the three

98



Chapter 5. Overtopping layer thickness and overtopping flow velocity on mound breakwater crests

armor layers for Re/Hmo = 0.5. h/Hmo had almost no effect on heoo(B/2)/Hmo for cube-2L
and rock-2L armors.
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Fig. 5. 17. Influence of h/Hmo on heow(B/2)/Hmo with for m = 2.5%, Irm-1,0 = 3.5 and constant
Rc/HmO.

5.4.1.2 A new method to estimate hc (B/2)

In Section 5.4.1.1, approximately-linear trends were observed for the explanatory
variables of heo(B/2)/Hmo. Here, a new model to better predict heoo(B/2)/Hmo is proposed
as

heags (B/2)
Hino

where C1, C2, C3, C4 and C5 are coefficients to be calibrated. C1 to C5 were fitted for
each armor layer (Cubipod®-1L, cube-2L and rock-2L) since different behaviors were
observed for the studied explanatory variables (see Figures 5.14 to 5.17). As negative
values of he2o(B/2)/Hmo are not allowed, Eq. 5.4 is not fully linear and conventional linear
regression techniques are not adequate to fit the coefficients C1 to C5. Thus, C1 to C5
were calibrated using a nonlinear multivariable optimization algorithm without
restrictions (The MathWorks Inc., 2019). This algorithm requires an initial solution to
start the iterative optimization process, so conventional linear regression was conducted
to obtain such initial solution. Tables 5.1 to 5.3 show the initial solutions obtained with
the linear regression for each armor layer. As shown in Tables 5.1 to 5.3, some variables
presented p-values>qs=0.05. However, since Eq. 5.4 is not a fully linear model, no
variables were discarded in this phase.

R h
=Cl1+C2m+C3 (HC —1)+C41rm_1,0+ C557— 20 (54)

mo mo
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Coefficient Variable  Estimation (xe) p-value

C1 Constant 0.010 0.65
C2 m -4.075 0.00
C3 Re/Hmo—1 -0.323 0.00
C4 Irm-1,0 0.092 0.00
C5 h/Hmo -0.029 0.00

Table 5. 1. Linear regression results for Cubipod®-1L.

Coefficient ~ Variable  Estimation (xe) p-value

C1 Constant 0.025 0.51
C2 m -2.053 0.90
C3 Re/Hmo — 1 -0.278 0.00
C4 Irm-10 0.082 0.00
C5 h/Hmo -0.024 0.27

Table 5. 2. Linear regression results for cube-2L.

Coefficient  Variable  Estimation (x¢) p-value

C1 Constant 0.331 0.00
C2 m -9.935 0.00
C3 Re/Hmo — 1 -0.432 0.00
C4 Irm-1,0 0.077 0.00
C5 h/Hmo -0.028 0.50

Table 5. 3. Linear regression results for rock-2L.

The final nonlinear fitting coefficients C1 to C5 in Eq. 5.4 were obtained by minimizing
the mean squared error (MSE), calculated as

NO
1
MSE = — Z(oi — ;)2 (5.5)
Ny £
i=

where N, is the number of observations and o; and e; are the observed and estimated
values. In order to assess the sensibility of the selected algorithm to the initial solution,
1,000 optimization processes were conducted on the original dataset. In each
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optimization, the initial solution was randomly calculated for each coefficient within the
interval (xe — 30, Xe + 30), where Xe represents the estimation provided by the linear
regression process and o, the variance of the estimation. The maximum number of
iterations was set to 10,000 to ensure convergence (o< 0.01). Low sensibility of the
optimization algorithm to the given initial solution was observed.

Similarly to van Gent et al. (2007) and Molines et al. (2018) , the bootstrapping technique
was applied together with the non-linear optimization algorithm to determine the
coefficients C1 to C5 as well as their variability. The bootstrap resample technique
involves the random selection of Np data from a dataset with Np data, so each datum has
a probability of 1/Np to be selected each time. Therefore, some data are not selected
while other data may be selected once or more than once in each resample. Using this
technique, p5%, p50% and p95% were obtained for the fitted coefficients (C1 to C5) and
the MSE.

In order to assess the significance of the considered explanatory variables, they were
introduced one by one in the model following the structure in Eq. 5.4. First, four models
composed by one of the explanatory variables and the constant term (C1) following Eq.
5.4 were optimized. The percentage of the variance explained by each model was also
calculated. After that, the optimization process was repeated keeping the explanatory
variable which explained the highest percentage of the variance in the previous step and
adding each of the three missing explanatory variables. This process was repeated until
the four explanatory variables were included in the model; a hierarchy of the influence
of the explanatory variables on hcao(B/2)/Hmo was obtained. Finally, the significance of
the constant term (C1) was assessed. In order to determine if an additional explanatory
variable improved the prediction of heo(B/2)/Hmo, the adjusted coefficient of
determination (R?%gj) proposed by Theil (1961) was calculated using Eq. 5.6 in every step
of the optimization process.

ND_
R:;i=1-(1-R)———
adj N, —Np—1

(5.6)
where Np is the number of data available and Np is the number of explanatory variables.
R2,qj takes into account not only the goodness of fit but also the number of coefficients
and data used to fit the model. Therefore, the model with the highest R2; is selected for
every armor layer; the five fitting coefficients will not always be included in the proposed
model. The evolution of the median value of R?%g and its 90% error band along the
aforementioned optimization process for each armor layer model is shown in Figures
5.18 to 5.20. The number of explanatory variables in the final model is highlighted in
red and the explanatory variable which maximized R2q; in each step is also indicated.
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Fig. 5. 18. Influence of the number of explanatory variables (Np) on R%gj for Cubipod®-1L to
estimate hcau(B/2)/Hmo.
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Fig. 5. 19. Influence of the number of explanatory variables (Np) on R%gj for cube-2L to estimate
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Fig. 5. 20. Influence of the number of explanatory variables (Np) on R%j for rock-2L to estimate
he2o%(B/2)/Hmo.
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As shown in Figures 5.18 to 5.20, the explanatory variable which explained the highest
percentage of the variance was R¢/Hmo independently of the studied armor layer. Since
the four explanatory variables resulted significant when applying R%g, they were
included in the model. Finally, the significance of the constant term (C1) was evaluated.
The optimization process was repeated using C1=0 and R?q; was again applied. C/#0
was proposed for rock-2L armor whereas C1=0 was proposed for Cubipod®-1L and
cube-2L armors.

The variability in the fitted coefficients from the bootstrapping resamples was considered
to determine the number of significant figures in the coefficients (C1 to C5) of the final
formula. Only one significant figure was recommended for C1, C2 and C5 (coefficient
of variation in the range: 7%<CV<45%) whereas a maximum of two significant figures
was reasonable for C3 and C4 (4%<CV<13%). Table 5.4 presents the final coefficients
as well as the goodness-of-fit metrics for Eq. 5.4 for the three armor layers.

Armor layer  C1 (07 C3 C4 C5 r R? bias
Cubipod®-1L 0 -4 -1/3 0.095 -0.03 0.957 0914 0.030
cube-2L 0 -2 -0.3 0.085 -0.02 0909 0814 0.011

rock-2L 1/3 -10 -0.45 0.08 -0.03 0.951 0.903 0.072

Table 5. 4. Coefficients and goodness-of-fit metrics for Eq. 5.4.

Figure 5.21 shows the comparison between the measured and estimated hcao(B/2)/Hmo
using the new predictors developed in this study (Eq. 5.4 with coefficients in Table 5.4)
as well as the 90% error band. Good agreement is observed; R?= 0.876 and bias = 0.030.

The MSE remained stable with increasing values of heoo(B/2)/Hmo. Therefore, assuming
a Gaussian error distribution, the 90% error band can be estimated as

e (B/2)|”*"  hegos(B/2 Re29(B/2
M - M + 1.64 Jvar(e) = M +0.064 (5.7)
HmO 5% HmO HmO
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Fig. 5. 21. Comparison between measured and estimated hc2e(B/2)/Hmo using Eq. 5.4 and
coefficients in Table 5.4.

5.4.2. Distribution function for the extreme values of OLT, h¢(B/2)

An accurate description of extreme overtopping events is key to assess both the
pedestrians’ safety on mound breakwater crests and the hydraulic stability of mound
breakwater crest and rare side. In Section 5.4.1, new predictors to estimate hco(B/2)
were developed. Therefore, the OLT distribution during the most severe wave storms is
required for mound breakwater design. Hughes et al. (2012) pointed out that the extreme
tail of the distribution is best described when only considering the low exceedance
events. Hence, the distribution function to describe h¢(B/2) with exceedance probabilities
below 2% is proposed in this section.

As reported in Mares-Nasarre et al. (2019), best results when describing the distribution
function of h¢(B/2) with exceedance probabilities below 2% were obtained with the 1-
parameter Exponential distribution, given by

he(B/2) \ _ . . he(B/2)
F (hcz%(3/2)> -1 exp( Ch th%(B/2)> 58)
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where h¢(B/2) is the OLT value with exceedance probabilities under 2% and Cy, is an
empirical coefficient to be calibrated. C, was estimated for each physical test using the
20 (1,000 waves x 2%) highest measured values of OLT. The exceedance probability
assigned to each OLT value was calculated as Nm/(Nw+1), where N, is the rank of the
OLT measured value and Ny represents the number of waves. Note that estimated
he2os(B/2) using Eq. 5.4 with coefficients in Table 5.4 was applied. he(B/2) = 0 for 3
tests, so they were not included in the analysis; 122 and 110 tests were used for m = 2%
and 4%, respectively. The initial calibrated coefficients were Cn=4.04 for m=2% and
Cn=3.91 for m=4%. The non-parametric Mood Median test (see Section 3.6.6) was
applied in order to determine whether the difference between the median values of Cy
for the two bottom slopes was significant. The null hypothesis (Ho) corresponded to both
median being equal; Ho was not rejected with a significance level «s=0.05. Thus, best
estimation was Cy = 4. Figure 5.22 presents the comparison between the measured and
estimated h¢(B/2)/Hmo using Eg. 5.8 together with Cn = 4. The 90% error band is also
depicted. Good results were observed (R?=0.811).

1
hc(B/2) hc(B/2)
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Fig. 5. 22. Comparison between measured and estimated h¢(B/2)/Hmo using Eq. 5.8 with Cn = 4.
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Since the MSE remained stable for increasing values of h¢(B/2)/Hmo, assuming a
Gaussian error distribution, the 90% error band can be estimated as

h.(B/2),** h.(B/2 h.(B/2
c(B/2)|7" _ C(/)i1.64 (e = «(B/2)
HmO 5% HmO mo

Figure 5.23 illustrates an example of the fitting of two datasets for Cubipod®-1L armor
with the proposed 1-parameter Exponential distribution in exponential plot.
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Fig. 5. 23. Example of cumulative distribution function of h¢(B/2) in equivalent probability plot.

5.5. A new method to estimate overtopping flow velocity (OFV) on
mound breakwaters crests

Methods in the literature to estimate OFV exceeded by 2% of the incoming waves,
Uczos(B/2), were reviewed in Section 2.5. Most of them (Schiittrumpf and Van Gent, 2003;
Mares-Nasarre et al., 2019) were based on the correlation between the statistics of OLT
and OFV, so they required to first estimate hc0(B/2) before calculating uco(B/2) with
the subsequent accumulated errors. Here, a new explicit empirical formula to estimate
Uc2os(B/2) is developed based on the four input explanatory variables described in Section
5.3.1 (M, Re/Hmo, Irm-1,0 and h/Hmo). The distribution of OFV during the most severe wave
storms is also analyzed.
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5.5.1. OFV exceeded by 2% of the incoming waves, Uczu(B/2)

In this section, a new predictor for uc2e(B/2) was developed based on the dimensionless
explanatory variables described in Section 5.3.1 (m, Re/Hmo, Irm-1,0 and h/Hmo). Trends
were identified using the simulations provided by the p50% NNs implemented in Section
5.3. Finally, the fitting procedure exposed in Section 5.4.1 was applied in order to detect
the significant variables to calculate uc0(B/2) as well as to calibrate the final empirical
coefficients.

5.5.1.1 Influence of explanatory variables on uc29(B/2)/(Hmo/ Trm-1,0)

Bottom slope (m) trend is shown in Figure 5.24 using the simulations conducted with the
p50% NN for cube-2L, Re/Hmo = 0.5, 1.0 and 1.5, Irm-1,0 = 4.0 and h/Hmo = 2.0. In Figure
5.244, it is observed how uc2o6(B/2)/(Hmo/ Tm-1,0) slightly decreases for increasing values
of m. Figure 5.24b presents the differences between the three armor layers: Cubipod®-
1L, cube-2L and rock-2L for Re/Hmo = 0.5. Uc206(B/2)/(Hmo/ Tm-1,0) decreases for increasing
values of m for cube-2L and rock-2L while uc29(B/2)/(Hmo/ Tm-1,0) increases for increasing
values of m for Cubipod®-1L. Note that Uczu(B/2)/(Hmo/Tm-1,0) also includes the effect of
m through wave characteristics. Since two values of m were tested in this study, a linear
trend of m is reasonable.
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Fig. 5. 24. Influence of m on Uc2e6(B/2)/(Hmo/Tm-1,0) With 1rm-1,0=4.0, h/Hmo=2.0 and constant
Re/Hmo.

Dimensionless crest freeboard (Re/Hmo) was simulated first using the p50% NN of cube-
2L for m = 3%, Irm10 = 3.5, 4.0 and 4.5 and h/Hme = 2.0. In Figure 5.25a is shown
Uc2os(B/2)/(Hmo/Tm-1,0) decreases for increasing values of R¢/Hmo. In Figure 5.25b
simulations using the p50% NNs of the three armor layers were performed using Irm-1,0
=4.0.
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Fig. 5. 25. Influence of Re/Hmo 0n Uczs(B/2)/(Hmo/Tm-1,0) with m=3%, h/Hmo=2.0 and constant
|rm-l.0.

Iribarren’s number or the breaker parameter (lrm-10) influence was analyzed using
simulations conducted with the p50% NN of cube-2L for m = 2.5%, R¢/Hmo = 0.5, 1.0
and 1.5 and h/Hmo = 2.5. Figure 5.26a shows how uce(B/2)/(Hmo/Tm-1,0) grows for
increasing values of Irm-1,0. A quadratic trend was observed. The difference between the
three armor layers is illustrated in Figure 5.26b for Rc/Hmo = 1.5. The trend seemed to be
similar for cube-2L and rock-2L.
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Fig. 5. 26. Influence of Irm-1,00n Uc2%(B/2)/(Hmo/Tm-1,0) with m=2.5%, h/Hmo=2.5 and constant
Re/Hmo.

The dimensionless water depth (h/Hmo) trend was simulated with the p50% NN of cube-
2L for m = 2.5%, Re/Hmo = 0.5, 1.0 and 1.5 and Irm-1,0 = 3.5. In Figure 5.274, it is observed
how Uc20(B/2)/(Hmo/ Tm-1,0) decreases with increasing values of h/Hmo. Figure 5.27b
illustrates the comparison between the three armor layers for Re/Hmo = 1.0.
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Fig. 5. 27. Influence of h/Hmo on Uc2e6(B/2)/(Hmo/ Tm-1,0) with m=2.5%, Irm-1,0=3.5 and constant
Rc/HmO.

5.5.1.2 A new method to estimate ucos (B/2)

In Figures 5.24 to 5.27, the influence of the considered explanatory variables on
Uc206(B/2)/(Hmo/Tm-1,0) Was analyzed. Similar to Section 5.4.1, every armor layer was
analyzed independently, since different behaviors were observed for the explanatory
variables. Eq. 5.10 presents the initial model.

ucz%(B/Z) ( Rc ) 2 h
—————=D14+D2m+D3|———1)+D41Ir,,_ 4+D5—— >0
(M) " Hymg Tm-1,0 Hoo (5.10)
Tm—l,O

where D1, D2, D3, D4 and D5 are empirical coefficients to be calibrated. Since Eq. 5.10
is not linear, bootstrapping technique was applied to calculate the value of the final
coefficients of the new estimators as well as their variability.

Following the procedure described in Section 5.4.1.2, the explanatory variables were
introduced one by one in the model (see Eg. 5.10) and a hierarchy of their significance
was derived based on R%;. Finally, new predictors for ucs(B/2) were proposed for every
armor layer. The evolution of the median value of R%g; and the 90% error band along the
aforementioned process for each armor layer model is presented in Figures 5.28 to 5.30.
The number of explanatory variables in the final model is emphasized in red and the
explanatory variable which maximized R?,g; in each step is also specified.

As shown in Figures 5.28 to 5.30, the explanatory variable which explained the highest
percentage of the variance was Irm-10 in the three studied cases. The four explanatory
variables resulted significant, so they were all included in the proposed model. In order
to assess the significance of the constant term (D1) using R?g;, the optimization process
was repeated considering D1=0. D1+#0 was recommended for the three studied armor
layers: Cubipod®-1L, cube-2L and rock-2L.
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Fig. 5. 28. Influence of the number of explanatory variables (Np) on R%gj for Cubipod®-1L to
estimate Uc2e(B/2)/(Hmo/Tm-1,0).
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Fig. 5. 29. Influence of the number of explanatory variables (Np) on R%gj for cube-2L to estimate
Uc2%(B/2)/(Hmo/ Tm-1,0).

rock-2L
1.0 . z P
0% o [Rlbwl] [hHm] [m]
EO'G
N -
0.2
0.0

1 2 N, 3 [z]

p

Fig. 5. 30. Influence of the number of explanatory variables (Np) on RZ%gj for rock-2L to estimate
Uc2(B/2)/(Hmo/ Tm-1,0).
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The number of significant figures in the final coefficients (D1 to D5) was based on the
variability from the bootstrapping resamples. Thus, only one significant figure was
proposed for D1, D2, D3 and D5 (9%<CV<41%) whereas a maximum of two significant
figures was reasonable for D4 (5%<CV<9%). Table 5.5 presents the final coefficients as
well as the goodness-of-fit metrics for Eq. 5.10 for the three armor layers.

Armor layer D1 D2 D3 D4 D5 r R? bias
Cubipod®-1L 2 20 -2 0.2 -1 0.920 0.832 -0.014
cube-2L 4 -30 -2 0.2 -1 0.917 0.845 0.011
rock-2L 2 -30 -3 0.25 -0.5 0.972 0934 -0.023

Table 5. 5. Coefficients and goodness-of-fit metrics for Eq. 5.10.

Figure 5.31 illustrates the goodness-of-fit between the measured and estimated
Uc206(B/2)/(Hmo/ Tm-1,0) Using the new predictors developed in this study (Eq. 5.10 with
coefficients in Table 5.5). The 90% error band is also presented. Good agreement is
observed (R?= 0.866 and bias = -0.005).
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Fig. 5. 31. Comparison between measured and estimated uc2e(B/2)/(Hmo/Tm-1,0) using Eq. 5.10
and coefficients in Table 5.5.
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As the MSE remained constant for increasing values of ucoo(B/2)/(Hmo/Tm-1,0), the 90%
error band can be calculated assuming a Gaussian error distribution, as

ch%(B/Z) — Uc29 (B/Z)
(Hmo/Tm-10g,  (Hmo/Tm-1,0)

95%
+0.744 (5.11)

5.5.2. Distribution function for the extreme values of OFV, u¢(B/2)

Similar to Section 5.4.2, the OFV during the most severe wave storms is characterized
here; the distribution function to describe uc(B/2) with exceedance probabilities below
2% is proposed. Mares-Nasarre et al. (2019) recommended the Rayleigh distribution to
describe the distribution function of uc(B/2) with exceedance probabilities below 2%,
given by

0 (B/2) \ . (B/2) 7
F (ucz%(B/2)>‘1‘ex”<‘C“ [ucz%w/Z) ) (512)

where u¢(B/2) is the OFV value with exceedance probabilities under 2% and Cy is an
empirical coefficient to be calibrated. C, was calibrated using the 20 (1,000 waves x 2%)
highest measured values of OFV during each physical test while the exceedance
probability assigned to each OFV value was calculated as Nw/(Nw+1). The estimated
Uc2os(B/2) using Eq. 5.10 together with coefficients in Table 5.5 was used in order to
simulate the design phase conditions of a mound breakwater when measured uczx(B/2)
is not available. 66 and 105 tests for m = 2% and 4%, respectively, were used. The initial
calibrated coefficients were C,=3.62 for m=2% and Cn=3.46 for m=4%; Cy results were
similar for both bottom slopes. Thus, Kruskal-Wallis test was used to determine if the
difference between the mean values of C, for both m was significant. The null hypothesis
(Ho) corresponded to both means being equal; Ho was not rejected with a significance
level as=0.05. Thus, best estimation was Cy = 3.5. The comparison between the measured
and estimated uc(B/2)/(Hmo/Tm-1,0) using Eq 5.12 with Cy = 3.5 is shown in Figure 5.32.
Good results were obtained (R>=0.812 and bias=-0.013).

Since the MSE increased for increasing values of uc(B/2)/(Hmo/Tm-1,0), methodology
given in Herrera and Medina (2015) was used to estimate the 90% error band. A
Gaussian error (&) distribution was assumed with 0 mean and variance given by

uc(B/2)

&= 008 G

(5.13)

The 90% error band was calculated as
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95%

u(B/2) _ u(B/2)
(Hmo/Tm-10lsy,  (Hmo/Tm-1,0)

uc(B/2)

+046 |—7F——
(Hmo/Tin-1,0)

(5.14)
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Fig. 5. 32. Comparison between measured and estimated dimensionless uc(B/2) using Eq. 5.12
and Cu =3.5.

Figure 5.33 presents an example of the fitting of two datasets of cube-2L with the
proposed Rayleigh distribution in Rayleigh probability plot.
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Fig. 5. 33. Examples of cumulative distribution function of uc(B/2) in equivalent probability
plot.

5.6. Evaluation of the influence of the explanatory variables

As shown in Sections 5.4.1 and 5.5.1, the four selected explanatory variables (m, Re/Hmo,
Irm-1,0 and h/Hmo) were significant to estimate both hcao(B/2) and ucos(B/2). However,
low influence of h/Hmo on heao(B/2) and m on ucw(B/2) was observed. Thus, the
performance of Egs. 5.4 and 5.10 was assessed when h/Hmo and m were disregarded from
such equations, respectively. The recalibrated coefficients as well as the goodness-of-fit
metrics for Eq. 5.4 when h/Hno is not considered in the model (C5=0) are listed in Table
5.6.

Armor layer  C1 (o7] C3 c4 C5 r R? bias
Cubipod®-1L 0 -4 -1/3 0.085 0 0.949 0.900 0.008
cube-2L 0 -2 -0.3 0.075 0 0.902 0.804 0.067
rock-2L 0.3 -10 -0.45 0.075 0 0.947 0.875 0.192

Table 5. 6. Sensitivity of the coefficients and goodness-of-fit metrics for he2w(B/2)/Hmo when
h/Hmo is disregarded in Eq. 5.4.

Small variations in the calibrated coefficients C1 and C5 can be observed when
comparing Tables 5.4 and 5.6. Nevertheless, most of the coefficients presented the same
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values. Likewise, the goodness-of-fit metrics slightly varied; R? decreased around 2%
when C5=0. Table 5.7 shows the calibrated coefficients as well as the goodness-of-fit
metrics for Eq. 5.10 when m is not included in the formula (D2=0).

Armor layer D1 D2 D3 D4 D5 r R? bias

Cubipod®-1L 3 0 -2 0.2 -1 0.909 0.785 0.068
cube-2L 2 0 -2 0.2 -0.5 0.901 0.796 -0.018
rock-2L 1 0 -3 0.2 -0.2 0.943 0.872 -0.039

Table 5. 7. Sensitivity of the coefficients and goodness-of-fit metrics for uczo(B/2)/(Hmo/ Tm-1,0)
when m is disregarded in Eq. 5.10.

Coefficients D1, D4 and D5 presented small variations when comparing Tables 5.4 and
5.6. Similarly, R? decreased around 6% when D2=0. Note that m is still relevant even if
it is not an explicit explanatory variable in the model, since the influence of m is also
included through the wave conditions.

5.7. Summary and conclusions

The present section analyzed OLT and OFV on mound breakwater crests using the
experimental database in this study (see Section 3). Thus, the conclusions and formulas
derived in this section are valid within the experimental ranges 2% <m < 4%, 0.3 <
Re/Hmo <1.8, 2.5 <Irm.1,0 <4.6 and 0.2 < Hmo/h <0.9.

First, models for dike crests (smooth impermeable slope) were assessed using the
aforementioned database, since no methods to estimate OLT and OFV on mound
breakwaters (rough permeable slope where infiltration occurs) were found in the
literature. Poor results (R?<0.164) were obtained. Thus, a new method to better estimate
he2os(B/2) and ucz06(B/2) on mound breakwaters was needed.

Neural Networks (NNs) together with bootstrapping technique were used to study
heoos(B/2) and ucae(B/2). Four dimensionless explanatory variables were considered to
describe heo(B/2) and uco(B/2) based on the literature: the bottom slope, the
dimensionless crest freeboard, the Iribarren number and the dimensionless water depth
(m, Rc/Hmo, |I’m.1,o and h/Hmo).

These NNs were applied to determine the optimum point to estimate wave characteristics
for predicting heoo(B/2) and uco0(B/2), following recommendations in Herrera et al.
(2017). Such optimum point was found at a distance of 3h from the breakwater toe.

The influence of m on heu(B/2) and uc0s(B/2) was also analyzed using the trained NNs.
Fixed wave conditions in the wave generation zone were propagated along numerical
wave flumes with m=2.0%, 2.5%, 3.0%, 3.5% and 4.0% up to a distance of 3h from the
breakwater toe using the SwanOne model (Verhagen et al., 2008). The obtained wave
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conditions were used as inputs of the trained NNs for simulating hcae(B/2) and ucae(B/2).
It was observed how hco(B/2) decreased for increasing values of m while uce(B/2)
slightly increased for rising values of m.

Further simulations were conducted with the trained NNs to analyze the influence of the
selected explanatory variables. Based on these simulations, Eqgs. 5.4 and 5.10 were
proposed to estimate hcoo(B/2) and ucoo(B/2). Bootstrapping technique was applied in
order to fit the empirical coefficients for each tested armor layer (Cubipod®-1L, cube-2L
and rock-2L), as shown in Tables 5.4 and 5.5. The performance of the new proposed
models was satisfactory (0.866 < R? < 0.876).

The significance of the selected explanatory variables was assessed using the adjusted
coefficient of determination (Eq. 5.6). Dimensionless crest freeboard, Rc/Hmo, was the
most significant explanatory variable to describe hco(B/2) whereas the Iribarren
number, Irm-1,0, was the most significant variable to describe uc20(B/2). Although all the
selected explanatory variables resulted significant to describe hcoo(B/2) and uczu(B/2),
fitting between measured and estimated hcao(B/2) and ucae(B/2) was still satisfactory
when neglecting the least significant explanatory variables (h/Hmo for heao(B/2) and m
for ucaw(B/2)).

The extreme values of OLT and OFV were also studied; the 1-parameter Exponential
and Rayleigh distribution functions (Egs. 5.8 and 5.12) were proposed to describe OLT
and OFV with exceedance probabilities below 2%, he(B/2) and uc(B/2), respectively. The
agreement between the measured and estimated hc(B/2) and u¢(B/2) using Eq. 5.8 with
Ch=4 and Eq. 5.12 with C,=3.5 was good (0.803 < R? < 0.812).
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6.1. Introduction

Sea level rise caused by climate change, as well as the social concern about the impact
of infrastructures, have led to coastal structures with reduced crest freeboards facing
higher extreme overtopping events. In addition, most mound breakwaters are built in the
surf zone where depth-limited wave breaking takes place. Thus, new tools are needed to
better design overtopped mound breakwaters attacked by depth-limited breaking waves.

Authors in the literature (e.g.: Franco et al., 1994) emphasized the necessity of
considering the individual wave overtopping events when designing the crest elevation
of mound breakwaters. Recently, the maximum individual wave overtopping volume
(Vmax), the overtopping layer thickness (OLT) and the overtopping flow velocity (OFV)
on the structure crest have been proposed as criteria for assessing overtopping hazard
(EurOtop, 2018; Altomare et al., 2020).

Methods in the literature exist to estimate the mean wave overtopping discharge, g, (van
Gent et al., 2007; Molines and Medina, 2016), the number of overtopping events, Now,
and Vmax (Bruce et al., 2009; Molines et al., 2019) on mound breakwaters in non-breaking
wave conditions. However, few methods are available in the literature to predict Now and
Vmax On coastal structures under depth-limited breaking wave conditions. Regarding OLT
and OFV, no studies were found for their prediction on mound breakwater crests,
although several estimators exist to estimate OLT and OFV on dikes. Thus, new
predictors are required to estimate Now, Vimax, OLT and OFV on mound breakwaters with
relevant overtopping discharges in depth-limited breaking wave conditions.

This dissertation proposes new methodologies for better design mound breakwater crest
elevation based on overtopping criteria. Physical model tests on overtopped mound
breakwaters protected with three armor layers (single-layer Cubipod® armor and double-
layer cube and rock armors) were conducted under depth-limited breaking wave
conditions. Using this experimental database, new unbiased explicit estimators for Now,
Vmax, OLT and OFV were developed. Special efforts were also put on the analysis of the
influence of depth-limited breaking waves and the bottom slope influence.

6.2. Summary and conclusions

In this section, the five research questions raised in Section 1.2 are answered in order to
summarize the findings in this PhD thesis.

QL. Do the existing methods in the literature satisfactorily describe the overtopping
flow on mound breakwaters under depth-limited breaking wave conditions?

In Section 4.2, methods in the literature to estimate Now and Vimax Were evaluated using
the experimental database in depth-limited breaking wave conditions described in
Section 3. Regarding the Now, best agreement with measured Now Was obtained applying
the methods by Ngrgaard et al. (2014) and Molines et al. (2019) (0.552<R?<0.584). It
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should be noted that both methods were based on the dimensionless mean overtopping
discharge, Q"=q/(gHmoTo1), where q is estimated using CLASH NN. On the other hand,
poor results (R?<0) were obtained with the formulas given in Besley (1999) and EurOtop
(2018). Since all the compared methods overpredicted the values of Now<100, a new
estimator was needed to better describe Now within the experimental ranges of the present
study.

With respect t0 Vmax, the observed dimensionless Vimax, Vimax =Vmax/(gHmoTo12), in this
study agreed well with the estimations given by Ngrgaard et al. (2014) and Molines et
al. (2019) (0.618<R?<0.630). Nevertheless, higher scatter was observed for Vimax<5l/m
and Vimax <2-1073. In contrast, the formula given in EurOtop (2018) provided poor results
(R?<0). As Ngrgaard et al. (2014) and Molines et al. (2019) tested mound breakwaters
with a crown wall, the presence of a crown wall may not have a significant effect on

*
Vmax

As previously mentioned, no studies were found in the literature to estimate OLT and
OFV on mound breakwaters. Therefore, in Section 5.1, predictors in the literature for
dikes were compared with the experimental data in this study. The observed OLT
exceeded by 2% of the incoming waves, heo(B/2), was compared with the methods
described in Schittrumpf and Van Gent (2003) and EurOtop (2018); poor agreement was
obtained (R2<0.164). In addition, noteworthy inconsistencies were observed both in the
estimation of Ruzy/Hmo and in the empirical coefficients proposed by van Gent (2002)
and Schittrumpf et al. (2002) for the method in Schittrumpf and Van Gent (2003). Since
the estimation of the OFV exceeded by 2% of the incoming waves, uc%(B/2), on dike
crests using predictors in the literature was also based on Ruas, similar incoherencies
were expected.

In conclusion, methods in the literature did not accurately describe overtopping flow on
mound breakwater crests within the experimental ranges of this thesis. Thus, new explicit
estimators were required to properly assess overtopping hazard, as well as design mound
breakwater crest elevation based on overtopping criteria.

Q2. Can the methods given in the literature be improved to estimate Now and Vmax on
mound breakwaters under depth-limited breaking wave conditions?

In this study, new models to better predict Now and Vmax on mound breakwaters under
depth-limited breaking wave conditions were developed. The new models provide
estimations similar to those obtained with existing methods in the literature, but the
number of variables and parameters has been reduced.

As mentioned in the previous research question, best results when estimating Now Using
methods in the literature were obtained applying the models by Ngrgaard et al. (2014)
and Molines et al. (2019). Since those models are based on a power law of Q”, they do

not properly describe Pow=Now/Ny for extreme values of Q" (Pow—0 when Q"0 and Poy

-1 when Q. Consequently, in this thesis, an exponential model with two empirical
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coefficients was proposed to better describe Pow (See Eq. 4.1). Such empirical
coefficients were calibrated using 219 tests; good agreement was obtained (R>=0.919).

In order to describe the individual wave overtopping volumes, the two distribution
functions proposed in the literature were applied: (1) the 2-parameter Weibull
distribution (Egs. 2.11, 4.4 and 4.5) and, (2) the 2-parameter Exponential distribution
(Egs. 2.18, 4.8 and 4.9). Their performance when estimating Vmax was assessed
simulating the design phase conditions of a mound breakwater; g and Now are unknown
and need to be estimated. Hence, formulas developed in thesis were applied using q and
Now estimated by CLASH NN and Eqg. 4.1, respectively. Best results were obtained using
the 2-parameter Weibull distribution (R?=0.617). Although the obtained goodness-of-fit
metrics were similar to those obtained using the methods by Ngrgaard et al. (2014) and
Molines et al. (2019), the new method developed in the present study using the 2-
parameter Weibull distribution (v=1 and p=6) is much simpler than that recommended
by Ngrgaard et al. (2014) (v=3 and p=13) and simpler than that given in Molines et al.
(2019) (v=1 and p=7). For design purposes, the ratio between the estimated and the
measured Vmax fell within a factor of 2 (see the 90% error band in Figure 4.16).

Q3. Is it possible to develop explicit estimators to predict the extreme values of OLT
and OFV on mound breakwater crests under depth-limited breaking wave conditions?

The present thesis proposes new unprecedented empirical formulas to estimate the low-
exceedance values of OLT and OFV on mound breakwater crests (0.803 < R? < 0.876).
In Section 5.2, existing models to estimate hcoo(B/2) and uc20(B/2) on dike crests were
assessed using the experimental database on mound breakwaters in this thesis with poor
results. Therefore, new models valid for mound breakwaters were needed.

First, heooo(B/2) and ucaee(B/2) were analyzed using Neural Networks (NNs) together with
the bootstrapping technique in Section 5. Four dimensionless explanatory variables were
selected from the literature to describe hcao(B/2) and ucu(B/2): the bottom slope, the
dimensionless crest freeboard, the Iribarren number and the dimensionless water depth
(M, Re/Hmo, Irm-1,0 and h/Hmg). Simulations conducted with the trained NNs were used to
analyze the influence of the four selected explanatory variables on hee(B/2) and
Uc2os(B/2). Based on the identified trends, Eqgs. 5.4 and 5.10 were proposed. The empirical
coefficients in the new formulas were fitted for each armor layer (Cubipod®-1L, cube-
2L and rock-2L) applying bootstrapping technique (see Tables 5.4 and 5.5). The fitting
of the new models was satisfactory (0.866 < R? < 0.876).

The significance of the selected explanatory variables was evaluated using the adjusted
coefficient of determination (Eq. 5.6). Although all the selected explanatory variables
were significant to estimate hco(B/2) and uce(B/2), the agreement between measured
and estimated hcoos(B/2) and ucos(B/2) was still satisfactory when neglecting the least
significant explanatory variables (h/Hmo for hco(B/2) and m for ucow(B/2)).
Dimensionless crest freeboard, Re/Hmo, Was the most significant explanatory variable to
describe heo(B/2), while the Iribarren number, Irm-1,0, was the most significant variable
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to describe uco0(B/2). It should be mentioned that Rc/Hmo is is the most common and
accepted variable for describing overtopping and it is related with the water level which
reaches the breakwater crest. Thus, a direct relationship between hcy(B/2) and Re/Hmo
seems reasonable. On the other hand, Irm.1,0 is calculated using the wave length, so it is
linked to the wave celerity (in intermediate waters, 0.05<h/L<0.5: c=(gL/2n
tanh(27th/L))%). Therefore, correlation between ucw(B/2) and Irm.1,0 seems feasible.

After describing heao(B/2) and uce(B/2), the values of OLT and OFV with exceedance
probabilities below 2%, he(B/2) and uc(B/2), were studied. The 1-parameter Exponential
and Rayleigh distribution functions (Eqgs. 5.8 and 5.12) were proposed to describe h¢(B/2)
and uc(B/2), respectively. The fitting between the measured and estimated h¢(B/2) and
uc(B/2) using Eq. 5.8 with Cr=4 and Eq. 5.12 with C,=3.5 was reasonable (0.803 < R? <
0.812).

In summary, new unbiased explicit estimators were developed in Section 5 using the
experimental data described in Section 3 to better predict the extreme values of OLT and
OFV.

Q4. Where is the optimum point to estimate wave characteristics for predicting
overtopping flow on mound breakwater crests under depth-limited breaking wave
conditions?

The point where wave characteristics are estimated becomes relevant when in depth-
limited breaking wave conditions (Herrera et al., 2017). Therefore, such point was
assessed in this thesis for the overtopping flow variables.

In the case of Now (Section 4.3.2), the empirical coefficients in the new formula
developed in this study (Gi and Gz in Eq. 4.1) were fitted using Q"=q/(gHmoTo1)
calculated with wave characteristics (Hmo and To1) determined at several distances from
the model toe: x=0, h, 2h, 3h, 4h, 5h and 6h. No significant differences were observed.
Similar to Now, the empirical coefficients in the 2-parameter Weibull and Exponential
distribution functions proposed to describe the individual wave overtopping volumes
were fitted considering wave characteristics (Hmo and Toz) in Q™ at distances from the
structure toe of x=0, h, 2h, 3h, 4h, 5h and 6h. Vinax =Vmax/(gHmoTo1?) Was also calculated
for each couple of values. Best results were obtained using wave characteristics
determined at distances between x=2h and x=6h. Hence, Hmo and To; estimated at x=3h
from the structure toe were used to estimate both Now and Vmax', following
recommendations by Herrera et al. (2017).

With respect to OLT and OFV, NNs models were used to analyze hee(B/2) and
Uc20s(B/2), as described in Section 5.3. Those NNs were trained modifying the wave
characteristics (Hmo and Tm-1,0) considered to feed the model and their goodness-of-fit
was assessed. Similar to Now and Vmax, Wave characteristics at distances from the
structure toe of x=0, h, 2h, 3h, 4h, 5h and 6h were considered. The highest R? for the
he2os(B/2)/Hmo for the three studied armor layers was obtained when using wave
characteristics (Hmo and Tr-1,0) estimated at a distance of 3h from the toe of the model.
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Regarding Uczos(B/2)/(Hmo/ Tm-1,0), the highest R? was obtained using wave characteristics
estimated at a distance from the model toe between 3h and 4h for cube-2L and rock-2L
armors. No clear tendency was found for Cubipod®-1L armor due the low number of
tests for m = 2% (Np = 13 for m = 2% and Np = 44 for m = 4%). Thus, wave
characteristics estimated at a distance of 3h were applied to estimate hca%(B/2) and
Uc206(B/2) in this thesis.

In conclusion, the optimum zone to estimate wave characteristics to describe overtopping
flow on mound breakwaters was found at a distance of 3h from the toe of the structure.
It should be noted that this point was also recommended by Herrera et al. (2017) to
better describe the rock armor damage in depth-limited breaking wave conditions.
Moreover, this distance approximately corresponds to the distance of 5Hmo suggested by
Goda (1985) to determine wave characteristics to design vertical breakwaters in breaking
wave conditions. Later, Melby (1999) also proposed the distance recommended in Goda
(1985) to better describe the armor damage progression of rubble mound breakwaters.

Q5. Does the bottom slope play a significant role on the overtopping flow on mound
breakwater crests under depth-limited breaking wave conditions?

Depth-induced breakage of waves significantly changes the wave forces and currents
close to the coastal structure, since the larger waves break before reaching it. The type
of wave breaking at the toe of the structure is influenced by the bottom slope. In addition,
there is evidence that the role of depth-induced wave breaking and bottom slope is
significant on mound breakwater design (Herrera et al., 2017). Hence, the influence of
depth-induced wave breaking and bottom slope on the overtopping flow was evaluated
in this thesis.

In Section 4.2, best results in the estimation of Now and Vmax  using methods in the
literature were provided applying the method in Molines et al. (2019). Since Molines et
al. (2019) performed tests in non-breaking conditions, the influence of depth-limited
breakage may not influence Now and Vmax. Regarding the influence of the bottom slope,
Mann-Whitney tests were conducted using the experimental database in the present
study and it was concluded that the bottom slope did not show a significant influence on
Now OF Vmax in this study.

With respect to OLT and OFV, NNs models implemented in Section 5.3 were used to
analyze the influence of the bottom slope on heo(B/2) and ucu(B/2). Both heao(B/2) and
Uc2os(B/2) were influenced by the bottom slope; heo(B/2) decreased for increasing values
of the bottom slope while ucu(B/2) slightly increased for mounting values of the bottom
slope. In addition, the bottom slope was one of the explanatory variables included in the
new predictors for heooe(B/2) and ucu(B/2) developed in this thesis.

A possible explanation for the opposite results on the influence of the bottom slope may
be that such influence is small enough not to be perceived for Vmax in the experimental
range tested in this dissertation (2% <m < 4%).
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6.3. Future lines of research

Breaking waves and overtopping are wide and complex problems which cannot be
covered in just one dissertation. Under such premise, future lines of research are given
here considering the research gaps not covered by the present thesis.

Additional efforts should be put towards improving the estimation of wave
characteristics in the surf zone, where depth-limited wave breaking takes place, to better
design coastal structures. Special attention should be put on the estimation of wave
periods.

Further physical model tests should be conducted considering gentler and steeper bottom
slopes (m<2% and m>4%) and different armor slopes (cota#1.5) in order to extend the
conclusions in this study to a wider range. Tests performed in this thesis should also be
repeated with different armor units on the main armor. In addition, the influence of the
presence of a crown wall on the breakwater crest should be further studied to validate
the conclusions in this thesis.

Several studies in the literature (van Gent and van der Werf, 2019; Mares-Nasarre and
van Gent, 2020) highlight the significance of the oblique wave attack on the overtopping
and the forces produced by this phenomenon. Thus, 3D physical model tests should be
performed in order to characterize the influence of the oblique wave attack on the
individual wave overtopping volumes, OLT and OFV.

The evolution of the OLT and OFV along the mound breakwater crest as well as the
variation of OFV in depth should also be addressed. To this end, numerical modelling
arises as a powerful tool to fill the gaps in the data from the physical tests.

Finally, the correlation between the overtopping variables during the same overtopping
event should be studied. The relationship between the individual wave overtopping
volume, the OLT and the OFV produced by a single wave can help to better understand
the hydrodynamics of the overtopping phenomenon.
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doing is just a drop in the ocean. But the
ocean would be less because of that
missing drop.”
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Abstract:

Mound breakwater design is evolving owing to rising sea levels caused by climate
change and social concern regarding the visual impact of coastal structures. The crest
freeboard of coastal structures tends to decrease while overtopping hazard increases over
time. Pedestrian safety when facing overtopping events on coastal structures has been
assessed considering the overtopping layer thickness (OLT) and overtopping flow
velocity (OFV). This paper proposes a new method to estimate the OLT and OFV on
mound breakwater crest during extreme overtopping events, based on 123 2D small-
scale physical tests of conventional low-crested mound breakwaters with a single-layer
Cubipod® and double-layer rock and cube armors. The new method to estimate OLT
exceeded by 2% of incoming waves is based on formulas given in literature for dikes,
but adapted and calibrated for mound breakwaters. The formula to estimate the OFV
exceeded by 2% of incoming waves is based on the correlation between the statistics of
the OLT and OFV, considering an empirical coefficient calibrated for each type of armor
layer. Exponential and Rayleigh distribution functions are proposed for estimating the
OLT and OFV with exceedance probabilities under 2%. Although the statistics of OLT
and OFV depend on similar variables, contrary to intuition, specific OLT and OFV
corresponding to the same overtopping event appear to be independent.

Keywords: mound breakwater, overtopping, overtopping layer thickness, overtopping
flow velocity, Cubipod®, low-crested structures
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1. Introduction

Crest elevation is a key factor in the design of mound breakwaters, as it affects the
economic cost of the structure and its visual impact. The mean wave overtopping rate is
typically considered for this end [1]; however, maximum individual volumes associated
with the largest overtopping events are not directly characterized by the mean
overtopping discharge. These extreme overtopping events are critical for the hydraulic
stability of the breakwater crest and rear side [2], as well as for pedestrian safety when
standing on the structure.

Increasing social pressure to diminish the visual impact of coastal structures, and the sea
level rise and stronger wave conditions caused by climate change [3] result in a reduction
of the design dimensionless crest freeboard. Thus, overtopping rates and hazards to
humans are expected to increase over time.

The overtopping layer thickness (OLT) and overtopping flow velocity (OFV) have been
considered to estimate the overtopping hazard for humans (see [4] and [5]). Fig. 1 shows
the thresholds for the OLT, he (m), and OFV, uc (m/s), on the breakwater crests proposed
by Bae et al. [4] for pedestrian safety, as well as the experimental results of pedestrian
failure from different authors [6, 7, 8 and 9]. The referred limits were obtained from
physical experiments using anthropomorphic dummies. In this figure, closed symbols
correspond to overtopping flow observations, while the open symbols represent
experiments conducted under constant flow conditions (floods).

wee o [ Bae et al. [4]: Tumbling and
Uc slipping (adults)
12 -i —Bae et al. [4]: Tiptoe lifting
Pop h‘»i (adults)
1.0 ¢ - - Bae et al [4]: All failure
modes (children)
= Sandoval and Bruce [5]
- 038
-E:' A Baeetal. [4]
<06
o Endoh and Takahashi [6]
0.4 .
4 Jonkman and Penning-
Rowsell [7]
0.2 1 Karvonen et al. [8]
0.0 Abt et al. [9]
0.0 2.0 4.0 6.0 8.0

ufi r-n/SI

Fig. 1. Overtopping flow velocity, uc and overtopping layer thickness, hc limits for pedestrian
stability given by Bae et al. [4] and other authors data.
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The estimation of extreme OLT and OFV on breakwater crests is crucial to assess the
hydraulic stability of the structure crest and pedestrian safety. Some studies in the
literature are focused on the estimation of the OLT and OFV on dikes, but not on
conventional mound breakwaters [10]. The objective of this study is to provide a method
to estimate the OLT and OFV on conventional mound breakwaters during extreme
overtopping events.

2. Literature review

Van Gent [11] proposed a method to estimate the wave run-up height exceeded by 2%
of the incoming waves (Ruzs), estimated using Egs. (1) to (4).

(Ruz% i

I TR $s—1 if &-1<p

| s )
e L e

k H ! $s-1 e

where co= 1.35, ¢1 = 4.0, ¢z is given by Eq. (2), p is given by Eq. (3), Ruzy is the wave
run-up height exceeded by 2% of the incoming waves, Hs=4(mo)? is the incident
significant wave height at the toe of the structure, and & - is the surf similarity parameter
or Iribarren number given by Eq. (4), based on the spectral period T;,,_1 o = mm—‘ol where

m; is the i-th spectral moment, m; = waS(f)ﬁ-df, S(f) being the wave spectrum.

p=05-=" ®3)

2 1 H; 4
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Later, Van Gent [12] and Schittrumpf et al. [13] performed physical tests focusing on
the measurement of OLT and OFV on dike crests. Subsequently, Schiittrumpf and Van
Gent [14] integrated the results of the two studies and described the overtopping flow
on the dike crest using two variables: (1) the OLT on the crest exceeded by 2% of the
incoming waves, hc2e, and the OFV on the breakwater crest exceeded by 2% of the
incoming waves, Uc2%. Schuttrumpf and Van Gent [14] also proposed a method to
estimate the OLT and the OFV on dike crests based on the wave run-up height exceeded
by 2% of the incoming waves (Ruzs), estimated using Egs. (1) to (4), given by Van Gent
[11]. According to Schittrumpf and Van Gent [13], Ruz is required to estimate the OLT
and OFV on the seaside edge of the crest of the dike; ha2u(Rc)=ha(za=Rc) and
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Ua2%(Rc)=Ua(za=R¢). Fig. 2 shows the key parameters and variables considered in the
model given by the aforementioned authors, where MWL is the mean water level.

Xc

ha(zZa=Ro)=ho(xc=0) ' he(xc=B/2)

Fig. 2. Cross section defined by Schiittrumpf and Van Gent [14] to estimate overtopping layer
thickness on dikes.

The OLT and OFV on the seaside slope of the dike (0 < za < R¢) can be estimated using
Eg. (5) and Eq. (6), respectively.

ha20,(24) _ o (Ruz% - ZA) 5)
—Hs AR —Hs
Ug 206(Za) . |Ruay — 24 (6)

where ha20(za) and ua20(za) are the run-up layer thickness and velocity on the seaward
slope exceeded by 2% of the incoming waves, respectively; za is the elevation on the
MWL can” and ca,” are the empirical coefficients given in Table 1.

According to Schiittrumpf and Van Gent [14], the formulas to estimate the OLT and
OFV on the crest of the dike (0 < X¢ < B) are, respectively:

hc 2%(xc) Xc

————== exp(—cipn— 7

am R~ ©7 ("inp) 0
uc,z%(xc) = exp <—C* Xc U > (8)
uA,Z%(RC) o hc,z%(xc)

where he 20 and uc 29 are the overtopping layer thickness and overtopping flow velocity
on the crest exceeded by 2% of the incoming waves, respectively; x. is the distance to
the intersection of the crest and seaward slope; B is the crest width; u is a friction
coefficient; ccn” and ¢, are the empirical coefficients given in Table 1. Schiittrumpf et
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al. [13] discussed the influence of the bottom friction coefficient, u, on the OFV on the
dike crest, and provided some guidelines for p.

Regarding the empirical coefficients, Van Gent [12] and Schittrumpf et al. [13]
proposed different coefficients, based on their own experimental results. Table 1 shows
relevant differences in coefficients can” and ccn~ used in Egs. (5) and (7), respectively,
while minor differences can be observed for coefficients ca,” and ccu” used in Egs. (6)
and (8), respectively. The range of applicability for dikes when using these coefficients
is also listed in Table 1.

Van Gent [12]  Schittrumpfetal. [13] Van der Meer et al. [16]

(S\'/‘/)IF_’S 1/4 1/3, 1/4, 1/6 113
Ro/Hs 0.7-22 0.0-4.4 0.7-2.9
Hy/hs 02-14 0.1-0.3 0.1-0.3
Cah 0.15 0.33 0.13
Cau 1.30 1.37 -
Cen 0.40 0.89 -
Ceu” 0.50 0.50 -

Table 1. Range of applicability and empirical coefficients for dikes.

The range of applicability of the empirical coefficients given by Van Gent [12] falls
within the range of application of the coefficients given by Schittrumpf et al. [13].
However, hc20(B/2) calculated with Egs. (5) and (7) using can"=0.15 and cch =0.40
proposed by Van Gent [12] is 58% ([0.15/0.33]x[exp(-0. 40*1/2)/ exp(-0.89*1/2)]) of the
he.204(B/2) calculated with the same equations using can =0.33 and ccn"=0.89 proposed
by Schuttrumpf et al. [13]. Although the tested dikes were similar, the estimations of
he.20(B/2) given by Schuttrumpf et al. [13] are almost twice the estimations given by Van
Gent [12]. Different experimental designs (e.g. bottom slope) and different experimental
ranges (see, structure slope and R¢/H;s ranges in Table 1) may explain some differences.
Further discussion on slope angle influence can be found in Bosman et al. [15].
Nevertheless, this significant difference is hard to explain because both refer to dikes in
similar conditions.

Van der Meer et al. [16] conducted physical tests on a dike with a VV/H = 1/3 slope and
measured the OLT and OFV at the seaward crest edge, and at the landward crest edge.
The range of variables in these tests is shown in Table 1.

Van der Meer et al. [16] combined their experimental results with the observations
obtained by Van Gent [12] and Schiittrumpf et al. [13]. Based on this new data base, Van
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der Meer et al. [16] proposed a new method for dikes also based on the difference
between the run-up height exceeded by 2% of the incoming waves, Ry 29, and the crest
freeboard, Rc. Eq. (9) was proposed to estimate the OLT exceeded by 2% of the incoming
waves at the seaward crest, ha2w(Rc). Considering za=Rc in Eq. (5), Eq. (9) leads to
can =0.15 given in Table 1. Egs. (10) and (11) describe the OFV exceeded by 2% of the
incoming waves at the seaward crest, ua2%(Rc), and the OFV decay along the crest,
Uc.29%(Xc), respectively:

hA,Z%(Rc) = 0.13 (Ruz% - Rc) (9)
Uy 20,(R;) = 0.35 cota /g (Ruze, — R,) (10)

ucz%(xc) ( Xc )

———=exp|—14 1)

Ug 206 (Re) P Lin-1,0

where a is the seaward slope angle, g is the gravity acceleration, and Lm-1,0 is the wave
length based on the spectral period Tm.1,0. Van der Meer et al. [16] proposed a Rayleigh
distribution to describe the distribution functions of the OLT and OFV.

Lorke et al. [17] performed physical model tests on dikes (V/H = 1/3 and 1/6), focusing
on the effect of wind and currents on the overtopping on dikes with 0.33<R¢/Hs<2.86 and
0.13<Hs/hs<0.3. These authors measured the OLT and OFV at the landward crest edge,
using conventional wave gauges and miniature propellers. Based on their experimental
observations, they proposed new values for the empirical coefficient ccn” of Eq. (7) given
by Schittrumpf and Van Gent [14] as a function of the seaside slope of the dike: ccp” =
0.35 for V/H = 1/3 slope and c.” = 0.54 for V/H = 1/6 slope. It is noteworthy that these
empirical coefficients were close to c.n"= 0.40 proposed by Van Gent [12] for V/H=1/4.

Hughes et al. [18] analyzed the small-scale measurements on slightly submerged levees
from Hughes and Nadal [19] within the range -0.32<R¢/Hs<-0.11 and R¢ = -0.29 m at
the prototype scale (scale factor 1:25). During these tests, the OLT was measured on the
crest close to the seaward side edge and landward edge using pressure cells, while the
OFV was recorded using fiber-optic laser Doppler velocimeters at the same locations.
From Egs. (9) and (10) given by Van der Meer [16], Hughes et al. [18] derived a
relationship between ha2u(Rc) and ua2w(Rc) and proposed the Eq. (12) using the
landward side edge measurements:

Up200(Za = Re) = 1.53 /g hyz9,(z4 = R,) 12)

Hughes et al. [18] also investigated the correlation between the OLT and OFV
corresponding to the same overtopping event. No correlation was found between the
OLT and OFV corresponding to the same overtopping event. Additionally, the
distribution functions for the overtopping variables were studied and their coefficients
were fitted utilizing the 10% upper values to better describe the most extreme
overtopping events. The Rayleigh distribution was recommended to describe the OLT
and OFV distributions.
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EurOtop [1] proposed a method for dikes to estimate ha2s and hcoo based on the
difference between the estimated wave run-up (Ruze) and the crest freeboard (Rc). The
OLT on the seaside slope edge of the dike, ha2w(Rc), was estimated by Eqg. (5) using the
coefficient can” given in Table 2. Ruay, Was estimated by Egs. (13)

Ruyy,

=1.65 ¥r Vg Vb $s-1 (13a)

N

with a maximum value of
Rian _ 10 (4 Lo ) (13b)
=10y, -
Hy e Na 4 fs,—1

where y,, is the influence factor for an existing toe berm, y; is the roughness factor, yz
is the influence factor for oblique wave attack, and ¢ _; is the breaker parameter given
by Eq. (4). EurOtop [1] provided the roughness factors, y.

Slope (V/H=1/3 and 1/4) Slope (V/H=1/6)
0.20 0.30

Table 2. Empirical coefficient can* for Eq. (5) given by EurOtop [1].

Once Rugy is estimated using Egs. (13), ha2w(Rc) is calculated using Eq. (5) with the
coefficient can” given in Table 2. Finally, he2o(Xc) is assumed to be constant after an
initial turbulent zone and approximately equal to h¢,206(Xc>>0)=(2/3)ha 206(Rc) on the crest
of the dike not close to the seaside slope.

3. Experimental Methodology

Two-dimensional small-scale physical tests were conducted in the wave flume (30 m x
1.2 m x 1.2 m) of the Laboratory of Ports and Coasts of the Universitat Politécnica de
Valéncia (LPC-UPV), using a piston-type wavemaker and a gentle bottom slope (m =
1/50). Fig. 3 shows a longitudinal cross-section of the LPC-UPV wave flume as well as
the location of the wave gauges utilized in this study.

maker location

/ Gl - G5 G6 - G9 GlO»/Gll

3.3 2.0

Bottom|slopes

55

Fig. 3. Longitudinal cross section of the LPC-UPV wave flume (dimensions in meters).
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The cross section of the model depicted in Fig. 4 corresponds to a mound breakwater
with V/H = 2/3 slope and toe berms, protected with a single-layer Cubipod® armor,
double-layer rock armor, and double-layer randomly-placed cube armor. In this study,
the nominal diameters or equivalent cube sizes of the armor units were D, = 37.9 mm
for the Cubipod® units, D, = 31.8 mm for rocks, and Dy= 39.7 mm for cubes. The range
of variables in the tests is listed in Table 3; the test matrix is shown in Appendix A.

G10

G Dn or 2:Dn

3

1/50

Fig. 4. Cross section of models tested in the LPC-UPV wave flume (dimensions in mm).

Cubipod® (1L) Rock (2L) Cube (2L)

Ro/Hs 0.43-1.38 0.80-1.75 0.34-1.67
Hy/hs 0.30.0.73 0.29-0.61 0.20-0.64
Hs/Dn, 0.15-0.19 0.13-0.16 0.13-0.16

B (mm) 240 259 265

Dy, (mm) 37.9 31.8 39.7

Table 3. Range of variables of 2D physical tests at the LPC-UPV wave fume.

One thousand random waves were generated following the JONSWAP spectra (y= 3.3).
The active wave absorption system AWACS was activated to avoid multireflections.

Each test series was associated to the water depth at the toe of the structure (hs). For a
given h;, the significant wave height at the wave generation zone (Hsq) and peak period
(Tp) were calculated such that the Iribarren number was maintained approximately
constant along each test series of wave runs (Ir,=Tp/cota(27Hse/g)">~ 3 or 5). For each
Iribarren number, Iry, the values of the significant wave height at the wave generating
zone (Hsg) were increased, from no damage to failure of the armor layer, or wave
breaking at the generation zone. Hsg was increased within the range 80 < Hsg(mm) < 240
in steps of 10 mm. The water depth at the toe of the model was hs= 200 and 250 mm for
the Cubipod® and rock armored models, and hs = 250 and 300 mm for the cube armored
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model. Owing to the importance of the crest freeboard of the structure when studying
overtopping, two corrections have been considered: (1) the accumulated overtopping
volumes extracted during the test series on a working day, and (2) the natural evaporation
and facilities leakages that resulted in a small increase in the crest freeboard. The
correction was 9.9 mm in the worst case. Neither pilling-up (wave gauge G11) nor low-
frequency oscillations were significant during the tests.

The water surface elevation was measured using 11 capacitive wave gauges. Wave
gauges G1 to G5 were placed close to the wavemaker following Mansard and Funke
[20] recommendations, and were used to separate incident and reflected waves in the
wave generation zone. Wave gauges G6 to G9 were located along the flume near the
model, where depth-induced wave breaking occurs and existing methods to separate
incident and reflected waves are not reliable. Wave gauge G10 was placed on the model
crest and G11 was located behind the model. The distances from G6, G7, G8, and G9 to
the toe of the model were varied with the water depth at the toe, hs. G6, G7, G8, and G9
were placed at distances 5hs, 4hs, 3hs, and 2hs from the toe of the structure, respectively,
according to Herrera and Medina [21].

Armor damage was analyzed after each test by comparing the photographs captured
perpendicular to the armor slope, using the Virtual Net method (G6mez-Martin and
Medina [22]) in order to consider armor-unit extractions, sliding of the armor layer as a
whole, and Heterogeneous Packing failure modes simultaneously (see Gémez-Martin
and Medina [23]). Overtopping discharges were measured using a weighing system
located in a collection tank behind the breakwater model during the test.

3.1. Measurement of overtopping layer thickness (OLT) and overtopping flow velocity
(OFV)

As mentioned previously, the OLT was measured in the middle of the model crest using
the capacitive wave gauge G10. These capacitive wave gauges must be partially
submerged and they are calibrated with a certain reference level daily. To allow G10 to
measure the OLT on the model crest, this wave gauge was introduced into a void vertical
cylinder inserted in the model. This cylinder was 85 mm in diameter and 120 mm in
length, and was filled up with water before the tests. Its upper part was closed with a lid
covering the cylinder except for a slot to pass the wave gauge. Aeration was considered
negligible because visual inspection of the overtopping events did not show significant
aeration, but a clear water surface. The performance of the wave gauge G10 was
excellent when measuring the OLT; low noise as well as low variations in the base level
were observed (see Fig. 5). In this study, the maximum measured OLT of each
overtopping event is considered the measured h¢(B/2).
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Fig. 5. Raw record of the OLT given by wave gauge G10.

The OFV were recorded in 66 out of 123 physical tests (13 tests with Cubipod®-1L
armor, 14 test with rock-2L armor and 39 tests with cube-2L armor) using three miniature
propellers installed on the model crest in three different positions: (1) seaward edge of
the crest, (2) middle of the crest, and (3) landward edge of the crest. These propellers
(11.6 mm in diameter) could measure the velocities within the range 0.15 m/s to 3.00
m/s. From the propeller measurements, the maximum measured values of the OFV of
each overtopping event were obtained. Fig. 6 shows pictures of the aforementioned
equipment.

3.2. Wave analysis

Using wave gauges G1 to G5 located at the wave generation zone, incident and reflected
waves were separated using the LASA-V method (see Figueres and Medina [24]).
Although the LASA-V method is valid for nonlinear and nonstationary irregular waves,
itis not valid for breaking waves. According to Battjes and Groenendijk [25], Composite
Weibull distribution describes the wave height distribution on shallow foreshores. This
distribution function is the one implemented in SwanOne software (see Verhagen et al.,
[26]). The incident significant wave height in the depth-induced breaking zone was
estimated using the incident waves at the wave generation zone and the SwanOne
numerical model (Verhagen et al. [26]). This methodology was validated by Herrera
and Medina [21], who compared the numerical SwanOne estimations with
measurements in the wave flume without any structure. A similar comparison was also
performed in this study; the results are depicted in Fig. 7.

The relative Mean Squared Error (rMSE) given by Eq. (14) was used to measure the
goodness of fit. 0<rMSE <1 estimates the proportion of variance not explained by the
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prediction technique; therefore, the lower rMSE, the better are the predictions. In this
case, rMSE = 4.1%.

1 N,
MSE W, Ziza(ti — e’

VAR 1 on, 2 (14)
N_02i=1(ti - E)

rMSE =

where MSE is the Mean Squared Error, VAR is the variance in the measured target
values, No is the number of observations, t; is the target value, e; is the estimated value,
and t is the average measured target value.

Fig. 6. Oblique view of the model in the LPC-UPV wave flume: (a) general view, (b) micro
propellers and (c) wave gauge G10.
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Fig. 7. Comparison of measured Hs without structure in the model zone and estimation given by
SwanOne.

4. Comparison of the existing methods for estimating the overtopping layer
thickness (OLT)

As mentioned in section 2, several methods are given in the literature to estimate the
OLT exceeded by 2% of the incoming waves on the crest of a dike, hc20. Although they
were proposed for dikes and not for conventional mound breakwaters, a comparison was
performed between the OLT observed in this study on mound breakwater crests and the
predictions by the aforementioned methods for dikes. To apply the EurOtop [1]
formulas, the roughness factors recommended in the manual were used: yy= 0.49, yy=
0.40, and y; = 0.47 for single-layer Cubipod® armors, double-layer rock armored
structures with a permeable core, and double-layer randomly-placed cube armors,
respectively. However, it should be taken into account that Molines and Medina [27]
pointed out that the roughness factors depend on the formula and experimental database;
thus, y; should be calibrated specifically for each formula and database.

Fig. 8 compares the measured OLT exceeded by 2% of the incoming waves at the middle
of the breakwater crest, hc20(B/2), and the estimations given by Egs. (5) and (7)
(Schuttrumpf and Van Gent [14]) with coefficients can” and ccp” given in Table 1 (Van
Gent [12], data in white, and Schuttrumpf et al. [13], data in blue) considering Ruzs
calculated with Egs. (1) to (4) given by Van Gent [11]; and Egs. (5) with coefficient can’
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given in Table 2 and hc20(B/2)=(2/3)ha2%(Rc), proposed by EurOtop [1], considering
Ruoy given in Egs. (13) (EurOtop [1], data in red and black).

Model for dikes (V/H<1/3). Data for mound breakwaters (V/H=2/3)

0.7
Egs. (5) and (7) with
coefficients by Schittrumpf
0.6 e etal.[13]

1/32V/H21/6

0.5
EurOtop [1]

g=1.00

Egs. (5) and (7) with
coefficients by Van Gent
[12] V/H=1/4

h c,Z%( B/ 2)/ Hs estimated

EurOtop [1]

0.1 A 9(Cubipod®-11)=0.49
@ g(rocks-21)=0.40
0.0 B 9(cubes-21)=0.47

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
h c,Z%(B/ 2)/ Hs measured

Fig. 8. Comparison of measured and estimated overtopping layer thickness, hc,2e(B/2).

As mentioned in Section 2, estimations of hc20(B/2) given by Egs. (5) and (7) with
coefficients can” and ccn” proposed by Schiittrumpf et al. [13] are almost twice the
estimations obtained when considering the coefficients proposed by Van Gent [12], due
the differences in the empirical coefficients shown in Table 1.

Using Egs. (1) to (4) proposed by Van Gent [11] to estimate Ruzy and he20(B/2)
calculated using Egs. (5) with can™=0.20 and hc204(B/2)=(2/3)ha20(Rc) proposed by
EurOtop [1], he,206(B/2) would be similar than that given by Egs. (5) and (7) (Schittrumpf
and Van Gent [14]) with coefficients can'=0.15 and cc»"=0.40 proposed by Van Gent
[12] (0.20/0.15x[(2/3)/exp(-0.40/2)]=1.09). As shown in Fig. 8, if Egs. (13) proposed by
EurOtop [1] with y, =1.00 are used to estimate Ruay (data in red), the estimation of
he20(B/2) given by EurOtop [1] is also similar to that proposed by Van Gent [12].
However, if Egs. (13) with y; proposed by EurOtop [1] are used to estimate Ruzy (data
in black), the estimation of h¢ 20,(B/2) given by EurOtop [1] is much lower than hc,20(B/2)
given by Van Gent [12].
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To show the differences in estimating Ruw/Hs when roughness factors [1] are used,
calculations are given for Test #1 in Table A.2. (double layer rock armored model). In
this case, Hs= 104 mm, Tm10=1.23s,y3 =y, = 1, ¥y = 0.40 and tana = 2/3.

&-1=(2/3)/[(2 x ™ x 0.104)/(9.81 x 1.23%)] = 3.18.

Using Eqs. (1) to (4) proposed by Van Gent [11] with co=1.35 and ¢ = 4.0.
c; =0.25 x 4.02/1.35=2.96andp = 0.5 X 4.0/1.35 = 1.48.

&1 > p and Ruyy,/Hg = 4.0 — 2.96/3.18 = 3.07.

Using Eqs. (13) proposed by EurOtop [1],

Ruyy,/Hy = 1.65 X1 X 1% 0.40 % 3.18 = 2.06

With a maximum value of
Ruyy,/Hg = 1.0 % 040 X 1 x (4 — 1.5/v/1 % 3.18) = 1.26
Ru,q,/Hs (Van Gent [11]) = 3.07 >> 1.26 = Ru,q,/H, (EurOtop [1])

None of the existing estimators for dikes compared in Fig. 8 represent the OLT on mound
breakwaters satisfactorily. Furthermore, significant differences are found between some
methods given in the literature for dikes.

5. A new method to estimate the overtopping layer thickness (OLT) on mound
breakwater crests

5.1. OLT exceeded by 2% of the incoming waves, hc,2% (B/2)

The formulas proposed by Schittrumpf and Van Gent [14] and EurOtop [1] to estimate
the OLT exceeded by 2% of the incoming waves on the crest of dikes (smooth
impermeable slope) are not directly applicable to typical mound breakwaters (rough
permeable slope where infiltration occurs).

The methods proposed by EurOtop [1], Van Gent [12] and Schiittrumpf et al. [13] to
calculate the OLT on the crest of the dikes are based on the estimation of Ruas. In this
study on mound breakwaters, it is reasonable to use Eqgs. (15) to estimate Ruas, as
indicated by EurOtop [1] for mound breakwaters, calibrating the roughness factor y to
the formula and experimental observations recorded in this study.

R;Z% = 1657, Y5 Vb &5 (15a)
with a maximum value of
2% 100 ¥y surging s Vo (4.0 S ) (150)
Hs ’ =
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where #surging [-] is a coefficient that increases linearly up to 1.0 following

8,2

The maximum Ruzy/Hs is 2.0 for permeable core. In this case, yg =y, = 1.

Yf.surging = Vf + (fs,—l - 1-8) (15C)

It is convenient to point out that roughness factors, yy, is a fitting parameter and y; is
different depending on the formula and database [27]. It is also reasonable to use Egs.
(5) and (7) proposed by Schittrumpf and Van Gent [14], calibrating the empirical
coefficient can” with the experimental observations of this study.

Since OLT has been only measured in one site of the crest (x.=B/2), cc»” cannot be
calibrated in this study and the highest value of ccn” (maximum decay along the crest)
found in the literature for dikes (ccn” = 0.89) is assumed. If ccn” was calibrated in the
future (for mound breakwaters), the optimum can” given in Table 4 should be modified
to keep constant can xexp(-Cen’/2).

Considering a specific estimator and a given dataset, the rMSE could be used to estimate
the optimum values of the roughness factors and empirical coefficients. However, no
information would be obtained regarding the uncertainty of their estimations. Hence, a
bootstrap resample technique was applied in this study to assess the uncertainty of the
estimations. This technique consists of the random selection of N data from N original
datasets. The probability of each datum to be selected each time is 1/N; therefore, some
data were selected once, or more than once while some other data were absent in a
resample.

First, using the results from 123 physical tests performed at the LPC-UPV wave flume,
1,000 resamples were performed optimizing both the roughness factors and the empirical
coefficient can”. Thus, 1,000 values of roughness factors and empirical coefficients that
minimize the rMSE were obtained, and they were used to statistically characterize the
parameters using percentiles 5%, 50%, and 95% (see Table 4).

P5% P50% P95%

*

Cah 0.49 0.52 0.54

Table 4. First level bootstrap resample results.

Subsequently, the empirical coefficient value was fixed to their 50% percentile (can” =
0.52), and 1,000 bootstrap resamples were performed varying only the roughness factors,
¥r. The optimum roughness factors can be obtained for the model proposed using the
50% percentile for the empirical coefficients and the existing database. Using the
obtained 1,000 values of each roughness factor, they were statistically characterized
using the referred percentiles. Tables 4 and 5 show the results from both bootstrap
resample levels.
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P5% P50% P95% rMSE
Cubipod® (1L) 0.32 0.33 0.34 0.149

Roughness
factor (y,) Rock (2L) 0.46 0.48 0.50 0.183
Cube (2L) 0.33 0.35 0.36 0.159

Table 5. Second level bootstrap resample results using can”= 0.52 and cch” = 0.89.

Fig. 9 shows the measured OLT at the middle of the breakwater crest, hc20(B/2), as
compared to the estimations given by Egs. (15) and Egs. (5) and (7) using the 50%
percentile for the roughness factors and empirical coefficients given in Tables 4 and 5,
as well as the 90% confidence interval. The rMSE, used to measure the goodness of fit,
is given in Table 5.

0.6

Vs
haz(za) _  « Ruzy, — 24 7
H,  CAh ( Hy )
95% » s
0.5 Reao(Xe) * Xc Ve
Raz0(RS) exp (_Cc’h E) 7 7
E 7/
g 0.4 5%
T
S 03
N
Q
]
< 02
0.1 rMSE(Cubipod®-1L)=0.149
rMSE(rocks-2L)=0.183
rMSE(cubes-2L)=0.159
0.0 b -
0.0 0.1 0.2 0.3 0.4 0.5 0.6
hc,z%(B/z)/Hs measured
/\ v(Cubipod®-11)=0.33 @ y(rocks-21)=0.48 v(cubes-21)=0.35

Fig. 9. Comparison of measured and estimated overtopping layer thickness, hc2%(B/2), and 90%
confidence interval.

5.2. Distribution of OLT, h¢ (B/2)
Extreme overtopping events are critical to assess the hydraulic stability of the breakwater

crest and overtopping hazard to humans. Hence, it is necessary to describe not only the
OLT exceeded by 2% of the incoming waves but also the OLT distribution in the most
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severe wave storms. As indicated by Hughes et al. [18], the extreme tail of the
distribution of the overtopping variables is described better when only considering the
low exceedance events. Therefore, in this study, only the OLT values associated with
exceedance probabilities below 2% are used for calibration purposes.

As presented in section 2, in previous studies, a Rayleigh distribution was suggested for
describing the overtopping variable distributions. Nevertheless, in this study, the best
results were obtained with an Exponential distribution, given by Eq. (16).

he(B/2) \ _ h(B/2)
F (hC,Z%(Bm) = 1= e (‘Kl hc,Z%(B/2)> (10)

where he(B/2) is the value of the OLT with exceedance probabilities under 2%, hc 20,(B/2)
is the OLT not exceeded by 2% of the incoming waves, and K is an empirical coefficient
to be calibrated. K; is estimated for each physical test based on the 20 (1,000 x 2%)
highest measured values of the OLT. The exceedance probability assigned to each OLT
value was obtained as m/(N+1), where m is the rank of the OLT observation and N the
number of waves. Based on 2,460 (20 x 123) values obtained from 123 physical model
tests, the best estimation is Ky = 4.2. This coefficient was calculated as the 50%
percentile of the 123 values that minimize the rMSE for each of the 20 OLT datasets.
Fig. 10 shows the variability of the best fit values for K.

7 7 K1,50%=4.2
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Fig. 10. 95%, 50%, and 5% percentile of K.

Fig. 11 presents three example datasets of the proposed Exponential distribution in
probability plot, while Fig. 12 shows the measured OLT distribution for each test against
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the proposed distribution, as well as the 90% confidence interval. As a result rMSE =
0.162, indicating a good agreement with the experimental observations.
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Fig. 11. Typical sample of cumulative distribution functions of OLT in equivalent probability
plot.

6. A new method to estimate overtopping flow velocity (OFV) on mound
breakwaters

6.1. OFV exceeded by 2% of the incoming waves, Uc 2% (B/2)

In section 2, different methods were presented to estimate the OFV exceeded by 2% of
the incoming waves on the crest of a dike. Some of these proposals were based on the
correlation between the statistics of the OLT and the statistics of the OFV (see Egs. (8)
and (12)). In this study, a new formula is proposed to estimate the OFV in the middle of
the breakwater crest exceeded by 2% of the incoming waves, based on the relationship
given by Eq. (17). It is noteworthy that the OLT exceeded by 2% of the incoming waves
and OFV exceeded by 2% of the incoming waves do not always correspond to the same

overtopping event.
Uc296(B/2) = Ko/ g he290(B/2) A7)

where uc,20(B/2) is the OFV at the middle of the breakwater crest exceeded by 2% of the
incoming waves, Kz is an empirical coefficient to be calibrated that depends on the armor
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unit, and hc204(B/2) is the OLT at the middle of the breakwater crest exceeded by 2% of
the incoming waves.

4 /
he () _ exp (—c* ﬁ) /
0.9 hyg29(Re) chp

F( he(B/2) )= 1 exp(_K1 he(B/2) ) /

he29(B/2) a9, (B/2)
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0.7 K;=4.2
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Fig. 12. Measured and estimated distribution of OLT in the middle of the breakwater crest, hc
(B/2), for each test and 90% confidence interval.

To obtain the best K3 for each armor layer, the bootstrap resample technique was applied
similarly to that described in section 4.1. Note that only the measured velocities within
the operation range of the propellers (see section 3) have been used. First, 1,000 bootstrap
resamples were created using the 66 OFV values. The optimum K> was determined for
each sample as the one that minimizes the rMSE. Hence, 1,000 values of K, were
obtained for each armor layer, such that they could be characterized statistically. The
5%, 50%, and 95% percentiles were used to this end and they are presented in Table 6
as well as rMSE values when using P50% of K. Fig. 13 compares the measured
overtopping flow velocity exceeded by 2% of the incoming waves in the middle of the
breakwater crest and the estimation given by Eq. (17) when using the 50% percentile of
the K coefficient.
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Ka P5% P50%  P95% rMSE
Cubipod® (1L) 0.56 057 059  0.228
Rock (2L) 0.46 0.47 049 0114
Cube (2L) 0.57 0.60 063 0233

Table 6. Statistical characterization of K2 and rMSE values when using 50% percentile.
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Fig. 13. Comparison of measured and estimated overtopping flow velocity, uc2%(B/2), and 90%
confidence interval.

6.2. Distribution of OFV, u. (B/2)

Eq. (17) shows a 1/2-power relationship between the OLT and OFV, and an Exponential
distribution for the OLT has been proposed in section 5.2. Thus, a Rayleigh distribution
is expected for the OFV, which is given by Eq. (18).
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2
F(M) e <_K3 [M ) (18)

Uc,290(B/2) Uc,200(B/2)

where uc(B/2) is the value of the OFV with an exceedance probability under 2%,
Uc,20(B/2) is the OFV not exceeded by 2% of the incoming waves, and K3 is an empirical
coefficient to be calibrated. Ks is estimated similarly as described in section 4.2. Based
on 1,320 (66 x 20) values from 66 physical tests, the empirical coefficient is Kz = 3.6,
calculated as the value that minimizes the rMSE. The variability of K3 values is presented
in Fig. 14. Fig. 15 presents three example datasets of the proposed Rayleigh distribution
in probability plot, while Fig. 16 compares the measured distribution of the OFV for each
test versus the proposed distribution, as well as the 90% confidence interval.

10

9 K3'50% =3.6

8
w6 —— === e e S B3 95%
x 5 A AA

4 @ AN ® o

oo ] ®

3 ‘A o® * o ®

2 ----- . - ~ ------------- 5%

1

0 10 20 30 40 50 60 70

N test

| 50% = =5% = =95% A Cubipod®-1L e Rocks-2L Cubes-2L|

Fig. 14. 95%, 50%, and 5% percentile of K.

In this study, dimensionless OFV was uc(B/2)/(Hs/Tm-1.0); Uc(B/2)/(g Hs)*° and uc(B/2)/(g
he 206(B/2)) factors were also considered with poor results.
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Fig. 15. Typical sample of cumulative distribution function of OFV in equivalent probability
plot.

7. Relationship between overtopping layer thickness (OLT) and overtopping flow
velocity (OFV) on mound breakwaters

In the previous sections, the statistics of the OLT and OFV were studied. However, the
OLT and OFV values with the same exceedance probabilities may not correspond to the
same overtopping event. Thus, in this section, the relationship between the OLT and
OFV corresponding to the same overtopping event is studied. The highest 20 OLT values
of each physical test (highest 2%) were selected, and the OFV values corresponding to
the same overtopping event were determined, he(B/2) and ucn(B/2). The pairs of values
where the velocity measurement is under 0.15 m/s were removed, as they were out of
the operational range of the micro propellers (see section 3). Thus, not each physical test
contains 20 pairs of he(B/2) and ucn(B/2). Fig. 17 shows the h¢(B/2) values of each
physical test compared to ucn(B/2).
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Fig. 16. Measured and estimated distribution of OFV in the middle of the breakwater crest, uc
(B/2), and 90% confidence interval.

Fig. 17 shows no clear correlation between measured h¢(B/2) and ucn(B/2). This result
agrees with that of Hughes et al. [18], where no correlation was found between the OLT
and OFV corresponding to the same overtopping event. It is noteworthy that the OLT
and OFV (peak values) of the same overtopping event may not be simultaneous in time.

In this study, a statistical analysis was conducted to analyze the possible dependency of
the OLT and OFV in the same overtopping event. In this case, the data were not Gaussian
distributed; therefore, nonparametric statistical methods were used.

First, a hypothesis test based on the nonparametric Wald—Wolfowitz randomness test
was used [28]. The null hypothesis (Ho) corresponds to the independency of the
maximum values of the OLT, h¢(B/2), and the OFV corresponding to the same
overtopping event, ucn(B/2). To apply the Wald—Wolfowitz randomness test, a minimum
of eight pairs of values is required; therefore, it is applicable only to 47 physical tests.
Using the level of significance of a = 0.10, Ho was only rejected in five cases. The
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number of rejected cases has a binomial distribution with N = 47 and probability of
rejection of the null hypothesis p = 0.1 (q = 0.9). The mean value is Np = 4.7 and the
standard deviation is ,/Npq = 2.1. Using a significance level of a = 0.10, Ho should be
rejected only if the number of rejected tests is higher than seven cases (4.7 + 1.28 x 2.1);
five (less than seven) rejected cases implies that the independence between h¢(B/2) and
Ucn(B/2) (Ho) is not rejected in this nonparametric test.
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Fig. 17. Comparison of he(B/2) and ucn(B/2) corresponding to the same overtopping event.

An additional nonparametric correlation test is proposed in this study to verify the
independency of h¢(B/2) and ucn(B/2). This second test is based on the idea that if a
significant correlation exists between h¢(B/2) and ucn(B/2) corresponding to the same
overtopping event, the mean value of their product is significantly higher than the one
obtained randomly reordering ucn(B/2) within each test. In this hypothesis test, the Ho
corresponds to the independence between he(B/2) and ucn(B/2). A scheme of the test is
depicted in Fig. 18.
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The N highest OLT values of each physical test hc(B/2);;, with the corresponding OFV
values, ucn(B/2)ij were selected, where i= 1,...,66 is the test order number and j = 1,...<20
is the data rank. They were multiplied to obtain a fictitious overtopping discharge, g;,
and the average of these fictitious overtopping discharges within the same physical test
was calculated g;. Subsequently, ucn(B/2);; values were randomly re-arranged within
each test and associated to he(B/2);j; this re-arrangement was repeated 100 times to obtain
(ucn(B/2)ij), where k = 1,2,...,100 is the resample order number. New fictitious
overtopping discharges were obtained, (i), and 100 new average fictitious overtopping
discharges were calculated (g;), for each physical test. Consequently, 6,600 (66 x 100)
new average fictitious overtopping discharges (g;), were obtained and compared to g;
obtained from the 66 tests without any re-arrangement.

If the OLT and OFV were correlated, g; would be higher than (g;) frequently. If he(B/2)
and ucn(B/2) are independent (null hypothesis Ho), the number of cases where g; >
(@i is a binomial distribution with N = 6,600, and the probabilities of acceptance and
rejection of the hypothesis p = q = 0.5. The mean value is Np =3,300 and the standard

deviation is ./ Npq = 41. The null hypothesis will be rejected if the number of cases with

q; > (g;)x exceeds 3,352 (3,300 + 1.28 x 41), using a significance level a= 0.10. From
6,600 cases, only 3,172 (<3,352) cases have gq; > (g;),. Subsequently, the Ho, i.e.,
independence between h¢(B/2) and ucn(B/2), is not rejected.

According to these results, the OLT and OFV corresponding to the same overtopping
event are not correlated. This implies that the wave conditions and structure geometry
determine the magnitude of the overtopping event (see sections 4 and 5); therefore, the
OLT and OFV statistics tend to increase or decrease with similar variables. Nevertheless,
contrary to intuition, a relatively high OLT during a specific overtopping event do not
necessarily correspond to a relatively high OFV, and vice versa.

8. Conclusions

The increasing social concern on the visual impact of coastal structures and climate
change effects on the coast (e.g., sea level rise) tends to reduce the crest freeboards and
increase overtopping rates. The overtopping hazard must be considered in the design and
adaptation of the existing coastal structures. The mean overtopping rate is typically
considered to design the crest of mound breakwaters. The OLT and OFV on the crest are
also relevant for the hydraulic stability of the armored crest and rear side, as well as
pedestrian safety when standing on the breakwater crest.
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In this study, 123 physical tests of conventional mound breakwaters using a single-layer
Cubipod® armor, a double-layer rock armor, and a double-layer randomly-placed cube
armor were performed on the LPC-UPV wave flume. 66 tests measured both the OLT
and OFV, while 57 additional tests measured only the OLT. The OLT on the model crest
was measured with a conventional capacitance wave gauge, providing reliable
measurements with a low level of noise. The OFV on the crest was measured using three

miniature propellers.

166

Fig. 18. Scheme of the correlation test.




Chapter 8. Scientific Publications

A new method is proposed to estimate the OLT exceeded by 2% of the incoming waves
at the middle of the breakwater crest, hc20(B/2). It is based on Egs. (15) to estimate the
run-up Ruay proposed by EurOtop [1] for mound breakwaters, but using roughness
factors calibrated with the experimental results given in this study: y,= 0.33 (Cubipod®-
1L), 0.48 (rocks-2L), and 0.35 (cubes-2L). The new method estimated hc20(B/2) with
Egs. (5) and (7) proposed by Schiittrumpf and Van Gent [14] for dikes, but using the
empirical coefficients can” = 0.52 and c¢n” = 0.89 calibrated in this study. The relative
Mean Squared Error was 0.149<rMSE <0.183.

To describe the OLT distribution at the middle of the breakwater crest h¢(B/2) with
exceedance probabilities under 2%, an exponential distribution function (K = 4.2) was
proposed, as shown in Eq. (16). K; was calibrated using experimental observations
(rMSE =0.162).

A new method was also proposed to estimate the OFV exceeded by 2% of the incoming
waves at the middle of the breakwater crest, uc2(B/2). The formula to estimate
Uc.2%(B/2) is given by Eq. (17). The empirical coefficient of the proposed model was
calibrated using the experimental observations for each armor layer: K, = 0.57
(Cubipod®-1L), 0.47 (rocks-2L) and 0.60 (cubes-2L): 0.114<rMSE< 0.233.

The OFV distribution with exceedance probabilities under 2%, uc(B/2), was described
with a Rayleigh distribution function (Ks= 3.6), according to Eq. (18). Kswas calibrated
with the experimental data (rMSE = 0.271).

Finally, the correlation between OLT and OFV corresponding to the same extreme
overtopping event was analyzed using two nonparametric tests. The statistics of the OLT
and OFV were clearly related; however, contrary to intuition, the OLT and OFV values
corresponding to the same overtopping event appeared to be independent; the null
hypothesis of independence was not rejected at a significance level of 10%.

The results are valid for mound breakwaters (0.34<R¢/Hs<1.75) with armor slope V/H =
2/3 on a gentle sea bottom (m = 1/50).
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APPENDIX A. Test matrix

This appendix shows the test matrix used in this study. Wave runs of Nw=1,000 waves
following a JONSWAP spectra (y = 3.3) were generated. R is the crest freeboard, hsis
the water depth at the toe of the structure, Hsq is the significant wave height in the
generation zone, Tm-1,0 is the spectral mean wave period, Hs=4(mo)*? is the significant
wave height at the toe of the structure, Hyo is the average wave height of the highest
tenth waves, Hay is the wave height exceeded by 2% of the waves and PoL=Nov/Nw,
where No. is the number of OLT events.

Test R¢ hs Hsg Tm-10 Hs Huio/Hs  Has/Hs PoL

#  (mm) (mm) (mm)  (s)  (mm) G G

1 1204 2004 99.8 1.14 92.3 1.38 151 5.0%
2 120.5 2005 108.6 1.22 100.0 1.39 1.53 8.2%
3 1206 2006 1175 1.23 106.2 1.40 154 15.7%
4 120.8 2008 125.6 1.22 110.6 141 155 21.1%
5 1213 2013 1345 1.29 117.1 1.42 156 27.4%
6 1215 2015 1452 1.32 122.1 1.43 157 33.1%
7 1216 2016 152.6 1.35 125.2 1.44 158  39.4%
8 1217 2017 161.8 1.41 129.4 1.45 159  45.0%
9 1219 2019  168.7 1.42 130.7 1.45 159 50.1%
10 1221 202.1  180.2 1.39 131.2 1.45 159  58.4%
11 122.3 2023 1894 154  136.0 1.46 160 61.0%
12 1200 2000 1984 1.53 136.1 1.46 160 68.4%
13 1204 2004  206.5 1.56 136.9 1.46 160 68.9%
14 120.1  200.1 86.0 1.60 89.0 1.35 1.48 5.2%
15 120.3  200.3 97.9 1.73 102.5 1.40 154 13.1%
16 1204 2004  108.3 1.73 110.9 141 155 23.5%
17 1206 2006 1174 1.79 117.9 1.43 157 34.9%
18 1209 2009 127.2 1.79 124.5 1.44 158 42.2%
19 121.3 2013 136.9 191 1315 1.45 159 52.4%
20 121.8 2018 1438 2.05 134.3 1.45 160 61.2%
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Test Rc¢ hs Hsg Tm-1,0 Hs Ha/10/Hs Haos/Hs

#  (mm) (mm) (mm) (s) (mm) ) ) Po

5T 1226 2006 1535 206 137 146 16l 68.0%
22 1200 2000 1583 208 1392 146 161 747%
23 1210 2010 1671 2090 1412 147 161 77.1%
24 1220 2020 1761 208 1426 147 162 83.0%
25 1232 2032 1848 221 1450 147 162 864%
26 702 2502 8149 102 747 132 145 63%
27 703 2503 9075 113 847 133 147 12.1%
28 704 2504 9859 114 918 134 148 208%
29 704 2504 10882 L2l 1017 136 149  293%
30 706 2506 11804 119 1088 137 150 422%
31 707 2507 12689 122 1162 138 152 54.6%
32 710 2510 13609 127 1243 139 153 656%
33 713 2513 14516 137 1327 140 154 738%
34 718 2518 15258 136 1379 141 155 83.9%
35 728 2528 16274 144 1436 142 156 87.6%
36 738 2538 17302 149 1493 143 157 98.9%
37 750 2550 18262 152 1538 143 158 07
38 767 2567 19263 158 1583 144 158 1?,2'0
39 782 2582 19821 157 1592 144 158 07
40 799 2599 20567 160 1613 145 159 1%2'0
41 713 2513 7627 155 765 132 145 11.9%
42 716 2516 8719 165 886 134 147  26.6%
43 700 2500 9599 176 997 136 149 388%
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Test Rc¢ hs Hsg Tm-1,0 Hs Ha/10/Hs Haos/Hs PoL
#  (mm) (mm) (mm) (s (mm) ) )
44 703 250.3 106,51 1.75 1102  1.37 151  54.3%
45 70.8 250.8 11458 1.83 118.4 1.38 152 65.1%
46 719 2519 12529 187 128.8 1.40 154 82.9%
47 70.0 250.0 133.68 201 136.9 141 1.55 1?,2'0
48 719 2519 14218 211 144.6 1.42 156 98.6%
49 740 2540 150.71  2.00 148.7 1.43 1.57 1?,2'0
50 700 2500 16075 209 1540 143 158 00
51 70.3 250.3 168.62 217 158.0 1.44 1.58 1?)2'0
52 70.6 2506 177.19 214 161.7 1.45 1.59 1?)2'0
53 71.3 2513 18192 224 164.4 1.45 1.59 1?)2'0
54 120.0 200.0 62.78 0.91 57.0 1.31 1.44 <2%
55 120.2 200.2 71.75 1.00 65.9 1.33 1.46 <2%
56 120.3 200.3 80.79 1.03 74.3 1.35 1.48 <2%
57 120.3 200.3  90.65 1.14 84.8 1.37 1.50 <2%
58 120.0 2000 75.22 1.54 77.3 1.35 1.48 <2%
59 70.0 150.0 62.13 0.96 56.7 1.29 1.42 <2%
60 70.1 150.1 72.71 0.94 66.1 1.31 1.44 <2%
Table A. 1. Test matrix for single-layer Cubipod® armored model.
Test Rc hs Hsg Tm10 H;s Huwo/Hs  Hoo/Hs PoL
#  (mm) (mm) (mm) () (mm) ¢) )
1 151.4 200.3 1139 1.23 103.9 1.40 154  6.40%
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Test Rc¢ hs Hsg Tm-1,0 Hs Hai/10/Hs Haos/Hs

P

# (mm) (mm) (mm) (s)  (mm) Q) Q) o

2 151.8 200.7 1219 122 1085 1.41 155  7.90%
3 1511 2000 1309 127 1149 1.42 1.56 120)?0
4 1513 2002 835 160  86.9 1.37 150 3.20%
5 1513 2002 942 1.73 993 1.39 153 8.80%
6 1515 2004 1046 1.73  108.0 1.41 1.55 1?%20
7 1519 2008 1132 1.79 1165 1.42 1.56 29;:30
8 1521 2010 1218 179 1219 1.43 1.57 370)30
9 1021 251.0 790 1.02 725 1.32 145 2.30%
10 1011 2500 878 113 812 1.33 146 5.64%
11 1017 2506 966 114  89.7 1.34 147 9.83%
12 1011 250.0 1046 121 973 1.35 1.49 1%)5’4
13 1012 250.1 1155 1.19 1081 1.37 1.50 2?%14
14 1013 2502 1238 122 1139 1.38 1.51 3?,23
15 1017 250.6 1305 1.27 1205 1.39 1.52 4?,)5’0
16 1011 2500 742 155 744 1.32 145 6.30%
17 1012 250.1 848 165  86.2 1.34 1.47 1?,)?0
18 1014 2503 954 1.76  99.2 1.36 1.49 3?%10
10 1011 2500 1052 175 1090  1.37 150 °L40

%

171



Overtopping flow on mound breakwaters under depth-limited breaking wave conditions

Test R¢ hs Hsg Tm-1,0 Hs Hu1o/Hs  How/Hs PoL
#  (mm)  (mm) (mm) ()  (mm) ) )
20 101.2 250.1 1119 1.83 117.2 1.38 1.52 6?)):10
21 101.3 250.2 1225 1.87 126.6 1.39 1.53 6?%50
22 151.1  200.0 62.7 0.89 57.0 1.31 144 <2%
23 151.4  199.7 71.1 1.00 65.4 1.33 1.46 <2%
24 151.7 1995 79.7 1.00 73.1 1.34 148 <2%
25 1511 200.0 86.9 1.10 80.7 1.36 1.49 <2%
26 151.2  199.9 96.5 1.16 89.8 1.37 151 <2%
27 151.3 199.8 105.0 1.20 97.0 1.39 1.52 <2%
28 1511 200.0 73.1 1.54 75.2 1.35 1.48 <2%
29 101.1  250.0 60.4 0.91 55.1 1.29 142 <2%
30 101.6  249.6 69.4 0.96 63.3 1.30 143 <2%
Table A. 2. Test matrix for double-layer rock armored model.
Test R¢ hs Hsg Tm-1,0 Hs Hi1o/Hs  Hoow/Hs PoL
#  (mm)  (mm) (mm)  (s)  (mm) Q) Q)
1 111.7 2494 81.7 1.09 75.6 1.32 1.45 2.8%
2 1119 2492 91.0 1.16 84.9 1.33 147 4.4%
3 112.0 249.1 97.9 1.15 91.2 1.34 1.48 7.3%
4 112.3 2488 107.9 1.19 100.3 1.36 1.49 10.6%
5 112.4  248.7 1164 1.21 108.1 1.37 1.50 14.0%
6 1111 2500 126.1 1.29 117.3 1.38 1.52 21.8%
7 111.3 2498 1371 1.37 127.0 1.40 153 27.1%
8 1115 2496 1464 1.36 132.4 1.40 154  32.5%
9 111.8 249.3 155.0 1.45 140.0 141 155  36.9%
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Test Rc¢ hs Hsg Tm-1,0 Hs Hai/10/Hs Haoe/Hs

#  (mm)  (mm) (mm) ()  (mm) () () Pot

10 1121 2490 1634 1.49 145.2 1.42 156 41.9%
11 1125 2486 1753 1.49 150.0 1.43 157  48.9%
12 1129 2482 1822 1.52 153.6 1.43 158 51.8%
13 1111 2500 186.6 1.57 156.5 1.44 158 55.8%
14 1115 2496 1904 1.57 157.6 1.44 158  58.0%
15 1111 250.0 69.3 1.55 69.5 131 1.44 2.2%
16 1116 2496 80.2 1.70 82.3 1.33 1.46 6.4%
17 1119 249.2 91.7 1.72 94.7 1.35 148 12.9%
18 1120 2491 101.2 1.77 105.1 1.36 150 22.1%
19 1111 2500 107.9 1.95 114.3 1.38 151 30.7%
20 1115 2496 1183 1.88 123.0 1.39 153  44.8%
21 1119 2492 1269 2.04 132.1 1.40 154  52.9%
22 1124  248.7 1355 2.08 139.7 1.41 155 61.5%
23 1132 2479 1415 2.08 1440 1.42 1.56 1?)2'0
24 1146 2465 1512 2.10 148.7 1.43 1.57 80.3%
25 116.1 2450 162.0 2.24 155.3 1.44 158 87.4%
26 1111 2500 1734 2.25 160.9 1.44 159 92.3%
54 612 299.9 72.7 0.91 66.8 1.29 1.42 2.4%
28 61.3 299.8 81.7 0.97 74.9 1.30 1.43 8.7%
29 614  299.7 89.3 1.04 82.4 131 144  16.1%
30 61.5 299.6 98.9 1.09 91.8 1.32 145 21.9%
31 61.9 299.2 107.6 1.12 99.9 1.33 146  27.7%
32 62.1 299.0 1156 1.18 108.4 1.34 147  29.4%
33 622 2989 1242 1.23 114.8 1.35 148  32.6%
34 62.5 2986 1318 1.13 1235 1.36 150 34.4%
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Test

Re

hs

Hsg

Tm—l,O

Hs

Ha10/Hs

H2oe/Hs

#  (mm)  (mm) (mm) ()  (mm) () ¢ Pot

35 62.7 2984 1373 1.28 128.7 1.37 150 38.4%
36 63.2 2979 1470 1.34 138.3 1.38 151 412%
37 63.7 2974 1547 1.40 143.3 1.38 152 43.8%
38 61.1 300.0 164.7 1.38 151.6 1.39 153  50.3%
39 625 2986 1734 1.55 160.0 1.40 154  50.3%
40 640 2971 1809 1.54 163.8 1.41 155 48.9%
41 658 2953 190.1 1.55 169.0 1.42 156  45.8%
42 68.4 2927 1994 1.62 175.1 1.42 156 47.2%
43 61.1  300.0 70.5 1.54 69.5 1.29 142  10.0%
44 612 2999 81.1 1.65 80.9 131 144 21.5%
45 61.3 2998 90.8 1.76 925 1.32 145  345%
46 620 299.1 99.6 1.77 101.6 1.33 147  43.3%
47 62.7 2984 108.6 1.92 1129 1.35 148  59.9%
48 61.1 300.0 1166 1.90 120.7 1.36 149  72.6%
49 62.0 299.1 126.0 2.05 1315 1.37 151 82.2%
50 1111  250.0 54.4 0.95 49.6 1.28 1.41 <2%
51 111.3 2498 62.6 0.95 57.0 1.29 1.42 <2%
52 1111 250.0 729 1.04 66.9 131 1.44 <2%
53 61.1  300.0 64.3 0.91 59.0 1.28 1.41 <2%
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Abstract:

The crest elevation of mound breakwaters is usually designed considering a tolerable
mean wave overtopping discharge. However, pedestrian safety, characterized by the
overtopping layer thickness (OLT) and the overtopping flow velocity (OFV), is
becoming more relevant due to the reduction of the crest freeboards of coastal structures.
Studies in the literature focusing on OLT and OFV do not consider the bottom slope
effect, even if it has a remarkable impact on mound breakwater design under depth-
limited breaking wave conditions. Therefore, this research focuses on the influence of
the bottom slope on OLT and OFV exceeded by 2% of incoming waves, hc 2y and Uc 2.
A total of 235 2D physical tests were conducted on conventional mound breakwaters
with a single-layer Cubipod® and double-layer rock and cube armors with 2% and 4%
bottom slopes. Neural networks were used to determine the optimum point to estimate
wave characteristics for hc 20 and uc 29 calculation; that point was located at a distance
from the model toe of three times the water depth at the toe (hs) of the structure. The
influence of the bottom slope is studied using trained neural networks with fixed wave
conditions in the wave generation zone; hc 2y slightly decreases and uc 20 increases as the
gradient of the bottom slope increases.

Keywords: mound breakwater; overtopping; overtopping layer thickness; overtopping
flow velocity; bottom slope; breaking waves
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1. Introduction

Mound breakwater design criteria are evolving due to climate change effects (e.g., sea
level rise) and increasing social pressure to reduce the visual impact of coastal structures.
These phenomena lead to the reduction of their crest freeboards and an increase of the
overtopping hazard. In this context, pedestrian safety becomes relevant due to the
recreational activities that take place on the breakwater’s crest (e.g., fishing and
photography).

An admissible mean wave overtopping discharge, g (m3/s/m), is usually the criteria
considered for design purposes. Nevertheless, Franco et al. [1] suggested that the
overtopping hazard should be more directly related to individual overtopping events,
rather than mean values. When assessing the overtopping hazard to pedestrians standing
on coastal structures during overtopping events, several authors (see Bae et al. [2] and
Sandoval and Bruce [3]) have proposed using the overtopping layer thickness (OLT)
and the overtopping flow velocity (OFV) as relevant variables.

There is extensive literature on ¢ (see EurOtop 2018 [4] and Molines and Medina [5])
and individual wave overtopping volumes (see Ngrgaard et al. [6] and Molines et al.
[7]) on mound breakwaters. Nevertheless, few studies have focused on OLT and OFV
on dikes (see Schiittrumpf and Van Gent [8]) or on mound breakwaters (see Mares-
Nasarre et al. [9]). Those studies [8,9] considered variables related to wave
characteristics and structure geometry as significant when estimating OLT and OFV.
However, the bottom slope (m) has a significant influence on the type of wave breaking
at the toe of the structure. Herrera et al. [10] pointed out that the bottom slope plays an
important role in mound breakwater design; in depth-limited breaking-wave conditions,
the optimum point where wave characteristics are estimated is relevant for design and
needs to be determined.

This research focuses on the bottom slope influence on OLT and OFV during extreme
overtopping events on mound breakwaters under depth-limited breaking-wave
conditions. Two-dimensional physical tests were performed at the wave flume of the
Universitat Politecnica de Valencia (Spain), and data were analyzed using artificial
neural networks (NNs). This paper is organized as follows. In Section 2, the variables
considered in the formulas given in the literature to estimate OLT and OFV are
presented. In Section 3, the experimental setup is presented. In Section 4, the analysis
carried out with NNs is described; the optimum point to determine wave characteristics
to estimate OLT and OFV is identified, and the bottom slope effect is assessed for both
variables. Finally, in Section 5, conclusions are drawn.

2. Literature Review on Overtopping Layer Thickness (OLT) and Overtopping
Flow Velocity (OFV)

Schiittrumpf and Van Gent [8] integrated the results of Van Gent [11] (m = 1% and 0.2
< Hs/hs < 1.4, Hs being the significant wave height at the toe of the structure and hs the
water depth at the toe) and Schittrumpf et al. [12] (horizontal bottom and 0.1 < Hs/hs <
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0.3) and described the overtopping flow on dike crests using two variables: (1) the OLT
on the dike crest exceeded by 2% of the incoming waves, h¢ 2%, and (2) the OFV on the
dike crest exceeded by 2% of the incoming waves, Uc2%. These authors also proposed a
method to estimate hc 20 and uc2e based on the wave run-up height exceeded by 2% of
the incoming waves, Ruzy, obtained with the formulas proposed by Van Gent [13]. Van
Gent [13] considered Ruay as a function of the surf similarity parameter or Iribarren
number, & -1, calculated with Hs and the spectral period Tm-1,0 = m-1/mo, where m; is the
i-th spectral moment, and m; = fowS(f)f" df, being the wave spectrum S(f).
Following the Schittrumpf and Van Gent [8] method, once Ruyy is estimated, OLT and
OFV on the seaward edge of the dike crest can be obtained: ha%(Rc) = ha(za=Rc) and
Ua20(Rc) = ua(za=Rc). Figure 1 shows the variables considered in the model proposed
by the aforementioned authors, where MWL is the mean water level.

Xc
h Rc h 0 | hc(Xc=B/2)
Zp= = A= T =
a(Za=Rc)=hc(xc=0) |“°(_xfr
<t : 2
. B
Qd‘ 4 < 2
MWL T
Se— ; 2 44 4 ] 49 ;

Figure 1. Definition of the variables considered by Schittrumpf and Van Gent [8] to estimate
overtopping layer thickness (OLT) and overtopping flow velocity (OFV) on a dike.

The OLT and OFV along the seaward slope of the dike depend on the Ruyy calculated
using the formula by Van Gent [13], the elevation over the MWL, za, and the significant
wave height at the toe of the structure, Hs.

Using the previously calculated values of ha 20(za =Rc) and ua 20(za =Rc), OLT and OFV
on the crest of the dike, hc20 and uc2e%, are estimated using the distance from the
intersection between the seaward slope and the crest, X, the crest width, B, and a friction
coefficient, u (see [12] for further guidance on this coefficient).

Van der Meer et al. [14] added their new test observations on dikes (using an
overtopping simulator) to the data obtained by Schiittrumpf and Van Gent [8]. Based on
the new dataset, Van der Meer et al. [14] proposed a new method to estimate OLT and
OFV on dikes; ha 2% and ua 2y estimators considered the same variables as Schittrumpf
and Van Gent [8]. The uc2s formula included the wavelength based on the spectral
period (Tm-1,0), Lm-1,0.
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Lorke et al. [15] carried out physical model tests on dikes (horizontal bottom and 0.1 <
Hs/hs <0.3) focused on the effect of currents and wind on overtopping. Using this dataset,
the authors proposed new empirical coefficients for the hcae formulas obtained by
Schuttrumpf and Van Gent [8] as a function of the seaward slope of the dike, a.

EurOtop [4] recommended a new method to estimate OLT and OFV on dikes. The
formulas to estimate OLT and OFV along the seaward slope are equivalent to those
proposed by Schittrumpf and Van Gent [8] but consider different empirical coefficients.
As Lorke et al. [15], EurOtop [4] considers these empirical coefficients as a function of
the seaward slope of the dike, . Regarding uc 20, EurOtop [4] suggests the formula given
by Van der Meer et al. [14].

Mares-Nasarre et al. [9] adapted the formulas given by Schiittrumpf and Van Gent [8]
to estimate hcu(Xc = B/2) on mound breakwaters with m = 2% and 0.2 < Hs/hs < 0.7.
These authors proposed new empirical coefficients and roughness factors for three armor
layers (Cubipod®-1Layer, randomly placed cube-2Layers, and rock-2Layers). Mound
breakwaters (permeable structures) and dikes are different structures, but he 20(xc = B/2)
seems to be related to the same variables. Regarding uc20(Xc = B/2), it is calculated as a
function of the squared root of hc 2e(Xc = B/2).

Table 1 summarizes the variables considered in the models proposed by the
aforementioned authors to estimate hc 29 and U 29.

It can be concluded from Table 1 that only geometric variables of the coastal structure
and wave characteristics at the structure toe were considered in the formulations given
in the literature to estimate h 0% and uc20. Even if Van Gent [11], Schittrumpf and Van
Gent [8], and van der Meer et al. [14] were considering physical tests under depth-
limited breaking-wave conditions, none of them considered the bottom slope (m) as a
significant variable or analyzed the optimum point for measuring wave characteristics.
Here, the optimum point to estimate incident wave characteristics is considered to be the
point where the error in the estimation of OLT and OFV is lowest.

3. Experimental Methodology

Two-dimensional small-scale physical tests were carried out in the wave flume (30 m x
1.2 m x 1.2 m) of the Laboratory of Ports and Coasts at the Universitat Politecnica de
Valéncia (LPC-UPV), with a piston-type wave maker and two bottom slope (m)
configurations. The first configuration corresponded to a continuous ramp of m = 4% all
along the flume. The second configuration was composed by two ramps: one 6.3 m long
and of which m = 4%, and one 9.0 m long and of which m = 2%. Figure 2 presents the
longitudinal cross-sections of the LPC-UPV wave flume configurations as well as the
location of the free surface wave gauges.
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Author Hs Tm-1,0 a R B M Lm-1,0 m
Schattrumpf and Van x x «
Gent [8]
Ma2% 7an der Meer et al, [14] X X X
EurOtop [8] X X X
Schittrumpf and Van X X x
Gent [8]
UAZ% \7an der Meer etal. [14]  x X X
EurOtop [8] X X X
Schiittrumpf and Van « « % x  x
Gent [8]
he 2% Lorke et al. [15] X X X X
EurOtop [8] X X X X
Mares-Nasarre etal. [9]  x X X X X
Schiittrumpf and Van « « % x «
Gent [8]
Ug.2% Vander Meeretal. [14] X X X X X
EurOtop [8] X X X X X
Mares-Nasarre etal. [9]  x X X X X

Table 1. Summary of the variables considered for the estimation of OLT and OFV in the

literature.

The tested cross section depicted in Figure 3 corresponds to a mound breakwater with a
cota = 1.5 slope and rock toe berms. Three armor layers were tested: a single-layer
Cubipod® armor, a double-layer randomly placed cube armor, and a double-layer rock
armor. The nominal diameters or equivalent cube sizes were Dn = 3.79 cm (Cubipod®-
1L), Dn = 3.97 cm (cube-2L), and Dn = 3.18 c¢cm (rock-2L). The rock toe berm was
designed to guarantee its stability. Thus, tests in which m = 2% were performed with a
medium-sized rock toe berm (Dnsg = 2.6 cm), while tests in which m = 4% were
conducted with a larger rock toe berm (Dnsp = 3.9 cm).
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Figure 2. Longitudinal cross section of the Laboratory of Ports and Coasts at the Universitat
Politecnica de Valéncia (LPC-UPV) wave flume. Dimensions are in meters.
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Figure 3. Cross section of the tested models in the LPC-UPV wave flume (dimensions in
meters).

Two water depths (hs) at the toe of the structure were tested for each mound breakwater
model on every foreshore configuration. In the tests for which m = 4%, hs equaled either
20 or 25 cm. For the tests with the Cubipod® and rock armored models, when m = 2%,
hs was either 20 or 25 cm. For the tests with the cube armored model, when m = 2%, hs
equaled either 25 or 30 cm.

For each h;, the significant wave height (Hs = 4(mo)°®) and peak period (T;) at the wave
generation zone were calculated so as to keep the Iribarren number approximately
constant along the test series (Irp=tana/[2zxHs/(g Tp?)]°°). For each Irp, Hs at the
generation zone (Hsg) was increased in steps of 1 cm from no damage until the armor
layer failed or waves broke at the wave generation zone.

One thousand irregular waves were generated during each test following a JONSWAP
spectrum (y = 3.3). Thus, the tests lasted approximately 15 to 35 min, depending on the
mean wave period. The AWACS (Active Wave Absorption Control System) system was
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activated to avoid multireflections. Neither low-frequency oscillations nor piling-up
(wave gauge S11) were significant during the tests.

As explained in Mares-Nasarre et al. [9], two corrections were applied to the crest
freeboard because of its impact on wave overtopping: (1) the extracted accumulated
overtopping volumes during a working day, and (2) the natural evaporation and facility
leakages. These corrections produced a small increase in the considered crest freeboard
over time on the order of 10 mm for a long working day (a 3.9% variation in terms of
water depth). The crest freeboard obtained after the two previous considerations is the
one applied in the following analysis. A summary of the geometry and wave
characteristics in the test is presented in Table 2.

Armor  m[-] Re [m] B[m] hs[m] Hs [m] Tp[s] Tm-10 [S]  #tests
0.20 and
_ 206 0.07-0.12 od 006-0.18 125-268 103224 53
Cubipod 02 :
-1 24 0.20 and
4%  0.07-0.12 20 007-018 112269 103221 49
206 0.08-0.17 0'%53%”“ 0.06-0.18 1.00-268 091-225 49
Cube- :
0.27
2L 0.20 and
4%  0.06-0.12 oad 000007 125260 117233 44
2%  0.10-0.15 0'%(_’2%”‘* 007-013 1.12-215 099-1.88 21
Rock-2LL 0.26
4%  0.10-0.15 02020 0.09-0.14 125-240 119-2.06 19

Table 2. Summary of geometry and wave characteristics in the LPC-UPV tests.

A total of 11 capacitive wave gauges were located along the flume to measure the water
surface elevation (see Figure 2). Wave gauges S1-S5 were placed in the wave generation
zone following Mansard and Funke [16] recommendations, while wave gauges S6-S9
were placed close to the model. In order to minimize the error in the separation of
incident and reflected waves, Mansard and Funke [16] proposed several criteria to
calculate the distance between wave gauges as a function of the wavelength in order to
separate incident and reflected waves. Nevertheless, methods in the literature to separate
incident and reflected waves are not reliable in breaking conditions. Thus, in the model
zone where depth-limited breaking takes place, they are not applicable. The distances
from S6-S9 to the model toe were a function of the water depth at the toe of the structure,
hs. S6, S7, S8, and S9 were placed at distances 5hs, 4hs, 3hs and 2hs from the toe of the
model, respectively, following the recommendations given by Herrera and Medina [17].
Wave gauge S10 was located in the middle of the model crest, and S11 was located
behind the model.

The experimental set up also included three cameras to analyze the armor damage in the
frontal slope, on the crest, and at the rare side of the armor using the virtual net method
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[18] as explained in Argente et al. [19] and Gomez-Martin et al. [20]. Overtopping
discharges were collected and measured using a collection tank and a weighing system
behind the model during each test.

3.1. Wave Analysis

Waves were analyzed following the methodology for depth-limited breaking waves
proposed by Herrera and Medina [17] and Herrera et al. [10], and similar validations
to those proposed by the authors were conducted. Note that this methodology is
applicable when reflection is relevant but not dominant (reflection coefficient K, =
Hs/Hsj < 0.4, where Hsr and Hs; are the reflected and incident spectral significant wave
height, respectively). Figure 4 shows the reflection coefficients measured in the wave
generation zone as a function of the wave number (k = 2z/Lmo, Where Lmo is the mean
deep waters wavelength, obtained from the spectral mean wave period, Tox = mo/ms).

0.4
0.35
=
X
= 03
S
g 0.25
g 0.2
Q
<
.9 0.15
~
b
TT 0.1
< 0.05 A m=2% Cubipod®1L O m=2% cube-2L 0 m=2% rock-2L
' A m=4% Cubipod®-1L B m=4% cube-2L ® m=4% rock-2L
0
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Wave number [k]

Figure 4. Reflection coefficient, Ky, as a function of the wave number, k.

The LASA-V method [21] (Local Approximation using Simulated Annealing) was
applied in the wave generation zone to separate incident and reflected waves using wave
gauges S1-S5. Although the LASA-V method is applicable to nonlinear and
nonstationary irregular waves, it is not valid for breaking waves. Thus, it is not applicable
in the model zone where breaking occurs, as is the case with other existing methods in
the literature. Incident waves were estimated in the model zone from the total wave gauge
records, considering the reflection coefficient (K, = Hs/Hs,i < 0.4, Hsr and Hs; being the
reflected and incident spectral significant wave height, respectively) measured in the
wave generation zone. Tests without a structure were conducted in this study using an
efficient wave absorption assembly located at the end of the flume (K, < 0.25 measured
in the wave generation zone). Thus, the measured waves directly corresponded to the
incident waves. Figure 5a compares the incident significant wave height in the model
zone from the tests conducted with a structure (assuming the measured K, in the
generation zone as constant) and the incident significant wave height in the model zone
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from the tests without a structure. To quantify the goodness of fit, the relative mean
squared error (rMSE) and the correlation coefficient (r) were used. The proportion of the
variance not explained by the model is estimated by 0% < rMSE < 100%, whereas 0 < r
< 1 assesses the correlation between the variables. Thus, the lower the rMSE is and the

higher r is, the better the estimation. rMSE and r are given by Equations (1) and (2),
respectively,

1
MSE N, Z?]:l(oi - e)?
-1 _

var N, Z?’ﬁl(oi — 0)?

N, — _
;= Zi=1(0i — 0)(e;— @)

JZ (0= 0252 (e, - e

where MSE is the mean squared error, var is the variance of the observations, N, is the

number of observations, o; is the observed value, e; is the estimation value, o is the
average of the observations, and é is the average of the estimations.
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Figure 5. Comparison of the measured significant wave height in the model zone from the tests
without a structure with (a) the incident significant wave height in the model zone from the tests
conducted with a structure using Kr and (b) the incident wave height obtained using SwanOne.

As shown in Figure 5a, a high correlation was found between the incident wave heights
obtained from tests with and without a structure. Therefore, when reflection is small (K,
< 0.4), the incident significant wave height obtained from the K, measured in the wave
generation zone is a good estimator of the actual incident significant wave height. This
result agrees with those reported in [10] and [17]. However, as those authors [17]
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pointed out, measurements without a structure are more reliable when estimating
incident waves, and they were the ones used for the following analysis.

The composite Weibull distribution suggested by Battjes and Groenendijk [22] to
describe the wave height distribution in shallow foreshores has been widely validated in
the studies of mound breakwaters in depth-limited breaking-wave conditions (i.e., [6] or
[23]). This distribution was implemented in the SwanOne software [24], which was
proposed by Herrera and Medina [17] as an alternative for tests conducted without a
structure. Herrera and Medina [17] applied the SwanOne model to estimate the incident
wave height in the model zone by introducing the incident waves at the wave generation
zone. They validated this methodology comparing the measurements in the wave flume
without a structure with the results from the numerical SwanOne simulations. A similar
comparison was conducted in this study and it is presented in Figure 5b. A high
correlation was found between the experimental measurements and the predictions given
by the SwanOne model (rMSE = 3.9%, r = 0.988). Thus, the SwanOne model is a very
good estimator of the actual incident significant wave height. Since the SwanOne model
provided better results than those obtained from the experimental measurements with a
structure, the SwanOne predictions were used for the following analysis.

3.2. Overtopping Layer Thickness (OLT) and Overtopping Flow Velocity (OFV)
Measurement

As shown in Figure 2, the capacitive wave gauge S10 was located in the middle of the
breakwater crest to measure OLT. S10 was introduced into a hollow cylinder inserted in
the model; S10 was filled up with water, so as to keep the capacitive wave gauge partially
submerged. In order to keep the daily calibrated reference level constant, the upper part
of the cylinder was closed using a lid with a slot to pass the wave gauge. The cylinder
was 85 mm in diameter and 120 mm in length. Visual inspection showed a clear water
surface during the overtopping events, so aeration was considered negligible. Low noise
and low variation in the reference level were observed; the performance of S10 was
excellent. In this study, the maximum measured OLT during each overtopping event was
considered the observed h¢(B/2), as shown in Figure 6a.

The OFV was measured in 178 out of 235 physical tests using three miniature propellers
on the model crest. Miniature propellers were installed in three different positions: (1)
on the seaward edge of the model crest, (2) at the middle of the model crest, and (3) on
the leeward edge of the crest. These miniature propellers were able to measure velocities
between 0.15 and 3.00 m/s and were able to record instantaneous velocities to a
frequency of 20 Hz. From the propeller recordings, the maximum values of the OFV for
each overtopping event were obtained similarly to the OLT, as displayed in Figure 6b.

4. Analysis Using Neural Networks

Feedforward neural networks (NNSs) are techniques from the artificial intelligence field
that can be used to model nonlinear relationships between the input (explanatory) and
output (response) variables. Since overtopping is a highly nonlinear problem, NNs have
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been applied in research and practical applications such as CLASH NN [25]. NNs have
also been applied with fewer input variables and smaller datasets, with satisfactory
results, to define explicit overtopping formulae [5], to assess the influence of armor
placement on hydraulic stability [26], or to identify the most relevant variables to
estimate forces on the crown wall [27]. Thus, when the assumption of linear relationships
between variables is not valid, acceptable and reliable results may be obtained when
applying NNs rather than conventional methods, such as the case of the influence of
bottom slope on the overtopping layer thickness and overtopping flow velocity on mound
breakwaters in depth-limited breaking-wave conditions (a highly nonlinear problem).

From the experimental data presented in Section 3, OLT exceeded by 2% of the incoming
waves in the middle of the model crest, he20(B/2), and OFV exceeded by 2% of the
incoming waves in the middle of the model crest, uc20(B/2), were determined. Note that
the velocity values out of the operational range of the miniature propellers were
disregarded. As a result, 57, 30, and 80 values of uc2:(B/2) were considered for
Cubipod®-1L, rock-2L, and cube-2L models, respectively.

4.0

-~

Overtopping layer thickness (h.(B/2)) (cm) &

3.5
3.0
h.(8/2)
25
2.0

1.5

1.0
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230 250 270 0 310 330 350
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Figure 6. Example of raw records of (a) OLT in the middle of the breakwater crest, h¢(B/2), and
(b) OFV in the middle of the breakwater crest, uc(B/2).
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Each armor layer and overtopping variable (hc20(B/2) and uc20(B/2)) was studied
independently, so the analyses described in the following paragraphs are repeated three
times (Cubipod®-1L, rock-2L, and cube-2L) for each overtopping variable (hc20(B/2)
and Uc20(B/2)). The three armor units were studied independently to keep the model as
simple as possible. The diagram of this analysis is illustrated in Figure 7.

Final Blind rMSE (p5%, p50%,
7 Test (25%) e— p95%)

“_ | NN 500 random
< (75%) "W samples  mm m
(bootstrapping)

* Training: 70%
» Validation: 15%

= Test: 15%

Figure 7. Diagram of the neural network (NN) analysis conducted in this study.

Initially, the data of each armor were divided in two sections: 25% of the data was kept
for a final blind test (FBT), and 75% of the data was used for the NN training (T). The
bootstrapping technique is applied to the 75% of the data for training to generate 500
random datasets. This technique consists of the random selection of N data from N
original datasets with a probability of each datum to be selected each time of 1/N. Thus,
some data were absent in a resample, whereas some data were chosen once or more than
once. The 500 random datasets were used to train 500 NNs. The goodness of fit of these
NNs was evaluated using FBT data with rMSE. The average value of rMSE and its
variability is obtained.

Multi-layer feed-forward NNs with only one hidden layer were used, and a hyperbolic
tangent sigmoid transfer function was applied. The NN structure was composed of one
input layer of four neurons (N;i), one hidden layer of three neurons (Nn), and one output
layer of one neuron (No). The number of free parameters of the NN model is given by P
= No + Nn (N; + No + 1) = 19. Overlearning is likely to occur when P/T > 1, when P/T
= 0.63 in the worst case. Additionally, an early stopping criterion was applied to prevent
overlearning (see MATLAB® [28]), dividing the 75% dataset used for training (T) into
three sections: training (75% x 70%), validation (75% x 15%), and test (75% X 15%).
Data in the training section were used to formally train the NN, updating the biases and
weights. Data in the validation section were used to monitor the error after each training
step and to stop the training when the error on this subset starts growing (an indication
of overlearning). Data in the test section were not used during the training process, but
to compare different models as a cross validation. As previously mentioned, every armor
layer was studied independently to maintain the simplest NN; in the case of including
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the three armor layers in one NN, one or several extra input neurons would be needed
(e.g., armor element, number of armor layers). In addition, to guarantee a proper NN
training, a balance dataset is needed, so the same number of tests from each armor layer
should be used. Therefore, the number of tests used should be limited to the number of
cases of the smallest dataset. In other words, only 40 tests would be used (rock-2L), even
if 102 and 93 cases are available for Cubipod®-1L and cube-2L, respectively.

As shown in Figure 8, both hc20(B/2) and uc20(B/2) were analyzed as dimensionless
variables (he,204(B/2)/Hs and uc 206(B/2)/(Hs/Tm-1,0)). Five input variables were considered
as significant to describe OLT and OFV: the significant wave height (Hs), the spectral
period (Tm-1,0), the crest freeboard (Rc), the water depth at the toe of the structure (hs),
and the bottom slope (m). Nevertheless, only four dimensionless variables were
considered to feed the NN model (see Figure 8): m, Re/Hs, Ir = tano/(2nHs/g/Tim-1,0?) and
hs/Hs.

hc,z%(B/z)
H;

or

uc,z%(B/Z)
(Hs/Tm—l,O)

Figure 8. Diagram of the neural networks (NNs) used in this study.
4.1. Optimum Point to Estimate Wave Parameters

The method shown in Figure 7 is repeated seven times for each armor layer and
overtopping variable (7 x 3 x 2 = 42 times), modifying the incident wave height (Hs)
given to feed the model. The considered Hs values were Hs estimated at the toe of the
structure, Hs estimated at a distance of hs from the toe of the model, Hs at 2hs from the
toe of the model, as so on until 6hs from the breakwater toe.

As a result, the evolution of the percentiles of rMSE can be obtained as a function of the
distance from the model toe where Hs is calculated. Percentiles 5%, 50%, and 95% were
used to characterize rMSE. Figure 9 presents the rMSE of the NN p50% for hc 24(B/2)
while Figure 10 shows the results for uc20(B/2). Here, the x-axis represents the distance
from the toe to the structure to the point where Hs is calculated as a multiple of h;,
whereas the y-axis presents the median rMSE (p50% NN).
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Figure 9. Median relative mean squared error, rMSE, (p50% NN) of hc20(B/2) as a function of
the relative distance to the structure toe.
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Figure 10. Median rMSE (p50% NN) of uc.29(B/2) as a function of the relative distance to the
structure toe.
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The lowest rMSE for hc204(B/2) for the three armor layers was obtained around the zone
of Hs estimated at a distance of 3hs from the breakwater toe, as shown in Figure 9. In the
case of Uc20(B/2), no clear tendency was identified for the Cubipod®-1L armor. This
may be due to the low number of values for the 2% bottom slope (N = 13 for m = 2%,
and N = 44 for m = 4%). For rock-2L and cube-2L armors, the optimum point to estimate
Hs was located between 3hs and 4hs from the toe of the model (see Figure 10). Thus, a
distance of 3hs from the model toe was selected as the optimum zone to estimate Hs for
the calculation of hc20(B/2) and uc20(B/2). This point was also selected by Herrera et
al. [10] to better describe the hydraulic stability of rock-armored rubble mound
breakwaters in depth-limited wave conditions. This distance approximately corresponds
to the distance of 5H; proposed by Goda [29] and recommended by Melby [30] to
determine wave parameters, when considering Hs in breaking wave conditions for
vertical breakwaters.

4.2. Influence of the Bottom Slope on OLT and OFV

In the previous section, the optimum zone to estimate Hs for the calculation of h¢ 20,(B/2)
and uc20(B/2) was identified at a distance of 3hs from the model toe. Here, the influence
of bottom slope on hc20(B/2) and uc20(B/2) is assessed. To this end, wave conditions
were considered in the wave generation zone (Hsg and Irg), and they were propagated
along the wave flume using the SwanOne model [24] up to a distance of 3hs from the
structure toe. Five numerical flumes (see Figure 11) were considered in this propagation,
and the gradient of their bottom slope varied within the tested range (m = 2.0%, 2.5%,
3.0%, 3.5%, and 4.0%).

= == am e =m == e

Same wave conditions m = 2.0%, 2.5%, 3.0%, H, calculated
in generation | 3.5%y 4.0% at x = 3h,
—-— A -— el
SwanOne X
————————— -
Wavemaker
' |

——

‘ m=4% |‘
5.46 + 6.25 9.02 : |

e e o - - - e e e -

Figure 11. Scheme of the numerical flumes considered for wave propagation using SwanOne.

Using the wave characteristics obtained from the propagation, simulations were
conducted using NN p50%. Thus, hc2,(B/2) and uc2.(B/2) were obtained for five
different bottom slopes and the same wave conditions in the wave generation zone.
Figure 12 shows the cross-validation of NNs p50% with the final blind test data. The
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agreement between p50% NNs and the final blind-test data was very good (0.937 <r <
0.971; 0.066 < rMSE < 0.129).
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Figure 12. Comparison between measured and estimated blind test data using NN p50% for (a)
dimensionless uc,20, and (b) dimensionless hec,2v.

Figure 13 illustrates the evolution of hc20(B/2) as a function of m for different wave
conditions and the three armor layers (Cubipod®-1L, cube-2L, and rock-2L). hc 20,(B/2)
decreased for increasing values of m.

H,,=15cm, h; = 22cm
0.45 hc,Z%(B/Z)
0.40
8 8 5 - 1
03 2 2 e o A Cubipod®-1L, Ir,g=3.5
> A
030 © =) A ]
i o 8 A Cubipod®-1L, Ir,g=4.5
(]
N 0254 * A O | mcube-2t, irg=3.5
< A
0.20 A
® O cube-2L, Ir,g=4.5
0.15
® rock-2L, Ir,g=3.5
0.10
O rock-2L, Ir,g=4.5
0.05
0.00
0.020 0.025 0.030 0.035 0.040
Bottom slope (m)

Figure 13. Influence of the bottom slope (m) on OLT exceeded by 2% of the incoming waves
(hc,206(B/2)).

Figure 14 shows the progression of uc 20(B/2) for cube and rock armors when varying m
for different wave conditions and two of the three studied armor layers. uc2%(B/2)
slightly increased with increasing values of m.
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Figure 14. Influence of the bottom slope (m) on OFV exceeded by 2% of the incoming waves
(uc2%(B/2)).

5. Conclusions

Overtopping is an increasing risk on coastal structures because of the rising sea levels
caused by climate change and social demands to reduce the visual impacts. The safety
of pedestrians is a relevant issue during recreational activities on the breakwater crest
(e.g., fishing and photography). In order to assess pedestrians’ risk, the overtopping layer
thickness (OLT) and the overtopping flow velocity (OFV) have been proposed as
significant variables.

Few studies are focused on OLT and OFV estimation on coastal structures. These studies
only considered variables related to geometry and wave conditions for OLT and OFV
calculation. However, most of the mound breakwaters are built in the surf zone, and the
bottom slope is an important factor in depth-limited breaking-wave conditions.

In this study, 235 2D physical tests were conducted at the LPC-UPV wave flume with
two bottom slopes (m = 2% and m = 4%) and models of mound breakwaters with a
single-layer Cubipod® armor, a double-layer rock armor, and a double-layer randomly
placed cube armor. A total of 178 tests measured both OLT and OFV, while an additional
57 tests only measured OLT. OLT was measured using a capacitance wave gauge, while
OFV was measured using miniature propellers.

Using neural networks (NNs) and bootstrapping techniques, the optimum point to
estimate the significant wave height (Hs) to calculate the OLT exceeded by 2% of
incoming waves (hc2%(B/2)) and the OFV exceeded by 2% of incoming waves
(uc,20(B/2)) was studied for each armor. A distance of 3hs from the breakwater toe was
determined as the optimum zone to estimate Hs for the calculation of hc0(B/2) and
Uc,206(B/2).
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In order to analyze the influence of m on hc 20(B/2) and uc,20(B/2), fixed wave conditions
in the wave generation zone were propagated along five numerical wave flumes with
different bottom slopes (m = 2.0%, 2.5%, 3.0%, 3.5%, and 4.0%) using the SwanOne
software [24] up to a distance of 3hs from the model toe. Using the median rMSE NNs
(p50% NN), it is observed how hc 20,(B/2) decreases and uc20(B/2) slightly increases as
the gradient of the bottom slope increases.
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Abstract:

Mound breakwaters are usually designed to limit the mean wave overtopping rate (q) or
the maximum individual wave overtopping volume (Vmax). However, rarely do studies
focus on wave overtopping volumes on breakwaters in depth-limited breaking wave
conditions. This study analyzes 2D physical tests on mound breakwaters with relevant
overtopping rates (0.33 < Re/Hmo < 2.83) and three armor layers (Cubipod®-1L, rock-2L
and cube-2L) in depth-limited breaking wave conditions (0.20 < Hno/hs < 0.90) and with
two bottom slopes (m = 1/25 and m = 1/50). The 2-parameter Weibull distribution was
used to estimate Vmax = Vmax/(g Hmo To12) with coefficient of determination R? = 83.3%.
In this study, the bottom slope (m = 1/50 and m = 1/25) did not significantly influence
Vmax Or the number of overtopping events, Now. During the design phase of a mound
breakwater, q is required to use the methods given in the literature to estimate Vimax. Thus,
g must be estimated for design purposes when measured q is not available. In this study,
CLASH Neural Network (CLASH NN) was used to estimate g with R? = 63.6%. If the
2-parameter Weibull distribution proposed in this study is used to estimate Vmax with q
estimated using CLASH NN, the prediction error of Vmax™ is R?= 61.7%. With the method
presented in this study, the ratio between estimated and measured Vmax falls within the
range 1/2 to 2 (90% error band) when q is estimated with CLASH NN. The new
estimators derived in this study provide good predictions of Now and Vmax with a method
simpler than those in the literature on overtopped mound breakwaters in depth-limited
breaking wave conditions on gentle sea bottoms (1/50 <m < 1/25).

Keywords: mound breakwater; wave overtopping; individual wave overtopping
volumes; depth-limited breaking wave conditions; bottom slope; proportion of
overtopping events
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1. Introduction

Crest elevation is a key parameter when designing mound breakwaters due to its direct
effect on construction costs as well as visual and environmental impact. Climate change
effects (e.g., sea level rise) and increasing social concern about the visual impact of
coastal structures are leading to reductions in crest freeboards and increases in the
overtopping hazard. In this situation, coastal structure designs with reduced crest
freeboards and relevant overtopping discharges become significant. In addition, most
mound breakwaters are built in the surf zone, where they are attacked by waves breaking
on the sea bottom.

Tolerable mean overtopping discharges, g (m?/s/m), are commonly considered to design
crest elevation of coastal structures. However, the mean individual overtopping volume
(V) may be much lower than the maximum individual wave overtopping volume, Vmax
(m3/m). For this reason, Franco et al. (1994) suggested that overtopping hazard should
be directly related with individual wave overtopping events, rather than the mean
overtopping rate.

Several prediction methods exist to estimate g (e.g. Molines and Medina, 2015a, and
EurOtop, 2018), the number of overtopping events (Now = Nw Pow) and Vimax (See Molines
et al., 2019) on mound breakwaters in non-breaking conditions. Victor et al. (2012)
conducted 2D physical tests on smooth impermeable structures under depth-limited
breaking wave conditions with horizontal bottom slope and concluded that wave
breaking had a significant impact on Now and Vmax. Gallach (2018) carried out 2D
physical tests on smooth impermeable steep sloped structures in depth-limited breaking
wave conditions and two bottom slopes (m = 0 and m = 1/100). However, Gallach (2018)
did not find a significant effect of the breaking waves conditions on Vmax. N@rgaard et
al. (2014) performed 2D physical tests on rubble mound breakwaters (cota = 1.5, where
cot « is the armor slope) in depth-limited breaking wave conditions with horizontal
bottom slope. They evaluated the performance of the existing formulations, valid for
non-breaking wave conditions, for observations in breaking wave conditions and
concluded that existing formulas were underpredicting Now and overpredicting Vmax.
Therefore, the depth-limited breaking wave conditions of the incoming waves may be a
significant factor to consider.

The bottom slope highly affects the type of wave breaking at the toe of the structure.
Herreraetal. (2017) pointed out that bottom slope directly influences mound breakwater
design; the optimum point where wave characteristics are estimated needs to be
determined when in depth-limited breaking wave conditions. Mares-Nasarre et al.
(2020) found a significant effect of bottom slope on the overtopping layer thickness (hc)
and the overtopping flow velocity (uc). Mares-Nasarre et al. (2020) also determined that
the optimum point to estimate wave characteristics to calculate he and uc was located at
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a distance of 3 times the water depth from the toe of the structure. However, the influence
of the bottom slope on Vmax has not yet been analyzed.

This research focuses on the distribution of individual wave overtopping volumes F(V)
in depth-limited breaking wave conditions for mound breakwaters and the influence of
bottom slope on Vmax. This paper is organized as follows. In section 2, the literature on
individual wave overtopping volumes is examined. Neither the optimum point to
estimate wave characteristics nor the effect of bottom slope on Now and Vimax was assessed
by the studies in the literature. Section 3 describes the experimental setup with two
bottom slopes (m = 1/25 and m = 1/50) and the experimental data analysis. 2D small-
scale tests on mound breakwaters in depth-limited breaking wave conditions (0.20 <
Hmo/hs < 0.90) and three armor layers (Cubipod®-1L, rock-2L and cube-2L) were
conducted. Section 4 assesses existing estimators for Now and Vimax. None of the existing
estimators for mound breakwaters satisfactory describes Now for very low g. In section
5, the optimum point to estimate wave characteristics when calculating Now is determined
and a new Nqw estimator is developed. In section 6, the 2-parameter Weibull distribution
is considered to fit F(V); the influence of bottom slope on the two-parameter Weibull
distribution is also investigated. The quadratic utility function proposed by Molines et
al. (2019) is used in this study to take into account the higher relevance of the largest
individual wave overtopping volumes for practical applications. In section 7, the
performance of the new Now and Vimax estimators is validated using g estimators given in
the literature. Finally, in section 8, conclusions are drawn.

2. Literature review
2.1. Individual wave overtopping volumes

Van der Meer and Janssen (1994) and Franco et al. (1994) first introduced the Weibull
distribution to describe individual wave overtopping volumes for dikes, and vertical and
composite breakwaters, respectively. Later, the 2-parameter Weibull distribution was
proposed by different authors (e.g., Besley, 1999 or Victor et al., 2012) to analyze
individual wave overtopping volumes in a variety of coastal structures. The 2-parameter
Weibull distribution is given by

b
FV)=F(x <V)= 1—exp[—(g>] (@)

where F(x < V) is the non-exceedance probability of the individual wave overtopping
volume per wave, X is the individual wave overtopping volume, a is the dimensional
scale factor and b is the shape factor. Eq. (1) can also be found as:
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v/7\?
A
where A = a/V is the scale factor and V is the measured mean individual wave
overtopping volume.

F(V)=1— exp 2

If all the measured data were used for the analysis and they followed a perfect Weibull
distribution, the mean individual wave overtopping volume, ¥/, would be equal to the
mean value of the Weibull distribution, p (u = V). Under the previous hypothesis, a
relationship between A and b exists and is described by

a 1

szzr(1—+%) 3

where I is the gamma function, given by I'(z) = fooo t?~1 e~t dt. Van der Meer and

Janssen (1994) and Franco et al. (1994) recommended a value of b = 0.75 for dikes, and
vertical and composite breakwaters, respectively, which corresponds to A = 0.84
according to Eq. (3).

Besley et al. (1999) studied individual wave overtopping volumes for sloped structures,
vertical walls and composite breakwaters. These authors also referred to the results
reported by Franco et al. (1996), who highlighted the influence of wave steepness on
shape factor b for vertical walls. Franco et al. (1996) also noticed that the shape factor
b was around 0.1 higher for sloping structures than for vertical walls. Regarding sloped
structures, Besley et al. (1999) recommended values for the shape factor b as a function
of the offshore wave steepness, sop = 27Hs0/(9Tp0%), Where Hy is the significant offshore
wave height and Ty is the deep water peak period. These authors suggested b = 0.76 for
Sop = 0.02 and b = 0.92 for sop = 0.04.

Bruce et al. (2009) carried out 2D physical tests on mound breakwaters with horizontal
bottoms, 0.8 < Re/Hmo < 1.3 and 0.33 < Hmo/hs < 0.40, where Rc is the crest freeboard,
Hmo = 4(mo)*? is the significant wave height, and hs is the water depth at the toe of the
structure. These authors tested a wide variety of armor units, both double- and single-
layer armors, and analyzed the individual wave overtopping volumes higher than V.
Bruce et al. (2009) suggested a shape factor b = 0.74 and concluded that no significant
differences could be observed between the different armor units.

Victor et al. (2012) investigated individual wave overtopping volumes on smooth
impermeable steep slopes (0.36 < cot o < 2.75) with horizontal bottoms and 0.11 <
Re/Hmo < 1.69. The authors observed that the wave heights during the tests with large
Hmo did not fit a Rayleigh distribution (0.04 < Hmo/hs < 0.37), but a Composite Weibull
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distribution, and they concluded that deviations were caused by depth-induced breaking
of the largest waves. Victor et al. (2012) also observed that this wave breaking process
limited the value of the maximum individual wave overtopping volumes and decreased
the shape factor b. Moreover, these authors investigated the effect of the relative crest
freeboard, Rc/Hmo, Slope angle, a, and sgp. They concluded that the effect of Sgp (0.012 <
Sop < 0.041) was negligible and proposed Eq. (4) to estimate the shape factor b
considering the individual wave overtopping volumes higher than V.

RC
HmO

b= exp (—2.0 ) + (0.56 + 0.15 cota) (@)

Zanuttigh et al. (2013) analyzed the shape factor b for rough and smooth low-crested
structures (0 < Re/Hmo < 2), using the individual wave overtopping volumes higher than
V. These authors reported higher scatter in the data for rubble mound breakwaters than
in the data for smooth slopes. Zanuttigh et al. (2013) also pointed out that, even if
formulas considering the dimensionless crest freeboard (Rc/Hmo) gave good results for
smooth structures, they were not adequate for rubble mound breakwaters. The shape
factor b for rubble mound breakwaters was found to be related to a dimensionless mean

wave overtopping discharge, Q""=q/(g Hmo Tm-1,0) (where T,y 0 = Tn‘l and my is the k-
0

th spectral moment, m;, = fowS(f)f"df, and S(f) is the wave spectrum) similar to
Q"=0/(g Hmo To1) (Where Ty, = %) proposed by Besley (1999), and Eq. (5) was derived.

EurOtop (2018) also recommends Eq. (5) for estimating the shape factor b for armored
rubble slopes and mounds.

b= 0.85+ 1500 Q***3 (5)

Ngrgaard et al. (2014) conducted 2D physical tests on rock-armored mound breakwaters
with crown wall both in non-breaking and breaking wave conditions (0.18 < Hmo/hs <
0.50) with horizontal bottoms and 0.9 <R¢/Hmo <2.0. These authors assessed the existing
formulas in the literature for the shape factor b in non-breaking wave conditions and
concluded that they were overpredicting the largest overtopping wave volumes in depth-
limited breaking wave conditions. Ngrgaard et al. (2014) proposed Eq. (6) based on 30%
of the highest individual wave overtopping volumes.

H H
0.75 for —2% < 0.848 or 22 < 0.2
b= ", 2 o i i i (6)
—6.1+8.08 ——  for —— > 0.848 and —— > 0.2
1/10 1/10 hs

where Hao is the average of 10% of the highest waves in the test run.
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Gallach (2018) carried out thousands of 2D physical tests using bottom slopes m = 0 and
m = 1/100 for steep slopes and vertical structures in a wide range of crest freeboards (0.0
< Re/Hmo < 3.25). The author investigated the effect of depth-limited breaking wave
conditions (0.03 < Hmo/ hs <0.50) on the shape factor b and found it negligible, contrary
to results published by Victor et al. (2012) and Ngrgaard et al. (2014). Gallach (2018)
also noticed that the shape factor b was not affected by the roughness of the structure
and proposed a new formula to estimate b as function of Rc/Hmo and the structure slope,
using the largest 10% individual wave overtopping volumes. Regarding the scale factor
A, Gallach (2018) found that the best fit values were significantly different than those
given by Eq. (3).

Molines et al. (2019) analyzed the 2D physical tests conducted by Smolka et al. (2009)
on conventional mound breakwaters (1.25 < R¢/Hmo < 4.78) with crown wall in non-
breaking conditions (0.10 < Hmo/ hs < 0.32) and reported the inconsistencies in the
selection criteria of the number of overtopping events used to fit the scale and shape
factors identified by Pan et al. (2016). Molines et al. (2019) compared the fitting of A
and b of the 2-parameter Weibull distribution using 10%, 30% 50%, and 100% (with
quadratic utility function) of the highest individual wave overtopping volumes. Utility
functions are used to consider the relative relevance of the observed data; using the whole
dataset with a quadratic utility function, all the observations are used but special attention
is paid to the highest volumes. The relationship between A and b was not given any more
by Eq. (3). Note that small overtopping events significantly affect V and Now; the
estimations of A based on Eq. (3) are sensitive to small overtopping events which are not
significant for practical applications. The shape factor, b, is given as function of the
dimensionless mean wave overtopping discharge, Q"= g/(g Hmo To1), Whereas the scale
factor A depends on the shape factor b, as shown in Egs. (7) and (8), respectively, when
applying the quadratic utility function to all observed individual wave overtopping
volumes.

b= 0.63 + 1.25 exp(—3.0 - 10° Q%) @
1
A= 14 - 045 8)

Additionally, Molines et al. (2019) proposed a 2-parameter Exponential distribution to
describe individual wave overtopping volumes, given by

0= 1 |- ()
= 1- exp|- (55— ©)

where
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D= 26— 2.6exp(—3.0-10°Q") (10)
C=12-D—0.2D? (11)

2.2. Number of overtopping events

In order to assign an exceedance probability to every individual wave overtopping
volume, Makkonen (2006) recommended the Weibull plotting position formula, given
by

i
Ny +1
where F(V) is the exceedance probability of the individual wave overtopping volume per

wave, i is the rank of the individual volume, sorted in descending order (i = 1 corresponds
to Vimax) and Now is the number of overtopping events.

Lykke-Andersen et al. (2009) applied Eq. (12) to rewrite the Weibull distribution function
as:

F(V)=1- (12)

1/b

v, = AV [— ln( : )] — AV [In(N,, + 1) = In()]*/* withi=1toN,, (13)
Ny +1
By setting i = 1 in Eq. (13), Vmax can be calculated as
Viax = AV [In(N,,, + D]/? (14)

Besley (1999), EurOtop (2007) and EurOtop (2018) proposed Eq. (15), which uses Now
instead of Now+1.

Vinax = AV [ln(Now)]l/b (15)

Lykke-Andersen et al. (2009) warned that Eq. (15) would predict an inconsistent Vmax=0
for Now=1. To estimate Vmax, N0t only Now has to be estimated, using either Eq. (14) or
Eq. (15), but also the mean individual wave overtopping volume (V = qTy; Ny, /Ny,
where q is the mean overtopping discharge). Thus, q has to be estimated in order to
calculate Vmax. To this end, Besley (1999) proposed Egs. (16) and (17) for simple slopes,
and complex slope structures with return walls or berms, respectively.

ow

Bow = N,

= exp

R 1\’
—K; S 16
(T01 V9 Hmo yf) l (19)
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P,, = 55.4 Q**¢3* for0< Q*<8-107*
P,, =250 for8-107* < Q* <1072 (17)
P, =1 for Q* > 1072

where Poy is the proportion of overtopping waves, Now is the number of overtopping
events and Ny is the number of incoming waves, ¢ is the roughness factor, Hmo is the
spectral significant wave height, Q"=g/(gHmoTo1) and q are the dimensionless and
dimensional mean overtopping discharges, respectively. Besley (1999) recommended
K1=37.8 for structure slope cota=2 and K1=63.8 for cota=1. Besley (1999) proposed Eq.
(18) to estimate q.

R, 1

To1v 9 Hmo Y7

where Kz and K3 are experimental coefficients function of a. For cota=1.5, K»=8.84-10
5and K3=19.9.

q

—— =K, exp|—K
9 To1 Hmo 2 3

(18)

Ngrgaard et al. (2014) proposed a variation of Eq. (19) to extend the application of this
equation to depth-limited breaking wave conditions for 0.006<P,<0.120 and 7.3-107'<
Q'<6.2 -10°®, given by
Nyw = C; Eq.(17)
1 fOT Hmo/H1/10 < 0.848 or HmO/hS < 0.2

HmO

Hi1
10

(19)

€1 =4-6.65+9.02 for Hyo/Hy 10 > 0.848 and Hypo/hs > 0.2

Ngrgaard et al. (2014) recommended using CLASH Neural Network (CLASH NN),
described by Van Gent et al. (2007), for g estimation.

EurOtop (2018) recommended Eq. (20) for mound breakwaters with permeable crest
berms.

Uz

2
P,, = exp [— (v- In 0.02 Re ) l (20)

where Ruag is the wave run-up height exceeded by 2% of the incoming waves, calculated
as

Ruyy,
HmO

=1.65V¥r¥p ¥b$-1,0 (213)
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with a maximum value of

Rz, ' (1 00 [4 00 150 2 0) 21b
=min|{ 1.00 y ing Y .00 — , 2.
Hoy fsurging VB o (21b)

Where Vrgurging = ¥r + (Ir—1,0 — 1.8)(1 — ¥£)/8.2; v, the oblique wave attack factor

and §_; = tan a/JZnHmO/(g Tm—1,02)-

EurOtop (2018) suggested Eq. (22) to estimate q.

R
L —o09exp(-15 )

/ Hyo vy,
gHm03 mo r'f /B

Molines et al. (2019) recently proposed to estimate the proportion of overtopping waves,
Pow, valid for 0.001 < Pgw< 0.20 and 7.0-10® < Q*< 6.4-10°°, using

P,, = 480 Q**® (23)

(22)

Similar to Ngrgaard et al. (2014), Molines et al. (2019) recommended using CLASH
NN for estimating g. Table 1 summarizes the experimental ranges of the methods found
in the literature.

Table 2 presents a summary of the methods in literature to estimate Vmax 0n mound
breakwaters or permeable slopes.

3.1. Experimental setup

2D physical tests were conducted in the wave flume (30.0 m x 1.2 m x 1.2 m) of the
Laboratory of Ports and Coasts at the Universitat Politécnica de Valéncia (LPC-UPV),
with two bottom slope configurations and a piston-type wave maker. The first
configuration involved a continuous ramp of 4% slope (m = 1/25) all along the flume.
The second configuration was formed by two ramps: a 6.3 m-long m = 1/25 bottom slope,
and a 9.0 m-long m = 1/50 bottom slope. Figure 1 shows the longitudinal cross-sections
of the LPC-UPV wave flume for both configurations as well as the locations of the wave
gauges.
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Crown

Author Structure wall Re/Hmo [-] Hmo/hs [-] m [-] cota [-]
Bruce et al. Mound
(2009) breakwaters Yes 0.80-1.03 0.33-0.40 0 2
. Smooth
v|c(t200r1;t) al. impermeable  No  011-169  0.04—0.37 0 °é3$5‘
steep slopes '
Smooth
Zanuttigh slopes and i 0_2 B B 2 4
etal. (2013) rubble mound
breakwaters
Ngrgaard Rubble
ot al 9(201 p mound Yes 09-2  0.18-0.50 0 15
' breakwaters
Steep slopes
(?gc')'fg)h andvertical  No ~ 0-325  0.03-050 0,1/100 10 c _0'22;;5
structures ' '
Molines et Mound Yes 1.25-478 0.10-0.32 0 15

al. (2019) breakwaters

Table 1. Summary of the experimental ranges of the methods to estimate Vmax in the literature.
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Author q [m®/s/m] Pow [-] b [-] Al] Vmax [I/m]
Simple slopes:
« A R, 1 VN
exp |—K | ——F———
R, AT" "\To; /g Huo s 0.76 for sop = 0.02 1 _
Besley (1999) g Ty; Hmo K, exp |—K; —— — 1 AV [In(N,, )]/
9 Hmo ¥r Complex slopes: 0.92 for sqp = 0.04 r T + MV
55.4Q**%*  0< @Q*<8107*
250199 810 < Q* <1072
Q" >102
1
EurOtop A R. v \ 3 — R. 7
0.09exp|—-15 ———— H exp |— A,\Ls 0.02 v 0.85 + 1500 Q***3 1 AV[In(N,,,)]"/?
(2018) P Hoo ¥; v5) N9 0 P Rutzy, ¢ r(1+3) o)
C, X (Besley, 1999; compl.sl.)
. %3 1 B
Zma__\wwwmmvﬁ CLASH NN Where: —6.1+8.08 mso i+ WV AV[In(N,,, + D]*/*
: €, = ~665+9.02 1me 2 o b
16
) L .
Molines et al. CLASH NN 480 Q**® 0.63 +1.25exp(=3105Q") 14— 04~  AV[In(N,,, + D]/*
(2019) b
Notes:

"1 K, and K3 are empirical coefficients function of . Here, for cot(a)=1.5, K, = 8.84- 10° and K3 = 19.9

*_Nqoﬂ ﬁ Vo.m»mnza mm_.s Vo.N“m_mms\_mmOHnH.
1 S
10

*3for ﬁ > 0.848 and mma > 0.2; elsewise b=0.75.
1 S

10

Table 2. Summary of the methods in the literature to estimate Vmax for mound breakwaters or slopes structures.
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Figure 1. Longitudinal cross-section of the LPC-UPV wave flume (dimensions in meters).

In order to measure the water surface elevation, 11 capacitive wave gauges were placed
along the flume. Wave gauges S1 to S5 were located in the wave generation zone, and
these were used to separate incident and reflected waves in the wave generation zone
using the LASA-V method (see Figueres and Medina, 2004). Wave gauges S6 to S9
were placed close to the model, where depth-limited wave breaking occurs and existing
methods to separate incident and reflected waves are not reliable. The distances from the
structure toe to S6, S7, S8 and S9 were modified with the water depth at the toe of the
structure, hs. S6, S7, S8 and S9 were located at distances 5hs, 4hs, 3hs and 2hs from the
toe of the breakwater, respectively, following the recommendations given by Herrera
and Medina (2015). Wave gauge S10 was placed in the middle of the structure crest, and
S11 was located behind the model.

Random wave runs of 1,000 waves were generated following a JONSWAP spectrum
(y=3.3). The AWACS wave absorption system was activated to avoid multireflections.
Neither low-frequency oscillations nor piling-up (wave gauge S11) were significant
during the tests. Piling-up consists of an increase of the water depth around the model
caused by the accumulation of water when high overtopping rates occur. The LPC-UPV
wave flume allows the water to be recirculated through a double floor of 25 cm to prevent
it.

Test series were associated to the water depth at the toe of the model (hs). For each hs,
Tp and Hmo = 4(mo)°° at the wave generation zone were calculated so as to keep the wave
steepness approximately constant throughout each test series (Sop = 0.018 and 0.049).
For each sop, Hmo at the wave generation zone (Hmo,g) Was increased in steps of 1 cm
from no damage to failure of the armor layer or wave breaking at the wave generation
zone. The water depths at the toe of the structure were hs = 20 and 25 cm for the tests
carried out with a bottom slope m = 1/25. The water depths were hs = 20 and 25 cm for

214



Chapter 8. Scientific Publications

the single-layer Cubipod® and double-layer rock armored models with a bottom slope m
= 1/50. The water depths were hs = 25 and 30 cm for the double-layer cube armored
model with a bottom slope m = 1/50.

Due to the importance of crest freeboard on overtopping, two corrections were made: (1)
the natural evaporation and facility leakages during the tests and (2) the extracted
accumulated overtopping volumes during the working day (overtopping volumes in the
collection tank were pumped out of the flume). These lead to a small increase in the crest
freeboard along time of the order of 10 mm for a long working day.

The tested breakwater model corresponds to a mound breakwater with cota = 1.5 slope
and toe berms (see Figure 2). Three armor layers were tested: a single-layer Cubipod®
armor, a double-layer rock armor and a double-layer randomly-placed cube armor. The
nominal diameters or equivalent cube sizes were: Dn = 3.79 cm (Cubipod®-1L), Dn =
3.18 cm (rock-2L) and Dn = 3.97 cm (cube-2L). Tests with the bottom slope m = 1/50
were conducted with a medium size rock toe berm (Dnso = 2.6 cm), while tests with the
bottom slope m = 1/25 were carried out with a larger rock toe berm (Dnso = 3.9 cm) to
guarantee the toe berm stability. The range of the variables in the test is shown in Table
3. Note that wave conditions in the model zone are estimated using the SwanOne model
(see Verhagen et al., 2008), as explained in section 3.2.

Collection
Hino: T01 +0.05 RC» tank
0.00

4<Dn.53

{

20ns0 §

hs |

Figure 2. Cross-section of the breakwater model tested in LPC-UPV wave flume (dimensions in
meters).

Overtopping discharges were measured using a weighing system placed in a collection
tank behind the model during each test. Overtopping was collected using a chute in the
rear side line of the crest. The inner border of the base of the chute was aligned with the
armor layer to prevent too much wave overtopping losses. Individual wave overtopping
volumes were identified following the method developed by Molines et al. (2019), based
on a continuous record of accumulated overtopping volume. This method uses the
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derivative of the overtopping record to identify the overtopping volumes. Figure 3 shows
a photo of the experimental set up with the Cubipod®-1L armored breakwater model.

m Armor  #tests B [m] hs [m] Re[m]  Hmog[M] Hmo [m] To1 [S]

0.20 012 006-021 0.06-015 0.83-197

CC-1L 47 0.24
0.25 0.07 006-021 0.06-0.16 0.87-202

0.25 011 0.06-0.19 0.05-0.16 0.86-2.03

1/50 CB-2L 45 0.27
0.30 0.06 0.06-0.20 0.06-0.18 0.83-1.88

0.20 015 0.06-0.13 0.06-0.12 0.81-1.66

CE-2L 13 0.26
0.25 0.10 0.06-0.13 0.06-013 082-1.71

0.20 012 0.07-021 0.06-0.15 0.84-1.65

CC-1L 46 0.24
0.25 0.07 007-021 0.06-018 0.82-211

0.20 0.11 0.06-0.20 0.05-0.16 0.87-1.69

1/25 CB-2L 47 0.27
0.25 006 006-021 0.06-017 0.87-212

0.20 0.15 0.06-0.16 0.05-0.14 0.84-1.86

CE-2L 21 0.26
0.25 0.10 0.06-0.13 0.05-0.14 0.80-1.88

Table 3. Dimensions and wave conditions at the toe of the structure in 2D physical tests at the
LPC-UPV wave flume: CC-1L, CB-2L and CE-2L correspond to Cubipod® - 1L, cube-2L and
rock-2L armors.
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Figure 3. Experimental set up with the Cubipod®-1L armored breakwater model.

3.2. Wave analysis

Incident and reflected waves were separated in the wave generation zone using wave
gauges S1 to S5 applying the LASA-V method (see Figueres and Medina, 2004).
Although the LASA-V method is applicable to nonstationary and nonlinear irregular
waves, it is not valid for breaking waves.

In order to estimate the incident wave conditions in the model zone, where wave breaking
takes place, SwanOne software was used. This model assumes a Composite Weibull
distribution to describe the wave height distribution in shallow foreshores, as suggested
by Battjes and Groenendijk (2000). Following the methodology proposed by Herrera
and Medina (2015), the incident wave height in the depth-induced wave breaking zone
was estimated with the SwanOne model using the incident waves at the wave generation
zone. SwanOne model fits a JONSWAP spectrum (y=3.3) based on the given incident
wave conditions in the wave generation zone and propagates such fitted wave conditions
along a given bathymetry. Herrera and Medina (2015) validated this method comparing
the numerical SwanOne simulations with the measurements in the wave flume conducted
without any structure. The results of the validation in this study are given in Figure 4 for
both the wave generation zone (Figure 4 (a) and (c)) and the model zone (Figure 4 (b)
and (d)).
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Figure 4. Comparison between: (a) the incident wave height obtained with the SwanOne and
the measured significant wave height without a structure in generation zone, (b) the incident
wave height obtained with the SwanOne and the measured significant wave height without a
structure in model zone, (c) the incident mean period obtained with the SwanOne and the
measured mean period without a structure in generation zone and (d) the incident mean period
obtained with the SwanOne and the measured mean period without a structure in model zone.

To quantify the goodness of fit in this study, the correlation coefficient (r), the coefficient
of determination (R?) and the relative bias (bias) were calculated. 0 < r < 1 assesses the
correlation, 0 < R? < 1 estimates the proportion of the variance explained by the model
and -1 < bias < 1 provides a dimensionless measure of the bias. Thus, the higher the r,
the higher the R? and the closer the bias to 0, the better.
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where N, is the number of observations, o; and e; are the observed and estimated values,
and o is the average observed value. Figure 4 shows that the agreement is very good for
the fitted conditions in the wave generation zone (R?> 95.4%). On the other hand, in the
model zone good agreement is obtained for Hmo (R? = 96.6%) whereas poor results are
observed for To1 (R?= 24.5%). Note that decreasing values of bias were observed for Hmo
in the model zone for increasing values of hs: bias = 0.057 for hs = 0.20cm, bias = 0.021
for hs = 0.25cm and bias = -0.018 for hs = 0.30cm. SwanOne clearly overestimates Toz
measured at the model area.

During the design phase of a mound breakwater, the design wave conditions (Hme and
Toa) in the location where the structure will be built need to be estimated. Thus, in this
study, both Hmg and Tos estimated by SwanOne were used.

4. Estimations of Now and Vmax with methods given in the literature

In this section, the performance of the formulas to estimate Now and Vmax presented in
Section 2 is analyzed using the experimental data described in Section 3. As mentioned
in Section 2.2, the formulas given in the literature for estimating Now and Vmax require
knowing the mean individual wave overtopping volume, V = q Ty; N,,/N,,,. Therefore,
g needs to be estimated using formulas in the literature when direct observations are not
available. As shown in Table 2, estimators for q are suggested by the different authors
of the methods to estimate Now and Vmax on mound breakwaters. The goodness of fit of
such estimators of g was assessed using the experimental data presented in Section 3.
Figure 5 compares the observed and predicted Q" using the estimators in Table 2.

219



Overtopping flow on mound breakwaters under depth-limited breaking wave conditions

1.E-02

A Cubipod®-1L

@ rock-2L
cube-2L
1.E-03 u
* -
o 1.E-04
h~]
Q
-
(]
£
i
9 1.E-05
=}
1.E-06 5 r R? bias
o |OBesley(1999)-Eq.(18) |76.4% <0%  0.283
O EurOtop (2018) - Eq. (22)| 71.2% <0%  0.309
@ CLASH NN 2. ) -0.02
1.E-07 82.3% 63.6% -0.025
LE-07 1E-06 LE-05 LE-04 1E-03 1.E-02
measured Q*

Figure 5. Comparison between measured and estimated Q*= g/(g Hmo To1).

The q estimator recommended by Besley (1999) - Eq. (18) was applied using y; = 0.50
for rock-2L. Since this author did not propose y; for Cubipod®-1L and cube-2L, it was
not applied on those data. The g estimator proposed by EurOtop (2018) - Eq. (22) was
used with y¢ = 0.49, 0.40 and 0.47 for Cubipod®-1L, rock-2L and cube-2L, respectively.
CLASH NN was applied with ys recommemded by Molines and Medina (2015b): ys =
0.48, 0.49 and 0.53 for Cubipod®-1L, rock-2L and cube-2L, respectively. q was
estimated for 189 physical tests within the range of application of CLASH NN.

Note that the quantitative goodness-of-fit metrics in Figure 5 are given for In(Q"). As
shown in Figure 5, poor results (R? < 0%) were obtained with the formulas given by
Besley (1999) - Eqg. (18) and EurOtop (2018) - Eg. (22). On the other hand, the predictor
CLASH NN for Q" suggested by Molines et al. (2019) and Ngrgaard et al. (2014)
provided good results with R? = 63.6%.
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4.1. Estimating Now With existing methods

In this section, the performance of the formulas to estimate Now presented in Section 2.2
is assessed. Figure 6 compares the observed Now with different estimators valid for
mound breakwaters.

10,000

1,000

100

estimated N,,,

r R? bias

10 A Besley (1999) - Eq. (16) 79.2% <0% 0.340

A Besley (1999) - Eq. (17) 79.1% <0% 0.388
X N@rgaard (2014) - Eq. (19)|  76.9% 58.4% 0.176
O EurOtop (2018) - Eq. (20) 72.5% <0% 0.242

O Molines (2019) - Eq. (23) 76.9% 55.2% 0.148

1 10 100 1,000 10,000
measuredN,,,

Figure 6. Comparison between measured and estimated Now with methods given in the
literature.

All formulas were applied no matter the application range. Note that estimated g
suggested by the authors of these formulas was used in the Now predictors given by Besley
(1999) - Eq. (17), Ngrgaard et al. (2014) - Eqg. (19) and Molines et al. (2019) - Eq. (23).
The Now estimator presented in Eq. (16) by Besley (1999) was applied using the
roughness factor y; = 0.50 for rock-2L. Since this author did not recommended y; for
Cubipod®-1L and cube-2L, it was not applied on those data. K1 = 50.8 was used with
Eqg. (16) for cot o = 1.5, obtained from the interpolation of the values given for cot a = 2
and cota = 1. Eq. (20) was applied using y; given by EurOtop (2018): y; = 0.49, 0.40
and 0.47 for Cubipod®-1L, rock-2L and cube-2L, respectively.
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The quantitative goodness-of-fit metrics are given for In(Now). Egs. (19) and (23)
proposed by Ngrgaard et al. (2014) and Molines et al. (2019), respectively, provided the
best agreement with experimental data (55.2% < R? < 58.4%). Besley (1999) - Egs. (16)
and (17) and EurOtop (2018) — Eq. (20) overpredicted the values of Now and provided
poor results (R?> < 0%). Note that all the compared methods from the literature
overpredicted the values of Now < 100. Figure 6 shows that that none of the existing Now
estimators properly describe Now for the range of variables analyzed in this study. For
this reason, a new Now estimator is developed in Section 5.

4.2. Estimating Vmax with existing methods

In Section 2, several formulas to estimate the shape factor b were presented.
Nevertheless, most of them are not valid for mound breakwaters. For this reason, only
the formulas for mound breakwaters will be considered in the following comparison with
the Vmax measured in this study.

In this analysis, Now and g are estimated with the methods proposed by the authors (see
Table 2). The estimators for Now and g have been previously assessed in this Section.
The scale factor, A, was calculated using Eqg. (3) for Nergaard et al. (2014) and EurOtop
(2018), while Eq. (8) was applied for Molines et al. (2019). Vmax was estimated by Eq.
(15).

Figure 7 compares the measured and the estimated dimensional Vmax (I/m) and the
dimensionless Vimax =Vmax/(gHmoTo1%) using the methods valid for mound breakwaters.

(a) Dimensional Vmax (1/m) (b) Dimensionless Vmax*
100.0 1.E-01

N,~=1,000 N,=1,000 v Vimax

Vinax™ = 2
g Hno Tox

10.0 1.E-02

estimated Vmax*

estimated Vmax (I/m)
B R X X G [o}e]

1.0
x N@rgaard (2014) x N@rgaard (2014)

O EurOtop (2018) O EurOtop (2018)

2 B Molines (2019) 9 B Molines (2019)
0.1 1.E-04
0.1 1.0 10.0 100.0 1.E-04 1.E-03 1.E-02 1.E-01
measured Vmax (I/m) measured Vmax*

Figure 7. Comparison between measured and estimated (a) Vmax (I/m) and (b)
dimensionless Vimax".
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Vmax  Measured in this study agreed well with estimations given by Ngrgaard et al.
(2014) and Molines et al. (2019) with higher scatter for Vimax < 5 I/m and Vmax < 2:1073,
Note that Molines et al. (2019) was developed for mound breakwaters with crown wall
in non-breaking wave conditions. Thus, depth-limited breaking may not have a
significant effect on Vma. Table 4 presents the quantitative measurements of the
goodness of fit as well as the number of variables and parameters of the methods shown
in Figure 7. The quantitative goodness-of-fit metrics in Table 4 are given for In(Vmax)
and In(Vimax).

Author Vmax (I/m) Vinax™ (-) # parameters  # variables
r 88.8% 79.0%
Ngrgaard et 5 0 0
al. (2014) R 78.4% 61.8% 13 3
bias 0.148 -0.002
r 83.0% 38.2%
EurOtop
R? < 0% < 0% 12 4
(2018) ° °
bias 2.222 0.173
r 89.1% 79.8%
Molines et al.
R? 78.8% 63.0% 7 1
(2019) ’ ’
bias -0.023 -0.017

Table 4. Goodness-of-fit metrics for the methods in the literature to estimate Vmax.

5. Estimating of the number of overtopping events, Now
5.1. A new formula to estimate Now

As shown in Section 2, most of the existing estimators of Pow = Now/Nw are a function of
a power of Q", as Egs. (17), (19) and (23). Methods by Ngrgaard et al. (2014) - Eq. (19)
and Molines et al. (2019) - Eq. (23) provide good results within their range of application,
but they do not properly estimate Pow for very low or very large Q". When Q" is very
small, Pow should tend to 0, and when Q" is very large, Pow should tend to 1. Therefore,
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an exponential model may be better than a power law of Py, because it is good for very
low and very high values of Q"

In this study, a clear correlation was found between Poy and Q”, as previously observed
by Besley (1999), Ngrgaard et al. (2014) and Molines et al. (2019). Therefore, an
exponential function of Q" was proposed and G and Gz in Pow = exp (-G1/ Q*¢?) were
calibrated based on the 219 tests maximizing R? of InNow. The three armor layers tested
in this study are not distinguished in the analysis (Bruce et al., 2009).

As exposed in Section 1, in depth-limited breaking wave conditions, the optimum point
where wave characteristics are estimated is relevant for design and needs to be
determined (Mares-Nasarre et al., 2020). Thus, G; and G2 were calibrated considering
wave characteristics at several distances from the structure toe in Q"= /(g Hmo To1). Hmo
and To; were estimated with SwanOne at distances x=0, hs, 2hs, 3hs, 4hs, 5hs and 6hs from
the model toe. No significant differences were observed; G;=-0.1 and G»=0.3 were
obtained for Hmo and Toz estimated between the model toe and at 6hs from the model toe.
In this study, wave characteristics estimated at a distance of 3hs from the model toe are
used, following Herrera et al. (2017) and Mares-Nasarre et al. (2020)
recommendations. Note that this distance is approximately the same as x=5Hmo,
suggested by Melby (1999) and Goda (1985) to determine wave characteristics in
breaking wave conditions. Figure 8 compares the experimental data and Eq. (27) with R?
= 91.9%, as well as the 90% error band.

b Now -0.1
ow — Nw = exp Q*O.S (27)

where Pow=Now/Ny is the proportion of overtopping waves and Q" is the dimensionless
wave overtopping discharge, Q"= g/(gHmoTo1).
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Figure 8. Comparison between observed number of overtopping events, Now, and estimated Now
given by Eqg. (27) using wave characteristics estimated at a distance of 3hs from the model.

In this study, the methodology given in Herrera and Medina (2015) and applied in works
such as Mares-Nasarre et al. (2019) is used to estimate the 90% error band. Thus, a
Gaussian distribution of the error (¢) is assumed, with 0 mean and the variance given by

a2(¢) = 0.55 —0.09 InN,,, (28)

The 95% and 5% percentiles for the Now predicted by Eq. (27) can be calculated using
Eqg. (29).

InN,,, |37 = InN,,, +1.64,/0.55—10.09 InN,, (29)

The range of application of Eq. (26) is 0.002 < Poy <0.53 and 7.2-107 < Q" <6.9-10.
Eq. (26) properly extrapolates the prediction of Pow=0 when Q"=0 and Pow=1 when

Q*—>OO.
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5.2. Influence of bottom slope on Now

In Section 3, the experimental setup using two bottom slope configurations with m =
1/50 and m = 1/25 was described. No significant difference between bottom slopes m =
1/50 and m = 1/25 was observed in the scatter plot. A statistical analysis was performed
to determine if Now are equally distributed for different bottom slopes. Since the data
were not Gaussian distributed, a nonparametric Mann-Whitney test (Mann and Whitney,
1947) was applied. In this test, the null hypothesis (Ho) corresponded to Now not being
affected by the bottom slope. Based on 103 tests with a bottom slope m = 1/50 and 116
tests with a bottom slope m = 1/25, Ho was not rejected using a significance level o =
0.10. Thus, in this study the bottom slope does not show any significant influence on
Now.

6. Estimating of the maximum individual wave overtopping volume, Vimax
6.1. A new method to estimate Vmax using the 2-parameter Weibull distribution

The maximum individual wave overtopping volume, Viay, is estimated using Eg. (15).
Then, Vmax depends on the number of overtopping events, Now, Shape and scale factors
of the Weibull distribution, A and b, and ¥V = Viota/Now. As previously mentioned, both
A and b obtained for each test are fitted using a quadratic utility function applied to the
whole individual wave overtopping volume dataset. Tests with very low values of Now
(Now < 5) were not used in this analysis to prevent inconsistencies caused by a very low
number of observations. Egs. (30) and (31) were proposed to characterize A and b

b = Kp; + exp(Kp, Q%) (30)

A=145-0.4/b (31)

Similar to Section 5.1, Kg1 and Kgz were calibrated considering wave characteristics at
several distances from the structure toe in Q"= g/(g Hmo To1). Hmo and To1 were
determined with SwanOne at distances x = 0, hs, 2hs, 3hs, 4hs, 5hs and 6hs from the
structure toe. The goodness-of-fit of Vmax' = Vmax/(g Hmo To1%) was assessed for every
couple of coefficients calculated using Egs. (15), (30) and (31) with the measured Now
and V. Best fit was obtained between x = 2hs and x = 6hs, Kg; = 0.8 and Kgz = = -2-10°
were obtained with r = 92% and R? = 83%. Wave characteristics were decided to be
estimated at x = 3hs.

Figure 9a illustrates the relationship between Q" and b and the least-squares fitting given
by Eg. (30). Figure 9b relates A and 1/b and the least-squares fitting given by Eq. (31).
The range of application of Egs. (30) and (31) is 0.005 < P,y <0.53 and 1.3-10% < Q" <
6.9-104.
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Figure 9. Relationship between explanatory variables and the least-squares fitting of Weibull
distribution factors: (a) Weibull’s shape factor, b, in Eq. (30) and (b) Weibull’s scale factor, A,
in Eq. (31).

Figure 10 illustrates the performance of Eq. (15) to estimate Vimax =Vmax/(gHmoTo1?) when
using A and b obtained from Egs. (30) and (31) and measured Now and V7. The agreement
was good; R? = 83.3%.

The variance of the error (€) of InVimax " is $%(&) = 0.15. Thus, the 95% and 5% percentiles
for the predicted Vimax™ by Eq. (15) are given by

Vo125 = InVipay™ +0.63 (32)
Figure 11 shows an example of the fit of the 2-parameter Weibull distribution to the

measured individual wave overtopping volumes for a randomly-selected test (#22).
Figure 11 is presented in a Weibull plot:

In(=In(1=F())) = b(In(V/V) — In(4)) (33)
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Test #22 using Egs. (1), (30) and (31).
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As explained in Section 2, Molines et al. (2019) proposed a 2-parameter Exponential
distribution given by Eq. (9) to describe F(V). In this study, the 2-parameter Exponential
distribution was also fitted with good results.

6.2. Influence of bottom slope on the 2-parameter Weibull distribution

As presented in section 5.2, the influence of bottom slope on b and A estimated by Egs.
(30) and (31) is studied here. No relevant differences between the bottom slopes m =
1/50 and m = 1/25 were found. The Mann-Whitney test was applied for each parameter,
as described in section 5.2. The null hypothesis (Ho) corresponded to b and A not being
influenced by the bottom slope. Based on 97 tests with a bottom slope m = 1/50 and 106
tests with a bottom slope m = 1/25, Ho was not rejected using a significance level o =
0.10. Thus, in this case bottom slope does not show any significantly influence on Vmax.

7. Estimation of Vmax for mound breakwater designs

During the design phase of a mound breakwater, the design wave conditions (Hmo and
To1) and the structural geometry are given. The formulas given in the literature require
knowing the mean individual wave overtopping volume, V=0To:Nw/Now, and the number
of overtopping events, Now. Therefore, g and Now need to be estimated using formulas in
the literature when direct observations (e.g. sections 5 and 6) are not available. Methods
suggested in the literature to estimate q were assessed in Section 4. The best fit was given
by CLASH NN with R? = 63.6%. Thus, Q" estimated with CLASH NN was used in the
following. When using Eq. (27) developed in this study to calculate Now estimating g
with CLASH NN, r = 77.1%, R? = 58.4% and bias = 0.026. The agreement was worse
than R% = 91.9% (see Figure 8) obtained when q is measured and not estimated. Note
that the fitting of the new formula is equal to the one obtained with the method proposed
by Ngrgaard et al. (2014) (see Figure 6). However, the method proposed by Ngrgaard
et al. (2014) to estimate Now requires 3 variables and 10 parameters, while the method
developed in this study uses 1 variable and 2 parameters.

Figure 12 illustrates the goodness of fit of Eqg. (15) to estimate Vmax based on the
estimations of Now and V7 when q is estimated using CLASH NN. Egs. (30) and (31) were
applied to estimate the Weibull parameters (A, b). R? = 61.7% was obtained for Vmax =
Vmax/(QHmoTo1?). Figure 12 also presents the estimations given by Ngrgaard et al. (2014)
and Molines et al. (2019) as well as the 90% error band.
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Figure 12. Comparison of measured dimensionless maximum individual wave overtopping
volume, Vmax", and the estimated Vimax* for the Weibull distribution model using Egs. (15), (30)
and (31) and the methods for mound breakwaters in the literature.

As shown in Figure 12, the goodness of fit of the three compared methods is similar.
However, the method proposed in the present study (1 variable (v) and 6 parameters (p))
is much simpler than the method proposed by Ngrgaard et al. (2014) (v =3 and p = 13)
and simpler than the method proposed by Molines et al. (2019) (v=1and p = 7). Using
the method proposed in this study, the ratio between estimated and measured Vimax for
design purposes falls within a factor of 2.0 (90% error band).

8. Conclusions

Crest elevation of mound breakwaters is usually designed to limit the mean wave
overtopping rate (q) or the maximum individual wave overtopping volume (Vmax).
Furthermore, rising sea levels caused by climate change and mounting social pressure to
minimize the visual impact of coastal structures mean lower crest freeboards and
increased overtopping hazards. Thus, coastal structure designs with relevant overtopping
rates attacked by waves breaking on the sea bottom become relevant. Few studies have
been conducted in depth-limited breaking wave conditions. This research is focused on
mound breakwaters with significant overtopping rates (0.002 < Pow < 0.53 and 7.2-10”7
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< 0"=q/(gHmoTo) < 6.9-10) and intermediate crest elevations (0.33 < Re/Hmo < 2.83)
with armor slope cota=1.5 in depth-limited breaking wave conditions (0.2 < Hmo/hs <
0.9), considering two bottom slopes (m = 1/50 and m = 1/25).

In this study, 105 physical tests with a bottom slope m = 1/50 and 114 tests with m =
1/25 were conducted at the LPC-UPV wave flume. Individual wave overtopping
volumes were analyzed using Molines et al. (2019) methodology, based on a continuous
record of accumulated overtopping volume. In order to estimate the incident wave
conditions in the model zone, where breaking occurs, SwanOne model was used. The
performance of SwanOne when estimating wave characteristics under depth-limited
breaking wave conditions was assessed using tests without structure. The agreement was
good for Hmo (R?=96.6%), but some bias was observed for the shallowest water depth
(bias = 0.057). The agreement was poor for To: (R?=23.3%); SwanOne overestimated
the measured Toz in the model zone.

Estimators for Pow given in the literature were assessed using the experimental data; it
was observed that most existing formulas overpredict Pow for Pow < 10%. Most of the
existing Pow estimators are a function of a power of Q”, so they cannot fit the boundary
limits (Pow—0 when Q"—0 and Pow—1 when Q"—c). Hence, a new exponential
estimator is given for Poy valid for depth-limited breaking wave conditions in Eq. (27)
(R? = 91.9%).

The quadratic utility function proposed by Molines et al. (2019) was applied in this study
to all the data to fit the 2-parameter Weibull distribution for individual wave overtopping
volumes, F(V). Estimators were taken from Ngrgaard et al. (2014), EurOtop (2018) and
Molines et al. (2019) for the scale (A) and shape (b) factors of the Weibull distribution
to compare with the measured data, obtaining 0% < R? < 63.0% for the dimensionless
maximum individual wave overtopping volume, Vmax =Vmax/(gHmoTo:?). Best results
using methods given in the literature were obtained for Molines et al. (2019) whose
method was developed for mound breakwaters with crown wall in non-breaking wave
conditions. Thus, the influence of the depth-induced wave breaking or the presence of
the crest wall may not be significant.

New estimators for the factors A and b of the Weibull distribution were fitted using the
experimental data. The new Weibull (Egs. (30) and (31)) distribution provide estimations
of Vmax' With R? = 83.3% and a number of variables and parameters lower than those of
the methods in the literature. In this study, no significant influence of bottom slope (1/50
<m <1/25) was found on Now and Vimax.

During the design phase of a mound breakwater, the mean individual wave overtopping
volume (V=qToiNw/Now) is required to estimate Vimax. But g and Noyw are unknown, and
they have to be estimated using methods in the literature when direct observations are
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not available. Here, CLASH Neural Network (CLASH NN) was used to estimate q with
R? = 63.6%. Using q estimated by the CLASH NN and the new N,y estimator given in
Eq. (27), Vmax Was estimated with the 2-parameter Weibull distribution proposed in this
study. The prediction error of Vmax dropped from R? = 83.3% when ¢ and Now were
measured in the laboratory to R? = 61.7% when ¢ was estimated with CLASH NN. The
ratio between estimated and measured Vmax~ falls within a factor of 2.0 (90% error band)
for design purposes.

The estimators and conclusions derived here are valid within the experimental ranges of
this study. Therefore, it is encouraged to check their validity out of these experimental
ranges, paying special attention to the significance of the depth-limited breakage of
waves and the presence of a crown wall.
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Abstract:

Sea level rise due to climate change, as well as social pressure to decrease the visual
impact of coastal structures, have led to reduced crest freeboards, and this increases the
overtopping hazard. In previous studies, pedestrian safety during overtopping events was
assessed considering the overtopping layer thickness (OLT) and the overtopping flow
velocity (OFV). This study analyzed the statistics of OLT and OFV on mound
breakwaters without crown walls during severe wave storms. Small-scale 2D physical
tests were conducted on mound breakwaters with dimensionless crest freeboards
between 0.29 and 1.77, testing three armor layers (single-layer Cubipod®, and double-
layer cubes and rocks) in depth-limited breaking wave conditions and with two bottom
slopes. Neural Networks were used to develop new estimators for the OLT and OFV
exceeded by 2% of the incoming waves with a high coefficient of determination (0.866
< R?<0.876). The best number of significant figures in the empirical coefficients of the
new estimators was determined according to their variability. The 1-parameter
Exponential and Rayleigh distribution functions were proposed to estimate the extreme
values of OLT and OFV with 0.803 < R? < 0.812, respectively.

Keywords: mound breakwater; wave overtopping; overtopping layer thickness; overtopping
flow velocity; depth-limited breaking wave conditions; Cubipod®
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1. Introduction

Coastal hazards are increasing due to the sea level rise and stronger wave storms caused
by climate change (Camus et al., 2019). In addition, new social concerns demand
decreasing visual and environmental impacts of infrastructures. The consequences of
climate change and the satisfaction of new social demands influence coastal structure
design; reduced design dimensionless crest freeboards and higher overtopping rates must
be considered. Higher extreme overtopping events and overtopping risks are expected,
leading to the need for new tools to better consider the current design conditions. In
addition, most mound breakwaters are built in the surf zone in depth-limited breaking
wave conditions.

During extreme wave overtopping events, overtopping water flows over the breakwater
crest. The characteristics of such flow, overtopping layer thickness (OLT) and
overtopping flow velocity (OFV), are directly related to the hydraulic stability of the
breakwater crest and rear side (Argente et al., 2018), but also to pedestrian safety on the
breakwater crest (Bae et al., 2016). Pedestrian safety becomes relevant as recreational
activities such as fishing, walking or taking pictures often take place on the breakwater
(see Figure 1).

(a) (b)

Fig. 1. Pedestrians on mound breakwaters: (a) fishing in Scheveningen (the Netherlands) and
(b) taking photos in Altea (Spain).

There is extensive literature on the tolerable limits of water depth and flow velocity for
pedestrian safety under constant flow conditions (Abt et al., 1989; Endoh and Takahashi,
1995). Recently, Bae et al. (2016) and Sandoval and Bruce (2017) analyzed the stability
of human bodies under overtopping flow conditions based on physical experiments with
dummies and video images, respectively. Bae et al. (2016) also proposed tolerable limits
for OLT and OFV for pedestrian accidents under overtopping flow conditions. Several
predictors exist for OLT and OFV on dike crests (Schiittrumpf and Van Gent, 2003; van
Bergeijk et al., 2019). However, few studies are focused on OLT and OFV on mound
breakwater crests (Mares-Nasarre et al., 2020a, 2019). Mares-Nasarre et al. (2020a)
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demonstrated that the bottom slope (m) is a significant variable for estimating OLT and
OFV, but m is not considered as an explanatory variable in the estimators found in the
literature. Thus, methods given in the literature should be reviewed since none of the
studies considered the bottom slope as an explanatory variable to estimate OLT and
OFV.

This study examines the statistics of OLT and OFV on overtopped mound breakwaters
(armor slope H/V = 3/2) without crown walls during extreme overtopping events under
depth-limited breaking wave conditions and proposes new simple empirical formulas to
estimate OLT and OFV exceeded by 2% of the incoming waves in the middle of the
breakwater crest. In Section 2, the literature on OLT and OFV is analyzed, focusing on
studies conducted on mound breakwaters. In Section 3, the experimental setup and data
analysis are described; tests reported in Mares-Nasarre et al. (2020a) are used to fit the
proposed empirical formulas and distribution functions. Small-scale models of mound
breakwaters with single-layer randomly-placed Cubipod® (Cubipod®-1L), double-layer
randomly-placed cube (cube-2L) and double-layer randomly-placed rock (rock-2L)
armors were tested in the wave flume of the Universitat Politécnica de Valéncia (Spain)
with two bottom slope configurations (m = 2% and 4%). Section 4 describes the Neural
Network (NN) methodology used in this study to build up the empirical formulas with
five explanatory variables for OLT and OFV. New estimators for OLT exceeded by 2%
of the incoming waves as well as the statistical distribution function for the highest OLT
(with exceedance probabilities under 2%) are described in Section 5. In Section 6, new
estimators for OFV exceeded by 2% of the incoming waves and a statistical distribution
function for OFV (with exceedance probabilities under 2%) are proposed. Finally,
conclusions are drawn in Section 7.

2. Literature review on overtopping flow on mound breakwaters without crown
wall

Few studies (Mares-Nasarre et al., 2019, 2020a) can be found in the literature focused
on OLT and OFV on mound breakwater crests. Thus, studies performed on sloping
structures such as dikes are also reviewed in this section. It should be noted that dikes
are sloping impermeable structures with smooth gentle slopes (seaward slope H/V > 3),
whereas mound breakwaters are permeable structures (where infiltration occurs) with
steeper slopes (seaward slope H/V <2).

Schittrumpf et al. (2002) and Van Gent (2002) conducted the first studies analyzing OLT
and OFV on dikes mainly in non-breaking conditions. Schittrumpf and Van Gent (2003)
combined their previous results and described the overtopping flow on a dike using two
variables: (1) the OLT exceeded by 2% of the incoming waves (hc2s) and (2) the OFV
exceeded by 2% of the incoming waves (Uc29%). Schittrumpf and Van Gent (2003) also
proposed an empirical method to estimate hcoo and ucae, based on the wave run-up height
exceeded by 2% of the incoming waves (Ruzy) calculated using the formulas in Van
Gent (2001). Van Gent (2001) considered Ruas to be a function of the surf similarity
parameter or Iribarren number (Irm.1,0) calculated with the significant wave height (Hs =
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His3) and the spectral wave period Tm.1,0 = m.1/mo, Where m; is the i-th spectral moment
m; = f0°° S(f)ftdf, being the wave spectrum S(f). The main variables considered by
Schittrumpf and Van Gent (2003) are specified in Figure 2.

hA(ZAzRC)=hc(Xc=O) hc(xc:(ié)z(z)

®
N\
\

Fig. 2. Definition of the variables considered by Schittrumpf and Van Gent (2003) on a dike
cross-section.

According to Schittrumpf and Van Gent (2003), OLT and OFV exceeded by 2% of the
incoming waves at the seaward edge of the crest of the dike, ha2e(za = Rc) and Uaze(za =
Rc), are estimated as

hazo,(24) _ o (Ruz% - ZA) )
—Hs Ah —Hs

Uyoo (Z Ruy,y, — z

AZ/O( A) = ¢ 2% A (2)

where can and ca,” are the empirical coefficients given in Table 1 and za is the elevation
over the mean water level (0 <za <Rc). Once ha2w(za= Rc) and uaze(za= Rc) are estimated
using Egs. (1) and (2), heae and ucae can be calculated using Egs. (3) and (4).

hcz%(xc) Xc
——— = exp(—cin= (3
(R ~ 7 ("5
uc2%(xc) = exp (—C* Xc U > (4)
uAZ%(Rc) o hcz%(xc)

where ¢ and ¢, are the empirical coefficients given in Table 1, x. is the distance from
the seaward side edge, B is the crest width and  is the bottom friction coefficient.
Schattrumpf et al. (2003) proposed values of  between 0.0058 and 0.02 for smooth
slopes.
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Van Gent (2003)  Schuttrumpf et al. (2003)

RefHmo 0722 0044
Finolhs 02-14 01-03
S?;szflf/ge 1/4 113, 1/4, 1/6
Car 0.15 033
CAu* 1.30 1.37
Cor 0.40 089
Cor 050 050

Table 1. Experimental ranges and empirical coefficients for Eqgs. (1) to (4).

Therefore, heao and ucg estimated using the methods described in Schittrumpf and Van
Gent (2003) depend on Hs and Tm-10 as well as the seaward slope, tane, the crest
freeboard, Rc, and the crest width of the dike, B.

Van der Meer et al. (2010) considered the same variables as Schiittrumpf and Van Gent
(2003) to explain hc2o, When analyzing new tests in the overtopping simulator. Regarding
Ucoo, Van der Meer et al. (2010) included Lm-1,0, the wavelength based on Tm-1,0. Lorke
et al. (2012) and Formentin et al. (2019) proposed new formulas to estimate hco and
Uc29 0N dikes with no additional explanatory variables.

Mares-Nasarre et al. (2019) was the first study focusing on OLT and OFV on overtopped
mound breakwaters; the experimental range of the dimensionless crest freeboard was
0.34 < Re/Hmo < 1.75, where Hmo = 4(mo)°® is the spectral significant wave height, and
three armor layers (Cubipod®-1L, cube-2L and rock-2L) were tested under depth-limited
breaking wave conditions (0.20 < Hmo/hs < 0.73, where hs is the water depth at the toe of
the structure). Mares-Nasarre et al. (2019) performed tests with a bottom slope m = 2%
and measured OLT and OFV in the middle of the breakwater crest. These researchers
adapted Eqgs. (1) and (3) proposed by Schittrumpf and Van Gent (2003) to estimate hcoo
in the middle of the breakwater crest, heao(B/2). Since the formulas given by Schiittrumpf
and Van Gent (2003) are based on Ruzy%, Mares-Nasarre et al. (2019) recommended Eq.
(5) given by EurOtop (2018) to estimate Ruzo.

Ruyq,

1, = 1.65Vs¥p Vb ITm-10 (5a)
with a maximum value of
B2% 1,00 ¥y surging s Vo (4.0 - 1—5> (5b)
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where # is the roughness coefficient depending on the type of armor, y5 is the factor
which takes into account the effect of oblique wave attack, j, is the influence factor for
berms and nsurging [-] IS the roughness coefficient that increases linearly up to 1.0
following

1

— ¥
Vfsurging = Yr Tt (Irm—l,o - 1.8) 82

(5¢)

The maximum Ruae/Hs is 2.0 for permeable core. In Mares-Nasarre et al. (2019), y; =
Yp = 1.

Mares-Nasarre et al. (2019) calibrated can*, ccn™ and y following the recommendations
by Molines and Medina (2015) and proposed can* = 0.52, ccn* =0.89 and % =0.33, 0.35
and 0.48 for Cubipod®-1L, cube-2L and rock-2L, respectively, in Egs. (1) and (3).
Mares-Nasarre et al. (2019) calculated ucoe in the middle of the breakwater crest,
Uc2%(B/2), as function of the squared root of heoo(B/2); Ucaos(B/2) = Kz (ghcaos(B/2))%°,
where K3 was calibrated for each armor layer. K; = 0.57, 0.60 and 0.47 were proposed
for Cubipod®-1L, cube-2L and rock-2L, respectively. These authors also described the
highest values of OLT and OFV in the middle of the breakwater crest using the 1-
parameter Exponential and Rayleigh distributions.

Mares-Nasarre et al. (2020a) recently expanded the database used in Mares-Nasarre et
al. (2019) conducting 2D physical tests with m = 4%. Similar to Mares-Nasarre et al.
(2019), overtopped mound breakwaters were tested with the same three armor layers
(Cubipod®-1L, cube-2L and rock-2L) under depth-limited breaking wave conditions
(0.20 < Hmo/hs < 0.90). As pointed out by Herrera et al. (2017), in depth-limited breaking
wave conditions, the optimum point to estimate the incident wave characteristics is
relevant. Thus, Mares-Nasarre et al. (2020a) analyzed the optimum point to estimate
wave characteristics in order to calculate heoo(B/2) and ucze(B/2); the optimum point was
found at a distance of 3hs from the toe of the structure. This distance was also
recommended by Herrera et al. (2017) and approximately corresponds to 5Hs suggested
by Goda (1985) and Melby (1999). It was found that hce(B/2) decreased while uco(B/2)
slightly increased for increasing values of m; therefore, m is a significant variable to
consider when estimating heo(B/2) and ucoe(B/2) on mound breakwater crests.

3. Experimental methodology
3.1. Experimental setup

Mares-Nasarre et al. (2019 and 2020a) carried out 2D physical tests in the wave flume
(30 m x 1.2 m x 1.2 m) of the Laboratory of Ports and Coasts at the Universitat
Politécnica de Valéncia (LPC-UPV), with two mild bottom slope configurations. The
first configuration was composed of two ramps: one 6.25 m-long m = 4% bottom slope,
and another 9.0 m-long m = 2% bottom slope. The second configuration consisted of a
continuous ramp of m = 4% all along the wave flume. Figure 3 shows the longitudinal
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cross-sections of the LPC-UPV wave flume for the two configurations with the locations
of the wave gauges.

Model Passive

Piston-type §1-85 $6-S9 S10 S11 wave
wavemaker | | ” { ”H J | attenuator
}___{. —HH I
A 1 A M A
5.46 ! 15.27
sodes Passive
Piston-type $1-85 S6-S9 S10 S11 wave
wavemakerl { i H ‘I HH ‘ | attenuator
| ozl
5.46 6.25 9.02
20.73
30.00

Fig. 3. Longitudinal cross-sections of the LPC-UPV wave flume.

11 capacitive wave gauges were placed along the flume to measure the water surface
elevation. Wave gauges S1 to S5 were installed in the wave generation zone following
the recommendations by Mansard and Funke (1980) in order to separate incident and
reflected waves in the wave generation zone. Wave gauges S6 to S9 were located close
to the model. Note that close to the model, depth-limited wave breaking occurs, and the
existing methods to separate incident and reflected waves are not reliable. The distances
from S6, S7, S8 and S9 to the model toe were 5hs, 4hs, 3hs and 2hs, respectively. Wave
gauge S10 was placed in the middle of the breakwater crest in order to analyze OLT,
while S11 was installed behind the model to detect possible phenomena of water piling-

up.

Irregular wave tests with 1,000 waves were generated following a JONSWAP spectrum
(y=3.3). The AWACS wave absorption system was activated during the tests to avoid
multireflections. Neither low-frequency oscillations nor piling-up (S11) were significant
during the tests. Piling-up is an undesirable phenomenon which consists of an increase
in the water depth behind the model due to the accumulation of water caused by high
overtopping rates and other effects. The LPC-UPV wave flume prevents piling-up by
allowing the water to recirculate through a double floor.

The tested cross-section depicted in Figure 4 corresponds to a mound breakwater with
armor slope H/V = 3/2 and rock toe berms. Three armor layers were tested: single-layer
Cubipod® (Cubipod®-1L with nominal median diameter or equivalent cube size Dnso=
3.79 cm), double-layer randomly-placed cube (cube-2L with Dnsy = 3.97 cm) and
double-layer randomly-placed rock (rock-2L with Dnsp = 3.18 cm) armors. Tests
conducted with m = 2% were performed with a medium-sized rock toe berm (Dnsp = 2.6
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cm) while tests carried out with m = 4% were conducted with a larger rock toe berm
(Dnso = 3.9 cm) in order to guarantee the toe berm hydraulic stability during the tests.

S10
B
! Dnso or 2Dnso
Himoi Tor  +0.05
= 0.00
4Dnso 3
2

hs

-

Fig. 4. Cross-section of the models tested in the LPC-UPV wave flume. Dimensions in m.

2Dnso

Each breakwater model was built on bottom flume configurations m = 2% and 4% and
two water depths (hs) at the toe of the structure were considered. hs = 20 cm and 25 cm
were tested for all the cases except the test series corresponding to cube-2L with m =
2%; in these specific case test series, hs = 25 cm and 30 cm were tested. For each water
depth (hs), Hmo and peak period (T,) were calculated at the wave generation zone, in order
to keep the wave steepness (Sop = Hmo/Lop = 27Hmo/(gTp%)) approximately constant
through each test series (sop = 0.02 and 0.05). For each sop, Hmo at the wave generation
zone (Hmo,g) Was increased in steps of 1 cm from no damage to initiation of damage of
the armor layer or wave breaking at the wave generation zone. Table 2 shows the range
of the main variables considered during the tests. Note that wave characteristics (Hmo and
Tm1,0) are provided at a distance of 3hs from the toe of the structure following
recommendations by Mares-Nasarre et al. (2020a).

Three cameras were also installed in order to analyze the armor damage in the frontal
slope, crest and rear side of the armor using the Virtual Net Method (Gémez-Martin and
Medina, 2014). Overtopping discharges were collected using a chute and a weighing
system placed in a collection tank behind the model (Mares-Nasarre et al., 2020b).
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m Armor B[m] #tests hs[m] Rc[m] Hmo [M] Tm-10 [S]
25 0.20 0.12 0.08-0.15 1.04-1.98
Cubipod®- 1L 0.24
28 0.25 0.07 0.07-0.17 0.93-2.04
26 0.25 0.11 0.07-0.16 0.95-2.05
1/50 cube — 2L 0.27
23 0.30 0.06 0.07-0.18 0.89-1.89
8 0.20 0.15 0.09-0.13 1.12-1.70
rock — 2L 0.26
13 0.25 0.10 0.07-0.13 0.89-1.73
21 0.20 0.12 0.09-0.17 1.04-1.88
Cubipod®- 1L  0.24
28 0.25 0.07 0.07-0.18 0.94-2.15
21 0.20 0.11 0.10-0.17 1.14-1.87
1/25 cube — 2L 0.27
23 0.25 0.06 0.09-0.18 1.06-2.15
8 0.20 0.15 0.10-0.14 1.25-1.89
rock — 2L 0.26
11 0.25 0.10 0.09-0.14 1.08-1.91

Table 2. Structural and wave characteristics of the 2D tests corresponding to single (1L) and
double-layer (2L) armors.

3.2. Wave analysis

Waves in the wave generation zone were separated using the measurements taken by
wave gauges S1 to S5 and the LASA-V method (Figueres and Medina, 2005). The
LASA-V method is applicable to nonstationary and nonlinear irregular waves. However,
the existing methods given in the literature are not valid for breaking waves. Thus, to
estimate incident waves in the model zone, where wave breaking occurs, the SwanOne
propagation model (Verhagen et al., 2008) was used. The SwanOne model fits a
JONSWAP spectrum (=3.3) based on the input incident wave conditions in the wave
generation zone. This spectrum is propagated along the bathymetry of the wave flume
and the Composite Weibull distribution recommended by Battjes and Groenendijk
(2000) is applied to describe the wave height distribution in shallow foreshores. Note
that the SwanOne model analyzes frequencies within the range 0.03 — 0.8 Hz, since it is
prepared for prototype scale wave conditions; in this study, a reference scale 1/30 was
assumed.
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Herrera and Medina (2015) validated the SwanOne model using tests without a
structure. In the present study, a similar validation was conducted; tests without a
structure were performed using an efficient passive wave absorption system at the end
of the flume (Kr = Hmo,/Hmo,i < 0.25). The measurements of the tests without a structure
(total waves) were compared with the SwanOne model simulations at both the wave
generation zone (Figure 5a and 5¢) and the model zone (Figure 5b and 5d). Note that
SwanOne simulations at the wave generation zone represent the fitting to the input
incident waves obtained after separating incident and reflected waves using
measurements taken by wave gauges S1 to S5.

(a) H,., (m) in generation zone (b) H,,, (m) in model zone
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Fig. 5. Comparison between the measured wave characteristics in the tests without a structure
and the estimations for incident waves given by the SwanOne model for: (a) significant wave
height in the generation zone, (b) significant wave height in the model zone, (c) spectral period
Tm-10 in the generation zone and (d) spectral period Tm-1,0 in the model zone.

Correlation coefficient (r), coefficient of determination (R?) and relative bias (bias) were
considered to quantify the goodness of fit in this study. 0 <r <1 assesses the correlation,
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0 <R? <1 estimates the proportion of variance explained by the model and -1 < bias < 1
provides a dimensionless quantification of the bias. Thus, the higher the r, the higher the
R? and the closer the bias to 0, the better.

Yo (0; — 6)(e; — €)

o 6
\/2?1201(01- — 0)2 Z?]:Ol(ei - &) (6)
1 N
X2 (0 — €)?
R=1-% 0 7)
N, Yimi(0; — 0)2
1 o ( )
. e — 0;
bias = N_o ;Io—ll ®)

where Nop is the number of observations, o; and e; are the observed and estimated values,
and o is the average observed value. As shown in Figure 5, agreement was reasonable
for the fitted conditions in the wave generation zone (R?> 0.882). Regarding the model
zone, good agreement was observed for Hmo (R = 0.966) while poor results were
obtained for Tm-1.0 (R?=0.415). As reported in Mares-Nasarre et al. (2020b), decreasing
values of bias were observed for Hmo in the model zone for increasing values of hs.

During the design phase of a mound breakwater, the design wave conditions (Hmo and
Tm-1,0) Must be estimated at the location where the mound breakwater will be built; thus,
both Hmo and Ti.-1,0 estimated by SwanOne are applied in this study.

3.3. Overtopping layer thickness (OLT) and Overtopping flow velocity (OFV)
measurement

OLT was recorded in 57 physical tests, while OLT and OFV were measured in an
additional 178 physical tests. OLT was measured using a capacitive wave gauge (S10)
located in the middle of the breakwater crest (see Figures 3 and 4). S10 was inserted into
a hollow cylinder filled with water in order to keep the sensor partially submerged. A lid
with a slot was installed in the upper part of the cylinder to prevent water loss and to
maintain the daily-calibrated reference level. The cylinder was 12 cm in length and 8.5
cm in diameter. Visual inspection of the OLT during overtopping events showed a clear
water surface (see Figure 6). Thus, aeration was considered negligible. Little variation
in the reference level was seen and little noise was measured, as shown in Figure 7.
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Fig. 7. Example of a raw record taken by wave gauge S10.

The OFV was measured at a frequency of 20 Hz using three miniature propellers
installed along the crest: (1) on the seaward edge of the model crest, (2) in the middle of
the model crest, and (3) on the leeward edge of the model crest. In this study, the
measurements taken in the middle of the breakwater crest were used. The operational
range of these miniature propellers was 0.15 < u(m/s) < 3.00. Thus, OFV values below
0.15 m/s were disregarded. Figure 8 displays an example of a record from a miniature
propeller.
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Fig. 8. Example of a raw record of a miniature propeller.

4. Methodology of analysis using Neural Networks (NNs)

Feedforward Neural Network (NN) models are commonly used in the artificial
intelligence field to model nonlinear relationships between explanatory variables (input)
and response variables (output). During the last two decades, NN models have been
applied successfully by researchers and practitioners to estimate wave overtopping, wave
reflection or wave forces on coastal structures. NN models have also been used in
practical applications with a large database of wave overtopping tests (van Gent et al.,
2007; Formentin et al., 2017) and with smaller datasets to identify the most relevant
variables to estimate wave forces on crown walls (Molines et al., 2018), or to define
explicit wave overtopping formulae (Molines and Medina, 2016). In this research, Multi-
layer feedforward NN models were used to analyze the influence of a set of explanatory
variables on heo(B/2) and ucoo(B/2).

4.1. Explanatory variables affecting hcae(B/2) and ucze(B/2)

Based on the literature, the explanatory variables which might influence hco(B/2) and
Uc2o(B/2) are m, Re, Hmo, Tm-1,0 and hs (with Hmo and Tm-1,0 located at a distance of 3hs
from the toe of the structure). These explanatory variables consider the wave conditions
at the toe of the structure and the crest freeboard. In order to ensure a NN model is not
affected by the model scale, the aforementioned explanatory variables were made
dimensionless as:

- Rc/Hmo, is the dimensionless crest freeboard and is the most common and
widely accepted dimensionless variable that governs the mean wave
overtopping discharge.
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- Irmao=tanal(Hmo/Lm-10)%®, is the lIribarren number or breaker parameter
calculated using Hmo and Tm-1,0 at a distance of 3hs from the toe of the structure.
Ir.mi0 considers the influence of the wave steepness and armor slope and
determines the type of wave breaking on the slope. In this study, only tano=2/3
was tested; however, Irm10 was selected instead of wave steepness, since
Schuttrumpf and Van Gent (2003) reported Irm.1,0 as significant. The influence
of Ir.m1,00n wave overtopping was also reported in studies such as Molines and
Medina (2016).

- m, is the bottom slope, which determines the type of wave breaking on the toe
of the structure. Mares-Nasarre et al. (2020a) determined that m plays a
significant role in the estimation of OLT and OFV.

- hs/Hmo, is the dimensionless water depth using the water depth at the toe of the
structure and Hmo at a distance of 3hs from the toe of the structure. hsg/Hmo is
commonly used as a breaking index to indicate if waves are depth-limited or
not (Ngrgaard et al., 2014; van Gent, 1999).

Both heo(B/2) and uce(B/2) were also analyzed as dimensionless variables:
hcz%(B/Z)/Hmo and Ucz%(B/Z)/(Hmo/Tm.l,o).

4.2. General outline

For each type of armor (Cubipod®-1L, cube-2L and rock-2L), a NN model was trained
to estimate heos(B/2) and uc2us(B/2) independently. Thus, six NN models were developed
(3 types of armors x 2 output variables).

For each NN model, the dataset (N cases) was randomly divided in two parts: TR=75%xN
to develop the NN model and T=25%xN for a final blind test (T-BLIND) in which the
NN model performance was evaluated with data not used to develop the NN model. The
NN models connected neurons using a hyperbolic tangent sigmoid transfer function; the
NN models presented an input layer with 4 neurons (N;), a hidden layer with 3 neurons
(Nn) and an output layer with 1 neuron (No), see Figure 9. Thus, the number of free
parameters in the NN model is given by P = No + Np (N; + No + 1) = 19.

In this study, P/TR < 0.63 and the Early Stopping Criterion were applied to prevent
overlearning (see The MathWorks Inc., 2019). The Early Stopping Criterion randomly
divides the dataset TR in three categories: (1) training of the NN (70% x TR=TRAIN),
(2) validation (15% x TR=VAL) and (3) testing (15% x TR=TEST). Data in the training
subset were used to update the biases and weights of the NN. Data in the validation
subset were used to monitor the error after each training step and to stop the training
process once the error in this validation subset started growing (indicating possible
overlearning). Data in the testing subset were used as cross validation to compare
different models, since they were not included in the training process.
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4.3. NN model results

Figures 10a and 10b illustrate the performance of the NN models for heae(B/2)/Hmo and
Uc206(B/2)/(Hmo/ Tm-1,0) Using the training (TRAIN), validation (VAL) and testing (TEST)
subset. A good performance was observed in the testing subset with R? = 0.903 and 0.789
for heoos(B/2)/Hmo and Uc20(B/2)/(Hmo/ Tm-1,0), respectively. Figures 10c and 10d compare
the measured and estimated hcoo(B/2)/Hmo and Ucoos(B/2)/(Hmo/Tm-1,0) using the NN
models on the 25% experimental data reserved for the final blind test (T-BLIND). A good
agreement was found with R? = 0.913 for hco(B/2)/Hmo and R? = 0.918 for
Uc206(B/2)/(Hmo/ Tm-1,0). Note that R? = 0.164 was obtained when assessing the goodness-
of-fit of the NN developed for ucz(B/2)/(Hmo/T-1,0) on Cubipod®-1L using the TEST
subset due to the low variance of the randomly selected testing subset (variance of the
TEST subset was 0.15 while the variance of the whole TR dataset was 0.90).
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Fig. 10. Comparison between measured and estimated OLT and OFV with the NN models: (a)
he2w(B/2)/Hmo on the testing subset (TEST), (b) Uc26(B/2)/(Hmo/Tm-1,0) on the testing subset
(TEST), (c) he2o(B/2)/Hmo on the final blind test subset (T-BLIND) and (d) uc2e(B/2)/(Hmo/Tm-1,0)
on the final blind test subset (T-BLIND).

4.4. Influence of the explanatory variables on hezos(B/2)/Hmo and Ucooe(B/2)/(Hmo/ Tm-1,0)

NN models trained in Sections 4.1 to 4.3 were used here to analyze the influence of the
four explanatory dimensionless variables (m, Re/Hmo, 1rm-1,0 and hs/Hmo) on hezos(B/2)/Hmo
and Uco6(B/2)/(Hmo/Tm-1,0). To this end, simulations were performed with variations in
only one input variable while keeping the value of the other input variables constant.
Figure 11 illustrates the influence of R¢/Hmo on heos(B/2)/Hmo. Figure 11a shows the
simulations performed using the NN model for Cubipod®-1L armor corresponding to the
inputs m = 4%, Irm10 = 3.5, 4.0 and 4.5, and hs/Hmo = 2.0. Figure 11b shows the
differences between NN simulations corresponding to Cubipod®-1L, cube-2L and rock-
2L armors for m = 4%, Irm-1,0 = 4.0 and hs/Hmo = 2.0. Figure 11 shows that a linear model
is suitable to describe the influence of Re/Hmo 0N heoos(B/2)/Hmo. Similar figures were
obtained to describe the influence of m, Re/Hmo and hs/Hmo on heao(B/2)/Hmo; thus, a
linear model was found to be suitable to describe the influence of the four dimensionless
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input variables on hco(B/2)/Hmo. Note that only linear relationships between m and the
studied variables, namely hcoo(B/2)/Hmo and ucoo(B/2)/(Hmo/Tm-1,0), Were reasonable,
since only two values of m were tested in this study, and the model is only valid in the
range 2% <m <4%.
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Fig. 11. Influence of Re/Hmo 0N heaw(B/2)/Hmo with m=4%, hs/Hmo=2.0 and constant Irm-1,0.

Figure 12a shows the NN simulations conducted for cube-2L with m = 2%, R¢/Hmo = 0.5,
1.0 and 1.5 and hs/Hme = 2.5. Figure 12b illustrates the differences between NN
simulations corresponding to Cubipod®-1L, cube-2L and rock-2L armors for m = 2%,
Re/Hmo = 1.5 and hs/Hmo = 2.5. Figure 12 illustrates that the influence of Irm10 on
Uc2os(B/2)/(Hmo/Tm-1,0) followed a quadratic relationship. On the other hand, a linear
relationship was observed between m, Re/Hmo and hs/Hmo and uc2os(B/2)/(Hmo/ Tim-1,0).-
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5. Estimating overtopping layer thickness (OLT) on mound breakwaters
5.1. Overtopping layer thickness (OLT) exceeded by 2% of the incoming waves

In Section 4.4, the simulations conducted with NN models were used to analyze the
influence of the explanatory variables on hcoo(B/2)/Hmo. Since linear influence was
observed in most cases, Eq. (9) is proposed to estimate hcao(B/2)/Hmo.

hea9(B/2)
Himo

where C1, C2, C3, C4 and C5 are coefficients to be fitted for each armor layer
(Cubipod®-1L, cube-2L and rock-2L). Eq. (9) is not a fully linear model, since negative
values are not allowed, so conventional linear regression techniques are not adequate to
determine the coefficients C1 to C5 in Eq. (9). In order to estimate C1 to C5 in Eq. (9),
a nonlinear multivariable optimization algorithm without restrictions (see The
MathWorks Inc., 2019) was used. Since this algorithm requires an initial solution to start
the iterative optimization process, conventional linear regression was performed first to
provide the initial solution. The final nonlinear fitting of coefficients C1 to C5 in Eq. (9)
were calibrated by minimizing the Mean Squared Error (MSE), calculated as

RC S

h
- 1) +Chlry o+ C5 =20 (9)

mo

= C1+C2m+C3(

mo

No
1
MSE = — E(Oi — ¢;)? (10)
No i=1

where Nop is the number of observations and o; and e; are the observed and estimated
values. The sensitivity of the nonlinear multivariable optimization algorithm without
restrictions to the initial solution was assessed. A low sensitivity of the optimization
algorithm to the initial solution was observed.

Similarly to van Gent et al. (2007) and Molines et al. (2018), the bootstrapping technique
was applied together with the aforementioned nonlinear optimization algorithm to
characterize the variability of the coefficients in Eqg. (9). The bootstrap resample
technique consists in the random selection of N data from a dataset with N data, so each
datum has a probability of 1/ N to be selected each time. Hence, some data are not
selected while other data may be selected once or more than once in each resample.
Using this technique, 5%, 50% and 95% percentiles were obtained for the fitted
coefficients (C1 to C5) and the MSE.

The explanatory variables were introduced one by one in the model following the
structure in Eq. (11) in order to assess their significance. First, four models composed of
the constant term (C1) and each one of the four explanatory variables were optimized.
Thus, the percentage of variance explained by each model could be calculated. After
that, the process was repeated keeping the explanatory variable which explained the
highest percentage of the variance in the previous step and adding one of the three
missing explanatory variables. This procedure was repeated until the four explanatory
variables were included in the model. Once the hierarchy of the influence of each
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explanatory variable was obtained, the influence of the constant term (C1) in the
explained variance was evaluated. The adjusted coefficient of determination (R%gj)
defined by Theil (1961) was calculated in every step to decide if an additional
explanatory variable improved the prediction model.
R, = 1—(1—1!32)L (11)
adj N— Np—1

where N is the number of data available and Np is the number of explanatory variables.
R2aqj considers not only the goodness of fit but also the number of data used to fit the
model. In this study, the model with the highest R%.qj was selected for every armor layer;
the five fitting coefficients will not always be included in the model. Figures 13 to 15
show the evolution of the median value and 90% confidence band of the R?g; depending
on the number of explanatory variables considered in Eq. (9) for every armor layer
model. The explanatory variable which maximized R%;j in every step, is indicated and
the final number of selected explanatory variables to be included in Eq. (9) is highlighted
in red.

As shown in Figures 13 to 15, Re/Hmo explained the highest percentage of the variance
for the three armor layers. The four selected explanatory variables were significant and
were included in the model. Finally, the significance of the constant term (C1) was
assessed by repeating the optimization procedure with C1 = 0. C1 = 0 was proposed for
Cubipod®-1L and cube-2L armors, while C1 # 0 was proposed for rock-2L armor.

The number of significant figures or significant numbers of the coefficients in the final
empirical formula depended on the variability in the fitted coefficients from the
bootstrapping resamples. Only one significant figure or number was reasonable for C1,
C2 and C5 (coefficient of variation in the range: 7% < CV < 45%) while a maximum of
two significant figures or numbers were recommended for C3 and C4 (4% <CV < 13%).
Table 3 presents the coefficients C1 to C5 with the correct number of significant figures
or numbers, as well as the goodness-of-fit metrics for Eq. (9) corresponding to
Cubipod®-1L, cube-2L and rock-2L armors.

Figure 16 compares the measured and estimated hcoo(B/2)/Hmo using Eq. (9) and the
coefficients given in Table 3. The 90% error band is also shown in Figure 16. Good
agreement is observed (R? = 0.876).
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Fig. 13. Influence of the number of explanatory variables (Np) on RZaj for Cubipod®-1L to
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Armor layer C1 c2 C3 C4 C5 r R? bias
Cubipod®-1L 0 -4 -1/3 0.095 -0.03 0.957 0.914 0.030
cube-2L 0 -2 -0.3 0.085 -0.02 0.909 0.814 0.011

rock-2L 1/3 -10 -0.45 0.08 -0.03 0.951 0.903 0.072

Table 3. Coefficients and goodness-of-fit metrics for Eq. (9).
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Fig. 16. Comparison between measured and estimated dimensionless hc29(B/2) using Eq. (9)
and Table 3.
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5.2. Distribution function for extreme values of overtopping layer thickness (OLT)

As much the assessment of pedestrians’ safety on mound breakwater crests as the
hydraulic stability of the armor layer of mound breakwater crests require a detailed
description of extreme overtopping events. Thus, the OLT distribution in the most severe
wave storms must be known for the breakwater design. Hughes et al. (2012) pointed out
that the extreme tail of a distribution is best described when only considering the low
probability exceedance events. Hence, the distribution function of h¢(B/2) with
exceedance probabilities below 2% is studied here.

As reported in Mares-Nasarre et al. (2019), the best results when describing the
distribution function of h¢(B/2) with exceedance probabilities below 2% were obtained
with a 1-parameter Exponential distribution,

he(B/2) \ he(B/2)
F (hcz%(3/2)> =1-ew (‘Ch hcz%(B/2)> 13)

where h¢(B/2) is the OLT value with exceedance probabilities under 2% and Cy, is an
empirical coefficient to be calibrated. Mares-Nasarre et al. (2019) proposed Ch = 4.2
when m = 2%. Cy was calibrated for each physical test using the 20 (1,000 waves x 2%)
highest OLT measured values. hco(B/2) estimated with Eq. (9) and coefficients in Table
3 was used in this study. The exceedance probability assigned to each OLT measured
value was calculated as Nm/(Nw+1), where Np, is the rank of the OLT measured value and
Nw is the number of waves. The initial calibrated coefficients were Cy, = 4.04 for m = 2%
and Cp = 3.91 for m = 4%. The non-parametric Mood Median Test was conducted to
determine if the difference between these median values of Ch was significant; the null
hypothesis (Ho) corresponded to both medians being equal. Since Ho was not rejected
with a significance level [ = 0.05, the final value Cn = 4 was proposed for both bottom
slopes. The bottom slope does not have an influence on Cy but it does influence the
estimation of heo(B/2). Figure 17 compares measured and estimated h¢(B/2) using Eq.
(13) with Ch = 4. The 90% error band is also presented. Each alignment in Figure 17
corresponds to the data for one test. A good agreement (R? = 0.803) was obtained.

Assuming a Gaussian error distribution, the 90% error band can be estimated as

he(B/2))™" _ he(B/2)
HmO B

+0.087 (14)
5% mo

Figure 18 illustrates the fitting of two sample datasets to the proposed 1-parameter
Exponential distribution in an exponential plot.
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6. Estimating overtopping flow velocity (OFV) on mound breakwaters
6.1. Overtopping flow velocity (OFV) exceeded by 2% of incoming waves

In Section 2, methods found in the literature to estimate OFV exceeded by 2% of the
incoming waves, Uco(B/2), were described. Most of them (Mares-Nasarre et al., 2019;
Schiittrumpf and Van Gent, 2003) were based on the correlation between the statistics of
OLT and OFV. This means that hcoe(B/2) needs to be estimated first with the subsequent
accumulated errors later. In this study, a new formula was developed using the
experimental database and considering the four input dimensionless explanatory
variables described in Section 4 (m, Re/Hmo, 1rm-1,0 and hs/Hmo).

Based on the trends observed in the simulations conducted with the NN models in
Section 4.4, the following 5-parameter formula is proposed to estimate
Uc29%(B/2)/(Hmo/ Tm-1,0)

Uczo,(B/2)
()
Tm—l,O
where D1, D2, D3, D4 and D5 are coefficients to be calibrated. The procedure described
in Section 5.1 is performed in order to assess the significance of the four explanatory
variables. Figures 19 to 21 show the evolution of the median value and 90% confidence
band of the R%gj depending on the number of explanatory variables considered in Eq.
(15) for each armor layer model. The explanatory variable which maximized RZg; in

each step is indicated and the final number of selected explanatory variables to be
included in Eq. (15) is highlighted in red.

The explanatory variable Irm-1,0 explained the highest percentage of the variance. All the
explanatory variables were significant and were included in the model. Finally, the
significance of the constant term (D1) was assessed; D1 # 0 was proposed for the three
armor layers.

_ RC 2 hS
= D1+D2m+ D3 (== 1)+ D4Irp_0” + D5 —

mo mo

20 (15

The number of significant figures in the empirical coefficients in the fitted model is based
on their variability from the bootstrapping resamples. One significant figure was
proposed for D1, D2, D3 and D5 (9% < CV < 40%) whereas a maximum of two
significant figures were recommended for D4 (5% < CV < 9%). Table 4 lists the final
coefficients as well as the goodness-of-fit metrics for Eq. (15) corresponding to the three
armor layers.
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Fig. 19. Influence of the number of explanatory (Np) variables on R?gj for Cubipod®-1L to
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Armor layer D1 D2 D3 D4 D5 r R? bias

Cubipod®-1L 2 20 -2 0.20 -1 0.920 0.832 -0.014
cube-2L 4 -30 -2 0.20 -1 0.917 0.845 0.011
rock-2L 2 -30 -3 0.25 -0.5 0972 0.934 -0.023

Table 4. Coefficients and goodness-of-fit metrics for Eq. (15).

The measured and estimated Ucao(B/2)/(Hmo/ Tm-1,0) with Eq. (15) using the coefficients
given in Table 4 in shown in Figure 22. The 90% error band is also indicated. The
agreement was good (R? = 0.866).
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Fig. 22. Comparison between measured and estimated dimensionless uc29(B/2) using Eq. (15)
and Table 4.

Assuming a Gaussian error distribution, the 90% error band can be estimated as

U2y, (B/Z) — U2y, (B/Z)
(HmO/Tm—l,O) 5% (HmO/Tm—l,O)

95%
+ 0.744 (16)
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6.2. Distribution function for extreme values of overtopping flow velocity (OFV)

Similar to Section 5.2, the OFV events during the most severe wave storms are
characterized here. Thus, the distribution function of u¢(B/2) with exceedance
probabilities below 2% was studied in this section. Mares-Nasarre et al. (2019)
recommended the Rayleigh distribution to describe the distribution function of u¢(B/2)
with exceedance probabilities below 2%. Here, best results were also obtained with the
Rayleigh distribution given as

1(B/2) 1(B/2)
T =1 17
F (ucz%(8/2)> ! ( Cu [ucz%(B/Z)D a0

where Cy is an empirical coefficient to be calibrated. Mares-Nasarre et al. (2019)
proposed C, =3.6 when m = 2%. The calibration procedure described in Section 5.2 is
also applied here. Note that uc0(B/2) estimated with Eq. (15) together coefficients in
Table 4 were used to simulate the design phase conditions. The initial calibrated
coefficients were C, = 3.62 for m = 2% and Cy = 3.46 for m = 4%. Since C, values were
similar for both bottom slopes, the non-parametric Mood Median Test was performed to
determine if the difference between the median values of C, was significant. The null
hypothesis (Ho) corresponded to both medians being equal; Ho was not rejected with a
significance level « = 0.05. Hence, the final value C, = 3.5 was proposed for the two
bottom slopes. The bottom slope does not influence Cy, but it does influence the
estimation of uce(B/2). Comparison between measured and estimated uc(B/2) using Eq.
(17) with C, = 3.5 is shown in Figure 23. The 90% error band is also indicated. A good
agreement (R? = 0.812) was obtained.

It was observed that MSE rose for larger values of uc(B/2)/(Hmo/Tm-10). Thus, the
methodology proposed by Herrera and Medina (2015) was used here to estimate the
90% error band. Assuming a Gaussian error (1) distribution with 0 mean and variance
calculated as

uc(B/2)

2 = —
o) = 08 )

(18)

The 90% error band is obtained as

95%
ue(B/2) [ w®B2) | w(B/2) 19)
(o /Ta10)l sy, o/ Tm-1.0 (Hmo/Tn-1.0)

Figure 24 illustrates the fitting of two sample datasets in a Rayleigh probabilistic plot.
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7. Evaluation of the influence of the explanatory variables

As shown in Sections 5 and 6, the four selected explanatory variables (m, R¢/Hmo, 1rm-1,0
and hs/Hmg) were found to be significant when estimating hcoo(B/2) and ucaw(B/2).
Nevertheless, the influence of hs/Hmo 0n heoo(B/2) and m on ucae(B/2) was low. In this
section, the performance of Eq. (9) and (15) is assessed when hs/Hmo in Eq. (9) and m in
Eq. (15) are disregarded. Table 5 presents the calibrated coefficients as well as the
goodness-of-fit metrics for Eq. (9) when hs/Hmo is not included in the model (C5 = 0) for
the three armor layers.

Armor layer Cl1 C2 C3 C4 C5 r R? bias
Cubipod®-1L 0 -4 -1/3 0.085 0 0.949 0.900 0.008
cube-2L 0 -2 -0.3 0.075 0 0.902 0.804 0.067

rock-2L 0.3 -10 -0.45  0.075 0 0.947 0.875 0.194

Table 5. Sensitivity of the coefficients and goodness-of-fit metrics for OLT-Eq. (11) when hs/Hmo
is disregarded.

When comparing Tables 3 and 5, the relative variation (A%) of the coefficients are: C1
(0 < A% < 11%), C2 (A%=0), C3 (A%=0) and C4 (6% < A% < 12%). Most of the
coefficients gave the same values. Regarding the goodness of fit, R? decreased around
2% when C5 = 0.

Table 6 lists the calibrated coefficients as well as the goodness-of-fit metrics for Eq. (15)
when m is not included in the model (D2 = 0) for the three armor layers.

Armor layer D1 D2 D3 D4 D5 r R? bias
Cubipod®-1L 3 0 -2 0.2 -1 0.909 0.785 0.068
cube-2L 2 0 -2 0.2 -0.5 0901 0.796 -0.018
rock-2L 1 0 -3 0.2 -0.2 0943 0.872 -0.039

Table 6. Sensitivity of the coefficients and goodness-of-fit metrics for OFV-Eq. (17) when m is
disregarded.

When comparing Tables 4 and 6, the relative variation (A%) of the coefficients are: D1
(A% =50%), D3 (A%=0), D4 (0 < A% < 20%) and D5 (0 < A% < 50%). R? decreased
around 6% when D2 = 0. Note that the influence of m is also included in the model by
the wave conditions, Hmo. Thus, m is still relevant even if it is not an explicit explanatory
variable in the model.

From the results in Tables 5 and 6, it can be concluded that the performance of Eq. (9)
and (15) is still satisfactory when removing hs/Hmg and m, respectively. However, it
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should be noted that such explanatory variables were statistically significant as described
in Sections 5 and 6.

8. Conclusions

Mound breakwater design is evolving due to the social concerns about the impact of
coastal structures and the rising sea levels as well as stronger wave conditions caused by
climate change. These drivers of change have led to reduced design crest freeboards and
increased overtopping risks. In this context, the OLT and OFV on the breakwater crest
has become relevant to assess the hydraulic stability of the armored crest and the
pedestrian safety on the breakwater crest.

In this study, 235 physical tests reported in Mares-Nasarre et al. (2019 and 2020a) were
used to propose empirical models to estimate OLT and OFV. The 2D tests measured
OLT and OFV on overtopped mound breakwaters with three armor layers (Cubipod®-
1L, cube-2L and rock-2L) in depth-limited breaking wave conditions with two bottom
slopes (m = 2% and m = 4%) and armor slope tana=2/3.

Sea bottom slope, dimensionless crest freeboard, Iribarren number related to wave
steepness and dimensionless water depth (m, Re/Hmo, Irm-1,0 and hs/Hmo) were the selected
explanatory variables to estimate OLT and OFV exceeded by 2% of the incoming waves
in the middle of the breakwater crest, heoo(B/2) and ucoos(B/2). Egs. (11) and (17) with
five coefficients are proposed to estimate dimensionless OLT (hc2e(B/2)/Hmo) and OFV
(Uc296(B/2)/(Hmo/ Tm-1,0), respectively, using the four dimensionless explanatory variables.
The coefficients to be used in Egs. (9) and (15), as well as the goodness-of-fit metrics
for Cubipod®-1L, cube-2L and rock-2L armors, are given in Tables 3 and 4, respectively;
the agreement between measured and estimated heo,(B/2) and ucs(B/2) was good (0.866
<R?<0.876)

Dimensionless crest freeboard, Re/Hmo, Was the most significant explanatory variable to
describe OLT whereas the Iribarren number related to wave steepness, Irm-1,0, was the
most significant variable to describe OFV; the bottom slope (m) had a significant
influence on h¢(B/2) and uc(B/2).

In order to better describe the OLT and OFV during the most severe wave storms, the 1-
parameter Exponential and Rayleigh distribution functions were used to estimate OLT
and OFV values, respectively, with exceedance probabilities below 2%, h¢(B/2) and
uc(B/2). The recommended coefficients for the 1-parameter Exponential distribution and
the Rayleigh distributions were Cr = 4 for Eq. (13) and Cy = 3.5 for Eq. (17), respectively;
the agreement was good (0.803 < R? < 0.812) between the measured and estimated
he(B/2) and uc(B/2) given by Egs. (13) and (17) when using Ch = 4 and Cy = 3.5,
respectively.
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Appendix A. Data used in this study: hc(B/2) and ucy(B/2)

This appendix provides the test matrix used in this study as well as the observed OLT
and OFV exceeded by 2% of the incoming waves in the middle of the breakwater crest
(he2os(B/2) and uc2e6(B/2), respectively). Wave runs of Ny = 1,000 waves were generated
following a JONSWAP spectrum (y = 3.3). m represents the bottom slope, Hmo and Tm.
1,0 are the incident spectral significant wave height and the spectral period at a distance
of 3 times the water depth from the toe of the structure, R is the crest freeboard and h;
is the water depth at the toe of the structure. Tables 7 to 9 present the data from the tests
performed with the models with Cubipod®-1L, cube-2L and rock-2L, respectively.

Test# m (%) (annr}:) T?s)l ’ (n?rcn) (r:ﬁh) h°§?f1(§§2) ufﬁ(ﬁg)
1 2 93 104 120 200 5 :
7 7 101 112 121 200 8 :
3 7 107 113 121 200 11 :
2 7 112 112 121 200 13 :
5 2 119 119 121 200 16 :
6 2 125 122 122 200 18 ;
7 7 129 125 122 200 19 :
8 2 133 130 122 200 21 :
9 7 135 131 122 200 24 .
0 2 136 128 122 200 25 :
1 2 142 141 122 200 27 :
2 2 142 140 120 200 29 :
B3 2 143 142 120 200 30 :
w2 76 142 120 200 12 :
B 2 102 159 120 200 18 :
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Teste mOO TS0 ey ey o) sy
16 2 111 1.59 120 200 23 -
17 2 118 1.63 121 200 28 -
18 2 125 1.64 121 200 33 -
19 2 133 1.73 121 200 33 -
20 2 136 1.85 122 200 39 -
21 2 140 1.86 123 200 37 -
22 2 142 1.88 120 200 40 -
23 2 145 1.88 121 200 39 -
24 2 147 1.87 122 200 40 -
25 2 149 1.98 123 200 43 -
26 2 75 0.93 70 250 8 -
27 2 84 1.03 70 250 13 -
28 2 91 1.04 70 250 17 230
29 2 102 1.10 70 250 23 255
30 2 110 1.08 71 250 26 279
31 2 117 1.11 71 250 29 279
32 2 124 1.16 71 250 33 279
33 2 133 1.23 71 250 38 327
34 2 138 1.26 72 250 42 352
35 2 145 1.33 73 250 44 352
36 2 152 1.38 74 250 47 352
37 2 157 1.40 75 250 51 425
38 2 162 1.46 77 250 52 425
39 2 164 1.45 78 250 53 425
40 2 167 1.47 80 250 54 449
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Tests mOO @ TS ey o) sy
41 2 76 1.42 71 250 15 -
42 2 88 1.52 72 250 24 -
43 2 99 1.62 70 250 35 -
44 2 109 1.62 70 250 42 -
45 2 118 1.68 71 250 48 -
46 2 128 1.72 72 250 59 -
47 2 137 1.84 70 250 54 -
48 2 145 1.92 72 250 66 -
49 2 149 1.83 74 250 71 -
50 2 155 1.90 70 250 81 -
51 2 160 1.97 70 250 80 -
52 2 164 1.94 71 250 79 -
53 2 167 2.04 71 250 73 -
54 4 100 1.04 120 200 4 -
55 4 109 1.12 120 200 5 -
56 4 116 1.18 120 200 7 182
57 4 123 1.19 120 200 10 230
58 4 129 1.24 120 200 12 255
59 4 139 1.32 120 200 12 303
60 4 142 1.33 120 200 16 352
61 4 147 1.34 120 200 20 400
62 4 155 1.41 121 200 21 449
63 4 156 1.40 121 200 25 473
64 4 160 141 122 200 28 473
65 4 165 1.48 122 200 28 498
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Tests moo) o TS my monm e
66 4 91 1.60 120 200 8 206
67 4 103 1.64 120 200 18 255
68 4 113 1.76 120 200 21 303
69 4 121 1.74 121 200 25 327
70 4 130 1.87 120 200 29 400
71 4 136 1.88 121 200 29 400
12 4 142 1.77 122 200 33 425
73 4 151 1.74 120 200 35 449
74 4 158 1.71 122 200 35 473
75 4 79 0.94 70 250 1 -

76 4 85 1.18 70 250 6 157
77 4 89 1.03 70 250 11 206
78 4 98 1.08 70 250 16 279
79 4 108 1.10 70 250 19 303
80 4 116 1.15 70 250 21 352
81 4 124 1.17 70 250 23 376
82 4 130 1.26 71 250 25 425
83 4 136 1.24 70 250 32 425
84 4 146 1.33 71 250 34 425
85 4 154 1.39 72 250 36 473
86 4 161 1.39 73 250 39 498
87 4 168 1.43 75 250 40 522
88 4 175 1.48 77 250 40 498
89 4 180 1.48 80 250 46 498
90 4 69 1.42 70 250 5 -
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Teste MO @t TS ey o))
91 4 80 153 70 250 18 230
92 4 89 1.60 70 250 22 255
93 4 101 173 70 250 28 303
94 4 111 1.72 70 250 35 327
95 4 119 1.76 71 250 40 352
96 4 132 1.90 70 250 45 352
97 4 138 1.84 70 250 46 352
98 4 150 2.06 72 250 50 376
99 4 157 1.98 74 250 50 376
100 4 166 2.04 77 250 54 425
101 4 174 2.15 81 250 52 522
102 4 180 2.14 86 250 55 498

Table 7. Data from the tests conducted with the Cubipod®-1L armored model.

Test# m (%) (2”&3) T?s)1 ’ (n?rcn) (r:rsn) hcz_:{;](r?;Z) uEin/r(ang)
1 2 67 095 112 250 3 :
2 2 75 099 112 250 3 :
3 7 85 105 112 250 12 157
Z 2 &5 105 112 250 12 206
5 2 101 108 112 250 16 230
6 2 108 110 111 250 20 279
7 2 17 117 11 250 21 279
8 2 127 126 112 250 22 327
9 2 134 125 112 250 2 352
0 2 142 134 112 250 25 376
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Tt MO (TS my onmy Gl
11 2 147 1.38 112 250 29 425
12 2 153 1.38 113 250 28 425
13 2 157 1.40 111 250 25 376
14 2 160 1.45 112 250 31 425
15 2 69 143 111 250 3 -

16 2 81 157 112 250 15 -

17 2 94 158 112 250 25 230
18 2 104 1.63 112 250 28 279
19 2 113 1.79 111 250 33 327
20 2 122 172 111 250 39 327
21 2 132 1.87 112 250 45 376
22 2 140 1.90 112 250 49 449
23 2 144 1.90 113 250 41 449
24 2 150 1.91 115 250 59 522
25 2 157 204 116 250 58 643
26 2 163 2.05 111 250 69 522
27 2 67 0.89 61 300 6 -

28 2 75 0.94 61 300 12 -

29 2 83 0.99 61 300 19 -

30 2 92 1.02 61 300 25 206
31 2 100 1.07 62 300 31 255
32 2 109 112 62 300 33 303
33 2 115 1.03 62 300 36 327
34 2 124 117 62 300 40 376
35 2 129 1.22 62 300 42 376
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Testt mOo) (S ey my G
36 2 139 1.28 63 300 48 376
37 2 145 1.27 63 300 51 400
38 2 153 1.34 64 300 53 352
39 2 162 1.43 61 300 57 400
40 2 166 1.42 63 300 57 425
41 2 172 1.43 64 300 62 449
42 2 178 1.50 66 300 64 522
43 2 69 1.42 68 300 18 -

44 2 80 1.52 61 300 28 -

45 2 92 1.63 61 300 36 279
46 2 101 1.63 61 300 43 352
47 2 112 1.78 62 300 50 376
48 2 119 1.75 63 300 55 376
49 2 130 1.89 61 300 64 400
50 4 106 1.14 161 200 4 182
51 4 114 1.18 161 200 8 182
52 4 120 1.18 161 200 11 182
53 4 125 1.27 161 200 13 206
54 4 132 1.27 161 200 16 230
55 4 139 1.33 161 200 19 279
56 4 144 1.34 161 200 23 303
57 4 151 1.39 161 200 25 327
58 4 154 1.40 161 200 27 352
59 4 158 1.41 161 200 29 352
60 4 162 1.47 161 200 29 376
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Teste moo) TS e am my G
61 4 102 1.63 161 200 9 -

62 4 112 1.70 161 200 15 230
63 4 120 1.74 161 200 22 279
64 4 131 1.87 161 200 26 352
65 4 136 1.80 162 200 28 352
66 4 146 1.76 162 200 30 376
67 4 152 1.72 162 200 36 400
68 4 158 1.73 161 200 33 425
69 4 163 1.70 162 200 36 449
70 4 166 1.76 163 200 42 522
71 4 97 1.06 111 250 5 157
72 4 106 1.10 111 250 7 206
73 4 115 1.17 111 250 10 255
74 4 123 1.24 111 250 15 303
75 4 130 1.30 111 250 24 327
76 4 136 1.24 111 250 26 327
77 4 146 1.33 111 250 30 400
78 4 154 1.39 112 250 33 376
79 4 161 1.39 112 250 33 425
80 4 168 1.43 112 250 40 400
81 4 175 1.48 113 250 41 425
82 4 180 1.48 114 250 41 425
83 4 89 1.60 111 250 3 -

84 4 101 1.73 111 250 9 182
85 4 111 1.72 111 250 17 230
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Testr mOO @ TS ey o) s
86 4 119 1.76 111 250 27 303
87 4 132 1.90 111 250 34 327
88 4 138 1.84 112 250 39 352
89 4 150 2.06 111 250 43 376
90 4 157 1.98 112 250 1 425
91 4 166 2.04 114 250 43 425
92 4 174 2.15 117 250 56 449
93 4 180 2.14 111 250 61 473

Table 8. Data from the tests conducted with the cube-2L armored model.

Testé moo) Y e am my e
1 2 105 1.13 151 200 6 -
2 2 110 1.12 152 200 8 133
3 2 117 1.17 151 200 11 182
4 2 86 1.50 151 200 8 -
5 2 98 1.59 151 200 18 182
6 2 108 1.58 151 200 23 206
7 2 117 1.70 152 200 28 279
8 2 122 1.67 152 200 33 279
9 2 72 0.89 102 250 3 -
10 2 81 0.99 101 250 14 -
11 2 89 1.01 102 250 19 -
12 2 98 1.06 101 250 32 206
13 2 108 1.12 101 250 39 255
14 2 114 1.11 101 250 47 303
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Tt MO (TS my onmy Gl
15 2 121 1.17 102 250 52 327

16 2 74 1.42 101 250 17 -

17 2 85 152 101 250 28 206
18 2 98 1.62 101 250 36 303
19 2 108 1.62 101 250 45 303
20 2 116 173 101 250 49 352

21 2 126 172 101 250 54 352

22 4 123 1.25 151 200 3 157

23 4 130 1.26 151 200 5 206
24 4 137 131 151 200 15 230
25 4 143 1.34 151 200 15 255
26 4 102 1.69 151 200 5 157

27 4 112 173 151 200 7 206
28 4 120 1.74 151 200 23 255
29 4 130 1.89 151 200 23 327
30 4 91 1.08 101 250 3 182
31 4 100 1.08 101 250 8 182
32 4 109 1.18 101 250 10 182
33 4 116 115 101 250 17 206
34 4 126 1.26 101 250 19 255
35 4 89 153 101 250 9 -

36 4 101 1.70 101 250 16 255
37 4 111 172 101 250 20 279
38 4 124 1.91 101 250 34 327
39 4 129 1.86 101 250 41 352
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Test# m (%) (m) TEns)l ’ (n? m) (n:] m) hc(zﬁfm(n%z) ”E?ér(ﬁg)
40 4 138 190 102 250 43 352
Table 9. Data of the tests conducted with the rock-2L armored model.
Notation
Acronyms:
AWACS = Active Wave Absorption System
bias = Relative bias
= Local Approximation using Simul
LASA-V Annealiicga(F igilie)rjs an; ;\/(I)ed;jz, ZgOEE) e
LPC-UPV = Laboratory of Ports and Coasts (UPV)
MSE = Mean squared error
MWL = Mean water level
NN = Neural Network
OLT = Overtopping layer thickness
OFV = Overtopping flow velocity
4 = Correlation coefficient
R? = Coefficient of determination
R244j = Adjusted coefficient of determination
UPv = Universitat Politecnica de Valencia (ES)
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Symbols:
B = crest width
cota [-] = armor slope
Dn50 [m] or [cm] = (Ws0/p)"3, nominal diameter
ei = estimated values
e = average of the estimated values
g [m/s?] = gravitational acceleration
hs [m] or [cm)] = water depth

hazs(za) [m] or [cm]  Sruncup layer thickness exceeded by 2% of the
incoming waves
= overtopping layer thickness with exceedance
fixe) [m] or [em] probabilities below 2%
hers(xe) [m] or [cm] = -overtolppmg layer thickness exceeded by 2%
of the incoming waves

Hmo [m] or [em] =4(mo)05, spectral wave height

= gpectral wave height in the wave generation
Hmog [m] or [cm] p & &

zone
Humo,i [m] or [cm] = incident spectral wave height
Humom [m] or [cm] = measured spectral wave height
Humor [m] or [cm] = reflected spectral wave height

= significant wave height or average wave

H: [m] or [em] height of the highest one-third waves, Hus
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IT’mJ,O [-]

Kr[-]

Lm-1,0 [m] or [cm]

Loy [m] or [cm]

m[-]

mi

Ni[]

Ni [-]

No[-]

Nos [-]
Oi
P[]

Rc [m] or [cm]

Ruz2% [m] or [cm]

sop [-]

S(f)

= &1,0 = tana/(Hmo/Lin-1,0)°5, Iribarren number or
surf similarity parameter calculated with Hwo and
Tm-1,0

= Humo,r/ Hmo,i, reflection coefficient

= ¢Twm1,0%/2m, deep water wave length based on
the spectral period, Tm-1,0

= gT?/21t, deep water wave length based on
the peak period, T}

=bottom slope
= i-th spectral moment

=number of neurons in the hidden layer of
NNs

=number of neurons in the input layer of NNs

=number of neurons in the output layer of
NNs

=number of observations

= observed values

=number of free parameters in NNs
= crest freeboard

= wave run-up height exceeded by 2% of the
incoming waves

=H:o/Lop, deep water wave steepness based on
the peak period, Tyo

= wave spectrum
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t[s]

Tm-1,0 [S]

Ty [s]
Tp[) [S]

T-BLIND [-]

TEST[-]

TR [-]

TRAIN [-]

VAL[-]

ua2%(za) [m/s] or [cm/s]

uc(xc) [m/s] or [cm/s]

uc%(xc) [m/s] or [cm/s]

Xc [m] or [cm]

Xe

za [m] or [cm]

282

= time

= m-1/mo, spectral wave period based on the
spectral moment, m1-1

= peak wave period
= deep waters peak wave period
= subset used for blind testing

=15%TR, subset used for cross validation of
the trained NN as part of the Early Stopping
Criterion

= subset used for training NNs

=70%TR, subset used for the formal training of
NNs as part of the Early Stopping Criterion

=15%TR, subset used for validation during the
training of NNs as part of the Early Stopping
Criterion

= run-up velocity

= overtopping velocity with exceedance
probabilities below 2%

= overtopping velocity exceeded by 2% of the
incoming waves

= horizontal coordinate along the crest from
the seaward edge

= estimated value given by the linear
regression

= elevation on the MWL
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] = error, difference between the estimated and
el-

the measured value

a [9] or [rad] = angle of the slope
A% = relative variation of the empirical coefficients
v [-] = parameter of the JONSWAP spectrum
o [-] = berm factor
vl = roughness factor
yel-] = obliquity factor
= friction factor of dike crests according to
2 Schiittrumpf et al. (2002)
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Obliqgue Wave Attack on Rubble Mound
Breakwater Crest Walls of Finite Length
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Abstract:

Rubble mound breakwaters usually present a crest wall to increase the crest freeboards
without a large increase of the consumption of material. Methods in the literature to
design crest walls are based on estimates of the wave loads. These methods are focused
on the maximum loading that attacks a single position of the crest wall. In practice, crest
walls have a finite length. Since the maximum loading does not occur at the same instant
over the entire length of the crest wall for oblique waves, these methods overestimate
the loading in the situation of oblique waves. Wave loads under oblique wave attack
have been measured in physical model tests. A method to account for the effect of the
finite length of crest walls has been developed, and design guidelines have been derived.
The results of this study in combination with the existing methods in the literature to
estimate the wave forces enable a more advanced design of crest walls.

Keywords: crown wall; crest wall; oblique waves; rubble mound breakwaters; wave
loading; forces
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1. Introduction

Crest walls are usually built on top of rubble mound breakwaters to achieve higher crest
freeboards without a severe increase in the amount of granular material needed. They
also protect the crest, improve the accessibility, and provide space for equipment and
infrastructure. Crest walls, also called crown walls, are built with concrete and are
located on top of the core. During storms, crest walls are impacted by waves,
experiencing both (horizontal) forces at the front of the crest wall and (vertical uplift)
forces underneath the crest wall. Such wave loads on crest walls determine their size,
since crest walls are designed to allow minimal or no displacements under extreme wave
conditions. Thus, an accurate prediction of wave loads on crest walls is essential for their
design.

Guidelines for crest walls design [1-3] exist, but they are only valid within their range
of tested cross sections. In [4], a numerical model is presented to estimate wave loads
on the crest walls of rubble mound breakwaters. This model provides valuable estimates
of the wave loads for cross-sections that have not been tested before (under perpendicular
wave attack). Oblique wave attack has been proven to affect the wave loads on crest
walls in [3,5]. [5] conducted a systematic study on the reduction of the wave loads on
crest walls due to the obliqueness of waves and derived a method to account for such an
effect.

All the studies related to wave loads on crest walls on rubble mound breakwaters are
focused on the (horizontal or vertical) forces that attack the breakwater cross-section
(maximum loading). In practice, a crest wall on a rubble mound breakwater has a finite
length (e.g., with expansion joints between two parts of the crest wall). If the maximum
loading on a single position is used for the entire length of the crest wall, the loading will
be overestimated for situations with oblique waves, because the maximum loading does
not occur at the same time over the entire length of the crest wall. In other words,
methods in the literature assume a rectangle-shaped force diagram all along the crest wall
length. This means that the actual reduction in the forces on the entire crest wall due to
the oblique waves is more significant than simply applying the method proposed by
[3,5], which is valid for one position (chainage) along the breakwater. Therefore, this
study is focused on the influence of finite length on crest walls under oblique wave
attack.

The structure of this paper is as follows. In Section 2, a brief overview of the methods in
the literature to estimate wave forces on crest walls is presented. A summary of the
findings in [5] is given, since it is the only systematic study found in the literature on the
reduction of the wave loads on crest walls due to the oblique wave attack. In Section 3,
the physical model tests are described. Here, the tests conducted by [5] in a wave basin
are used. In Section 4, the analysis of the tests results is presented. The temporal shape
of the force events is described and transformed into the space domain. The actual force
that attacks the crest wall is integrated, and a length coefficient is proposed in order to
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account the force reduction due to the length of the crest wall. Finally, in Section 5,
conclusions are drawn.

2. Obligue Wave Attack on Forces on Rubble Mound Breakwaters Crest Walls

Sliding is the most common failure mode for crest walls on mound breakwaters. The
crest wall is stable when the horizontal force that attacks the structure is lower than the
friction resistance, which may be affected by the ascending uplift. The stability of the
crest wall for the sliding failure mode is guaranteed by building the crest wall with
enough weight. The required size of crest walls is usually determined in physical model
tests in wave flumes or wave basins. Before such tests, a first approximation of the
needed size of the crest wall must be done by estimating the wave loads. The better the
approximation, the shortest the test campaign and the lower the costs. Estimates of wave
loads can be obtained from both numerical models and empirical expressions.

An extensive literature exists on methods to estimate forces on crest walls on mound
breakwaters. The first approaches were empirical expressions [1,6-12] derived from
experimental campaigns. Several proposals [1,3,5,7,10,12] were based on the estimates
of virtual wave run-up levels (Ruzs), which are the wave run-up levels that would be
reached in the case of extending the armor layer. More recent methods use numerical
models [4] and neural networks estimations [2]. All the mentioned methods except [3]
and [5] are based on physical model tests in wave flumes with perpendicular wave attack
or the numerical modeling of structures under perpendicular wave attack.

[5] was the first systematic study on the effect of oblique waves on the wave loads on
crest walls of rubble mound breakwaters. [5] conducted physical model tests in a wave
basin using wave attack angles g = 0°, 15°, 30°, 60, 45°, and 75°, where § = 0°
corresponds to perpendicular wave attack. Two crest walls geometries (with and without
a key) and two wave steepness (Sm-1,0 = 27 Hs/gTm-1,0° = 0.018 and 0.048, which tested Hs
as the significant wave height and Tm.1,0 = m.1/mg as the spectral wave period). [5]
derived new estimators for the horizontal and vertical forces exceeded by 0.1% of the
incoming waves (Fu,0.1% and Fv,.19%) based on Ruas, (See Equations (1) and (2)).

Fyo1% = Ken p 9 Hyau (Ruze, — Ac) 1)

F 0.5
Fyo1% = Key ¢rv p g Bwau (Ruzy, — 0.75 A¢) <1 - [A—Z] ) )
where Ken = 1.6, Key and cry are empirical coefficients, p is the density, g is the gravity
acceleration, Hyai is the height of the crest wall including the key (if any), Ac is the crest
level of the armor in front of the crest wall, Buwan is the width of the crest wall including
the key (if any), and Fy, is the level of the bottom of the base plate of the crest wall above
the still water level. Key was calibrated as a function of the sm-1,0; Key = 2.4 for Sm-10=
0.018; and Key = 1.6 for Sm-1,0 = 0.048 (Fv,0.19% = (2.88-32S0p) Fv.20, See [3]). cev includes
the reduction of the vertical forces due to the presence of a key; crv = 0.4 includes those
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for the crest wall configuration without key, and cgy = 0.3 includes those for the crest
wall configuration with a key.

[5] included the effect of oblique waves through Ru.s. Equation (3) given in [13,14]
was proposed to estimate Ruzg.

Ruz% _
= Coém-10 fOrém_10=<D
Ruy, cy

VH, €1 o forém-102p

where y =y y5 is the reduction factor to take into account the effect of both the roughness
and the oblique wave attack, respectively, &nao = tana/(27HygTp?)%° is the surf-
similarity parameter or Iribarren number, co = 1.45, ¢1 = 5.0, ¢c2 = 0.25 c12/co, and p =
0.5ca/co. [5] used yr = 0.45 for the double-layer rock armor and proposed a new
expression for yg.

¥g = 0.5 cos®B + 0.5 4)

where £ is the wave direction at the toe of the structure, where £ = 0° corresponds to
perpendicular wave attack.

The mentioned methods propose expressions to calculate the maximum wave loading of
the crest wall in a single position (chainage) along its length. No methods that incorporate
the effect of finite length in the estimation of the wave loading of the crest walls on
mound breakwaters are known.

3. Experimental Methodology
3.1. Test Set-Up

In this study, the tests by [5] are used. Those tests were conducted in the Delta Basin
(50m x 50m) at Deltares, Delft. Waves were generated using a multi-directional wave
board composed of 100 paddles and equipped with both active absorption and second-
order wave steering. This means that the motion of the paddles compensates for the wave
reflected by the structure in order to prevent them from re-reflecting on the wave paddles
and that the second-order effects of the first lower and higher harmonics of the wave
field are considered, ensuring that the generated waves resemble waves that occur in
nature.

The experimental set-up in the wave basin is illustrated in Figure 1. A structure with a
width of 18.3 m was built with an angle of 37.5° between the model and the wave
generator. Gravel beaches were built on both sides of the model to ensure wave damping
in the basin.
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Figure 1. Tests set-up in the wave basin [5].

The tested cross-section corresponds to a rubble mound breakwater with 1:2 slope and
two crest walls configurations. The model cross-section is depicted in Figure 2. A
double-layer rock armor with high density stones (A = 2.69) is used in order to limit the
armor damage during the tests while keeping a realistic size of the stones. A 1:1.5 slope
was used in the rear side of the structure.
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Figure 2. Tested cross-section [5].
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Figure 3 presents the two crest wall configurations used in the tests, made of aluminum,
as well as the location of the pressure transducers. The two crest walls configurations are
identical except for the key placed at the intersection between the front wall and the
bottom of the crest wall. The presence of a key is desirable from the geotechnical
perspective, since the passive earth pressure is increased. Crest wall A does not present
the key, while Crest wall B does. Pressures were measured at the front side of the crest
wall and underneath it for both crest wall configurations using 18 pressure transducers.
These transducers have a frequency response of 5 kHz, an accuracy of 0.06% of the full
scale (Best Straight Line), and a range of 350 mBar. In Crest wall A, five pressure
transducers were located in the front wall, and three pressure transducers were placed in
the baseplate. In Crest wall B, two additional pressure transducers were located: one in
the front wall and one in the baseplate. No movement of crest walls was ensured by
fixing them to steel frames, as shown in Figure 4.

A: B:
+0.95 m +0.95 m
7
A5 D BI5 B
A4 D Bf4 >
=) Af3 D Bf3 >
b £
— A2 Py Bf2 P> E
=} = =
4 S
+0'80r5"7 Af1 D = Bf1 B> <
R 3 7 oo = = =
ABO Ab2 Ab3 bl Bb2 Bb3
+0.75m
0.200 m AV
Bb0
0.035m ‘ 0.165 m
0.200 m

Figure 3. Tested crest wall cross-sections and location of the pressure transducers [5].

Figure 4. Experimental set-up during a test with oblique waves.
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Waves were measured using directional wave gauges (GRSM) at two locations in front
of the model so the incident and reflected waves could be separated. The directional
wave gauges were located to be in the same line as the measurement cross-sections for
a wave angle of 37.5°, which is the average of all the tested angles and perpendicular to
the wave paddle (see Figure 1). Small variations observed between both measurement
points were accounted for in the following analysis; measurements of GRSM-A were
used for Test section A, and measurements of GRSM-B were used for Test section B. In
following analysis, incident waves at these locations at the toe were used. The spectral
significant wave height (Hs = Hmo = 4\mo) and the spectral mean wave period (Tm.10 =
m.1/mg) were obtained from the measured wave energy spectra. Tm-1,0 Was first found to
better describe the influence of wave energy spectra on wave run-up and overtopping in
[13,14]. Later, Tm-1,0 was applied as the best wave period to describe other interaction
processes between waves and coastal structures, see for instance [15]. Thus, this spectral
wave period was also used in this study. The mean overtopping discharge was also
measured in [5], using two overtopping chutes and boxes (see Figure 5).

Parameter Symbol Value/Range
Seaward side slope angle (-) cot a. 2
Dimensionless crest freeboard (-) Re/Hs 0.84-1.60
Ratio crest level of crest wall and armor (-) Re/Ac 1.27-1.55
Dimensionless level of base plate (-) Fu/Hs 0-0.56
Wave height over water depth ratio (-) Hs/hs 0.13-0.27
Surf similarity parameter (-) Em-1,0 2.3and 3.7
Number of waves (-) N 1000

Wave angles at the toe (°) Yij 0-75
Incident wave height (m) Hs 0.10-0.19
Water depth at the toe (m) hs 0.70-0.80
Crest wall freeboard (m) Rc 0.15-0.25
Crest level of the armor layer crest (m) Ac 0.097-0.197
Crest width of the armor layer (m) Gc 0.114

Level base plate relative to the wave level (m) Fp 0-0.10
Height of the crest wall (m) Huwall 0.15and 0.2
Width of the crest wall (m) Buwall 0.20

Table 1. Summary of the parameter ranges of the test program.
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Runs of 1000 random waves were generated following a JONSWAP wave spectrum
(peak enhancement factor of 3.3). Each configuration was tested with a constant value
of sm-1,0 = 0.018 or 0.048. Six wave directions were considered g = 0°, 15°, 30°, 60, 45°,
and 75°, where 8 = 0° corresponds to the perpendicular wave attack. Three water depths,
hs = 0.70, 0.75, and 0.80 m, and crest freeboards, Rc = 0.15, 0.20 and 0.25 m, were used.
For the lowest hs, only the perpendicular waves were tested, since most of the conditions
with oblique waves would not have caused forces on the crest walls. In total, 30 tests
were used in this study. Table 1 summarizes the main experimental ranges in these tests.

3.2. Test Results

As previously mentioned, 18 pressure transducers were used to measure the pressure
signals on the crest walls. Their sampling frequency was 1000 Hz. Before a test, the
transducers were set to zero, so the measurements were relative to the pressures caused
by the still water level and hydrostatic forces were not included in the measurements.
This is especially relevant for Crest wall B, since the key is submerged during the tests
with the higher water depth.

Each pressure transducer provided a point of pressure (KN/m?). The pressure distribution
along the front and base of the crest wall was obtained by assembling the points of
pressure (see Figure 5). The pressure distribution was extrapolated toward the edges of
the crest wall. Pressure transducers were located as close as possible to the edges of the
crest wall to minimize extrapolation, and the extrapolated pressures were set to a lower
limit of 0. In Figure 6, the extrapolation zone is indicated with blue dashed lines. The
pressure distribution was integrated along the front and base of the crown wall to obtain
the force on the crest wall. It resulted in a horizontal force on the front of the crest wall
(Fn) and a vertical force on its base (Fv).

19 mm

26 mm

33 mm

47 mm

] Py Db
poo A A A
Py Py, Pb3;

88 mm 88 mm

Figure 5. Pressure integration principle [5].
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In this study, the temporal shape of the (horizontal and vertical) force events was studied.
Thus, the duration of the force events and the time of the peak (tpea) Was determined.
The start, tpeak, and end of the force events were determined for both horizontal and
vertical forces. They were extracted in three steps: (1) peaks were identified applying the
Peaks-Over-Threshold method; in case of two peaks closer than 0.5 s, only the maximum
was considered; (2) zero-up and zero-down crossing points were determined using a
threshold of 2 to account the points slightly above zero and related to each peak as the
start and end points of the force event; and (3) correction was applied in case the start
and end points were located even more above zero. If two peaks presented the same start
or end point, it was replaced by the minimum value between both peaks. The duration is
calculated as the difference between the start and end of the force event. The exceedance
values used in this study are not based on the total number of force peaks but rather on
the number of waves within a test. Note that some vertical force registers were discarded,
since the events were too low to be distinguished. Therefore, 59 duration values (29 for
Crest wall A + 30 for Crest wall B) were obtained for the horizontal forces, while 47 (22
for Crest wall A + 25 for Crest wall B) were identified for vertical forces. An example
of the determination of beginning and ending points is displayed in Figure 6 for vertical
forces of Test #10 on Crest wall A.

80 T T T

Vertical force register

= Peaks
60 - O Beginning of the force event
#  Ending of the force event

Vertical force register (N/m)

420 425 430 435 440 445 450

Figure 6. Example of determination of beginning, peak, and ending point for vertical forces of
Test #10 on Crest wall A.

As [5] pointed out, it is common practice to assume that the maximum value registered
in tests is the maximum (horizontal or vertical) force, which lasts 1000 waves (force
exceeded by 0.1% of the incoming waves) [1,2,11]. However, the smaller the
exceedance probability, the more hampered the value is by the coincidence within a test.
Thus, [5] compared the maximum forces (peak of the force event) within a test (forces
exceeded by 0.1% of the incoming waves) with the forces exceeded by 2% of the
incoming waves. An almost constant ratio was observed for the horizontal forces and for
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many vertical forces. Here, a similar comparison is conducted for the duration and the
position of the peak (tpeax) to determine whether the force event exceeded by 2% of the
incoming waves is a valid approach to describe the shape of the maximum force events
(see Figure 7).

In order to assess the correlation between the variables, the correlation coefficient (—1 <
r < 1) was used. Here, the higher the absolute value of r, the higher the correlation.

S (¢~ D(e; - @)
Jz (- D2 T (¢, — 0)?

where N, is the number of observations, t; are the first variable observations, e; are the
corresponding observations of the second variable, and ¢ and ¢ are the average values of
both variables.

(®)

As shown in Figure 7, reasonable correlation (r = 0.790) was found for the duration of
the horizontal force events exceeded by 0.1% and 2% of the incoming waves
(durationn,o.10 and durationg 2e). Poor correlation (0.148 < r <0.392) was observed for
the duration of the vertical force events exceeded by 0.1% and 2% of the incoming waves
(durationy,g.1% and durationy,2s), as well as for the position of the peak (tpeak) of both
horizontal and vertical force events exceeded by 2% and 0.1% of the incoming waves.
As a result, it was decided to conduct the following analysis using the force events
exceeded by 0.1% of the incoming waves.

4. Results

In this section, the temporal shape of the (horizontal and vertical) force events is
discussed. A triangle-shaped model is proposed. Therefore, the base width and the height
of that triangle are needed to characterize the temporal shape. The formulas given in [5]
are used to estimate the maximum loading (height) for both the horizontal and the
vertical forces. Formulas to calculate the duration of the force events and the velocity at
which the force events travel along the structure are proposed. This way, the duration is
transformed into the space domain (base width); a force diagram along the longitudinal
dimension of the crest wall is obtained. This study assumes that the force received by a
point of the crest wall in a certain instant is at some point of the spatial force diagram,
and the rest of the points receive forces according to the shape of that diagram. The force
diagram is integrated to estimate the actual force that attacks the crest wall, including the
finite length effect. Such force is compared to the force obtained using the existing
methods and a coefficient to account for the effect of finite length on crest walls under
oblique wave attack is given.

298



Chapter 8. Scientific Publications

(a) 18 (b) o5
OCrestwall A OCrestwall A ]
1.6
1a | ®CrestwallB 04 | ®@Crestwallg | @
-~
o 2 -
8 <% m
210 ] o o 0O
s < 8o o
g0 8 02 . o o
N Q - ] o0
J 06 = &
o %" °
0.4 01 g Cut ]
0.2 n
r=0.373
0.0 0.0
00 02 04 06 08 10 12 14 16 18 0.0 0.1 0.2 0.3 0.4 0.5
duration,,  ,5; (s) tpeak,,; ;5 (s)
(c) 35 (d) 2.0
50 OCrestwall A PY Py OCrestwall A °
@ Crest wall B ® 15 | ®@Crestwall B
& 25 i
2 - [ ]
® <«
S 2.0 é{s
£ 15 5
B 2
[ d
3 10 = be . o® °

([ ]
[m]
r=0.392 r=0.148

00 05 10 15 20 25 30 35 0.0 0.2 0.4 0.6 0.8 10 12
duration,, 15 (s) tpeak.; ;5 (s)

Figure 7. Comparison between: (a) duration of the horizontal force event exceeded by 0.1% and
2% of incoming waves (durationn,0.1% and durationn,2%), (b) position of the peak of the
horizontal force event exceeded by 0.1% and 2% of incoming waves (tpeakn,0.1% and tpeakH,2%),
(c) duration of the vertical force event exceeded by 0.1% and 2% of incoming waves
(durationv,0.1% and durationv,2s%), and (d) position of the peak of vertical force event exceeded by
0.1% and 2% of incoming waves (tpeakv,0.1% and tpeakv,2%).

4.1. Temporal Shape of Force Events

In this section, the temporal shape of the force events is discussed and parameterized. In
Figure 8, typical registers for horizontal and vertical forces are presented.

In Section 3.2, it was decided to analyze the maximum force event in each test (force
events exceeded by 0.1% of the incoming waves). The maximum force event is extracted
for each test, and a new register is created grouping them (Extracted register, from now).
A five-second spacing was left between the events in order to allow for the afterwards
analysis. Figure 9 shows a fragment of such an Extracted register.

299



Overtopping flow on mound breakwaters under depth-limited breaking wave conditions
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Figure 8. Typical register for horizontal and vertical forces (Test #10, Crest wall A).
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Figure 9. Extracted register made by grouping the maximum force events of each test
(horizontal forces).

A triangle-shaped model is proposed for the temporal shape of the force events. In order
to assess the goodness of fit of such a model, the correlation between the Extracted
register and a new triangle-shaped register is evaluated. The new triangle-shaped register
is created using the measured duration and the measured peak values of the forces. The
location of the peak value of the force (tpeako.10) is calculated as function of the duration
of the horizontal or vertical force event (durationo %), as shown in Equation (6).

tpeakg 1o, = Kpear durationg ;o (6)
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where Kpeak is an experimental coefficient. Kpeax IS calibrated for both horizontal and
vertical forces in order to maximize the correlation with the Extracted register. Kpeax =
0.1 and Kpeak= 0.35 are obtained for horizontal and vertical forces, respectively; 0.912 <
r < 0.924. Figure 10 shows the superposition of the Extracted register (the actual
maximum force events) and the triangle-shaped model.
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Figure 10. Comparison of Extracted register (the actual maximum force events) and the
triangle-shaped model using the measured Fw,0.1%, Fv,01%, and durationo.is for: (a) horizontal
forces, and (b) vertical forces.

4.2. Duration of Force Events

As mentioned in Section 3.2, 59 values (29 for Crest wall A + 30 for Crest wall B) and
47 (22 for Crest wall A + 25 for Crest wall B) of the duration corresponding to the force
exceeded by 0.1% of incoming waves (durationg.is) were obtained for the horizontal
(durationno1%) and vertical (durationvoi%) forces, respectively. durationyo.i% and
durationyo.1% corresponding to the same test were compared in order to determine if they
present the same behavior. Note that 47 durationo.1s values could be compared (i.e., the
minimum number of durationgis values, which corresponds to the vertical forces).
Figure 11 compares durationy,o.1% and durationy,o.10 corresponding to the same test.
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Figure 11. Comparison between the measured dimensionless durationo.i% (durationo.1%/Tm-1,0) for
horizontal and vertical forces.

Reasonable correlation was observed (r = 0.778) between durationyoi% and
durationy,o.1%. Thus, it is reasonable to analyze them together. Equation (7) was proposed
to estimate durationg 1%, based on the difference between Ruay, and Ac.

durationg g, = 5 \/Hwall M (7
Hy
Note that if Ac > Ruas, No waves reach the crest, which leads to durationgis% = 0.
Equation (7) also shows that the duration of the force event increases for the larger crest
walls (Hwan); larger crest walls are a bigger obstacle to dissipating phenomena
(infiltration and wave overtopping), such that the water remains longer at the breakwater
crest. Equation (7) is valid within the ranges 0.260 < y5 (Ru29— Ac)/Hs < 0.863. In order
to assess the goodness of fit, r and the relative mean squared error (rMSE) were used.

1 N,
MSE N—Zizl(ti —e;)?
rMSE = p— 10 - (8)
N_OZi:l(ti - E)Z

where MSE is the mean squared error, var is the variance of the target values, Ny is the
number of observations, ti and e; are the target and estimated values, respectively, and £

302



Chapter 8. Scientific Publications

is the average of the target values. The variation coefficient (CV) of the data was also

calculated as CV = of i, where o is the standard deviation of the observations and x is
the observations’ mean.

Figure 12 compares the measured and estimated dimensionless duration
(durationg.104/Tm-1,0) USing Equation (7), as well as the 90% confidence interval. Here, r
=0.726 and rMSE = 0.472.
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Figure 12. Comparison between the measured and estimated dimensionless durationo.1% using
Equation (7).

The MSE remained stable with increasing values of durationg.i0/Tm-1,0. Thus, the 90%
confidence interval was calculated based on the variance of the error (var(s) = 0.0167).
Assuming a Gaussian error distribution, the confidence interval is obtained as

. 95% :
durationg q, durationg 1,
_ =———= +1.64./var(e)

Tn-10  |s, Tin-1,0 9)

durationg 10
=— " 0% 40212

Tm— 1,0

Similar to Section 4.1, the correlation between the Extracted register and a new triangle-
shaped register was assessed. Here, the triangle-shaped register was created using the
estimated Fn,0.1%, Fv,0.1%, and durationg.is using the method in [5] (Equations (1) to (4))
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and Equation (7). tpeako.1% in Equation (6) was again calibrated by maximizing the
correlation; Kpeak = 0.15 and Kpeak = 0.35 were obtained for horizontal and vertical forces,
respectively; 0.874 < r < 0.879. Figure 13 shows the superposition of the Extracted
register (the actual maximum force events) and the triangle-shaped model generated with
the estimated Fn0.1%, Fvoi%, and durationgi. Note that if (RUz% —Ac) <0 or (Ruzy —
0.75Ac) <0, Fr,0.1% Or Fvo.19% result in 0, respectively.
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= 350 T T T T T T T
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Figure 13. Comparison of Extracted register (the actual maximum force events) and the
triangle-shaped model using the estimated Fr0.1%, Fv.0.1%, and durationo.i% for (a) horizontal
forces and (b) vertical forces.

4.3. Travel Time and Velocity of Force Events

As discussed in Section 4.1, a triangle-shaped model is adopted for the time evolution of
both horizontal and vertical force events. Since the area of a triangle depends on the base
(durationg.1%) and the height (maximum loading), the method proposed in [5] (Equations
(1) to (4)) and Equation (7) can be used to estimate the area of the actual force in the
time domain. In order to transform the temporal shape into the space domain, the velocity
(ve) at which the force event travels is needed. To assess Ve, the travel time of the force
events between the two measurement points was obtained. ve was calculated dividing
the distance between the measurement points (6.7 m) between the travel time.

In order to extract the travel time from the experimental registers, the register measured
at point B (see Figure 1) was moved forward in steps of 0.01 s from 0 s (no displacement)
to 5 s. For each step, the correlation between Register A and the displaced Register B
was calculated. The travel time corresponded to the displacement time, which maximizes
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the correlation. This procedure could not be applied to three out of the 30 analyzed
vertical force registers, since they were too low. Thus, 57 travel time values (30 values
for horizontal forces and 27 for vertical forces) were obtained. Figure 14 shows an
example of the exposed procedure for the horizontal force registers in Test #5, whereas
Figure 15 presents a comparison between Register A and the original and displaced
Register B until the travel time, which maximizes the correlation for Test #5.

max r=0.797

1

e
%)

e
N

e
)

o

displacement= 1.45s

Correlation coefficient [r]
- o
=

e
[N

o
=~

0 0.5 1 15 2 2.5 3 3.5 4 45 5
Displacement of register B (s)

Figure 14. Example of the procedure to determine the travel time between the two
measurement points (Test #5).

Once the travel time was determined for both the horizontal and vertical forces, the travel
time values corresponding to the same test were compared to determine whether the
behavior was equal for both types of forces (see Figure 16). In total, 27 pairs of values
could be compared (minimum number of travel time values, which corresponds to those
available from measured vertical forces).
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Figure 15. Example of applying the maximum correlation travel time to displace the register at
measurement point B (Test #5).
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Figure 16. Comparison between the travel time of horizontal and vertical force events
corresponding to the same test.
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As shown in Figure 16, a very good agreement between the travel time of both horizontal
and vertical force events corresponding to the same test was found (r = 0.974; rMSE =
0.050). Therefore, it is reasonable to analyze the travel time for horizontal and vertical
forces together.

vr was determined by dividing the distance between the two measurement points (6.7 m)
between the obtained travel time. The higher the angle, the lower the observed velocity.
Note that the travel time for tests with perpendicular waves was zero, since the crest wall
is impacted by the whole wave front at the same time. Thus, the tests with perpendicular
wave attack could not be used to analyze ve; 45 ve values were obtained.

A very high correlation was observed between the dimensionless velocity of the
maximum force along the structure (ve/(g hs)®®, where hs is the water depth at the toe of
the structure) and sinp (r = 0.826). Therefore, Equation (10) was proposed for ve/(g hs)®®

Ve 0.2
(g hs)0S ~ Sin'2B sy o°
Equation (10) is valid for 15° < £ <75° and 0.018 < Sn.1,0<0.048. Figure 17 presents the
comparison between the measured and estimated dimensionless velocity ve/(g hs)®° with

Equation (10), as well as the 90% confidence interval. Here, 93.4% of the variance was
explained by the model.

(10)

4.0

Force r___ rMSE _cv(%) Pid
35 Horizontal 0.977 0.046 69.0% L 4
2 | Vertical  0.970 0.088 71.1% .
r'd
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e
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A Vertical force
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measured v./(gh,)° (-)

Figure 17. Comparison between the measured and estimated ve/(g hs)®° using Equation (10).
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The 90% confidence interval is calculated following the methodology given in [16]. As
the MSE increases with increasing Ve/(g hs)®°, the variance of the error (var(e)) is
calculated as

Up
var(e) = 0.035 [—] 11

( ) (g hS)O.S ( )
Assuming a Gaussian error distribution, the 90% confidence interval for ve/(g hs)®®
estimated using Equation (10) is given in Equation (12).

v PPV g | 12)
@h)*3l,, ~@hoos = 7 [(ghy)os

4.4. Integration of the Actual Force

The triangle-shaped force diagram along the longitudinal dimension of the crest wall was
obtained for both the horizontal and vertical force events using the method proposed in
[5] to calculate the maximum loading (Equations (1) to (4)) and Equations (7) and (10)
to estimate durationo.1% and ve. The actual force (AFo.1%) that attacks the structure can
be calculated using the formula for the triangle area,

AFO.l% = 05 (durationo_l% UF) FO.1% (13)

where Fo.19 is the maximum estimated loading for the horizontal or vertical force with
[5]. Equation (13) is valid while the length of the crest wall (Lcrest) is higher than the
width of the force event (durationg.is vr). If durationg 19 v > Lerest, the considered portion
of the area within the triangle needs to be the maximum possible value to obtain the
dominant force (see the right panel of Figure 18). For every case, 20 values of Lerest Were
considered. Lerest = Ka durationg 1o vi, where Ka was varied from 0.05 to 1 in steps of
0.05. The maximum area within the triangle was numerically integrated for every case
and Lcrest. Similar to the estimated AFo.10, the measured AFo.19 Was obtained as the
maximum numerically integrated area from the force register in the space domain. For
the numerical integration, the following steps were performed: (1) a vector with the same
length as the time register is created, and all its values are set equal to the time step (0.001
s in this study), (2) the vector is multiplied by the measured velocity, (3) the cumulative
sum is determined, and (4) the force register is numerically integrated over this new
space vector. Figure 19 shows the comparison between the measured and estimated
AFo.19 using the method in [5] (Equations (1) to (4)) and Equations (7) and (10). Here,
r =0.938 and rMSE = 0.945.
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Figure 18. Possible situations when calculating AFo.1s.
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Figure 19. Comparison between the measured and estimated AFo.1% using Equations (1) to (4),
(7), and (10).

Every alignment of points in Figure 19 represents the AFg 19 variation for one test due to
the different values of Ka. As shown in Figure 19, the proposed method is on the
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conservative side. In order to obtain the best fitting approach, AFo.1%* = Kopt AFo.1% IS
considered where AFq.10* is the best fit estimated AFq.10 and Kot is a coefficient to be
calibrated. Kqpt was calibrated by minimizing the rMSE. The best fit was obtained for
Kopt = 0.6 with rMSE = 0.133. Figure 20 presents the comparison between the measured
AFo19% and estimated AFo1%* using the method in [5] (Equations (1) to (4)) and
Equations (7) and (10) with Kope = 0.6, as well as the 90% confidence interval.
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Figure 20. Comparison between the measured AFo.1% and estimated AFo.1%* using Equations (1)
to (4), (7), and (10) with Kopt = 0.6, as well as the 90% confidence interval.

Similar to Section 4.3, since the MSE increases with increasing AFo1%*, var(e) is
calculated as

var(e) = 36.5 AFy 19" (14)

Assuming a Gaussian error distribution, the 90% confidence interval for AFq.10* is given

in Equation (15).
AFy 10,7125 = AFy19," +9.91 / AFy 104" (15)
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4.5. Length Coefficient

The goal of this study was to propose a reduction coefficient to directly multiply to the
force obtained with the methods in the literature to account for the effect of the finite
length of crest walls under oblique wave attack. Methods in the literature provide the
maximum force that attacks a chainage of the crest wall (Fo.1%). They assume that the
whole crest wall is attacked by this maximum force; a rectangle-shaped diagram along
the whole crest wall length is assumed, as illustrated in the left panel of Figure 21. Thus,
the total force AFo.1% 0on a crest wall section is generally estimated by multiplying Fo 10
by the length of the crest wall (Lcrest). Figure 21 illustrates the horizontal force diagrams
along the crest wall as generally applied compared to the method proposed in the present
study. As previously mentioned, vertical force diagrams were defined in the same way.
The length coefficient (y) was calculated by dividing AFo 19 estimated using the results
of the present study (“triangular shape’) with the best fitting approach by the AFo.10
without the finite length effect (“rectangular shape”). Equation (16) is derived

0.6 - 0.5 (durationg 1, Vr) Fo 19
YL =

Lcrest F0.1%
\/Hwall vp (Ruzg, — A)
L H,%® sint2f s 03
crest s m—1,0

where Equation (3) is used for Ruzy and Equation (4) is used for yz Thus, Equation (16)
is only valid if Lerest > (durationo.19 V).

(16)

=0.24

Standard approach This study

Figure 21. Example of the horizontal force diagram along the longitudinal dimension of the
crest wall assumed by the standard method (left panel) and the present study (right panel).
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As mentioned in Section 4.4, when durationg 1o Vs > Lcrest, the considered portion of the
area within the triangle needs to be the maximum (see Figure 18). Since the area
calculation is not direct, a new equation is derived. Cases within the tested experimental
ranges were generated. sm-1,0 = 0.02 and 0.04, g = 15°, 30°, 45°, 60°, and 75°, hs = 0.77
m, Ac =0.12 m and Hwan = 0.15 and 0.20 m were considered. Values for Hs were selected
such that the generated cases remain within the experimental range of tested values for
Ruzs/Ac. Test conditions were used for cross-validation. Both the generated cases and
the test conditions cases were applied to five lengths of the crest wall (Lerest =2.25 m, 5
m, 10 m, 15 m, and 20 m on the scale of the model). Thus, 187 generated cases and 235
test conditions were used to illustrate the obtained method. The considered values of
Lcrest went from approximately the smallest Lm-1,0 until 2Lm-1,0 of the highest Lin-1,0.

Fr.0.1% and Fv .10 were calculated using the methodology given in [5] (Equations (1) to
(4)). Note that K¢y needed to be interpolated for the generated cases (Key = 2.35and 1.81
for sm1,0 = 0.02 and 0.04, respectively). AFo19% using the results of this study were
obtained with the best fitting option (Kqpx = 0.6) with Equations (7) and (10). The
reduction factor y_ is calculated by dividing AFo.19 obtained with the results from this
study (“triangular shape) by the AFo.19 calculated with the generally applied method
(“rectangular shape” with the maximum force acting on the entire crest wall at the same
instant).

The same trend was observed in y_ for both horizontal and vertical force events. Equation
(17) was proposed based on the generated cases. Thus, for relatively short crest walls
with Lerest < (durationo s Ve), the following expression is proposed:

Ac]2 [(YB Rutzy, — Ac)rﬁs 17

LCT@St

where Equation (3) is used for Ru.y and Equation (4) is used for ys, which accounts for
the effect of oblique wave attack. The reduction factor expressed by Equations (16) and
(17) are valid within the ranges 0.541 < Ac/Hs < 1.102; 0 < (yg Ruzg— Ac)/Lcrest < 0.045.
Since Equations (16) and (17) do not depend on Fq 1%, they are applicable independently
on the method used to estimate Fo1%. Note that the higher the wave attack angle, the
lower y. and the higher the reduction on the crest wall forces. Figure 22 compares the
goal y. and the estimated y_ using Equation (17) for (a) horizontal forces and (b) vertical
forces, as well as the 90% confidence interval. Open symbols correspond to the generated
cases, while closed symbols correspond to the test conditions cases used as cross-
validation.
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Figure 22. Comparison between the goal y. and the estimated y. with Equation (16), as well as
the 90% confidence interval for (a) horizontal forces and (b) vertical forces. Generated cases
correspond to open symbols, while test conditions correspond to closed symbols.

Similar to Section 4.3 and 4.4, var(g) is calculated as
var(e) = 0.019y; (18)
Assuming a Gaussian error distribution, the 90% confidence interval for y_ is given by
Vi3’ =v. £023 .y, (19)

Note that the confidence interval was calculated for the generated cases. The agreement
is rather good for both the generated cases and the test conditions (0.198 < rMSE <
0.227).

5. Conclusions

To estimate the forces on a crest wall of a rubble mound structure, the predicted
maximum force at a single position (chainage) is normally assumed to act on the entire
length of the crest wall. For perpendicular wave attack, this is a reasonable approach.
However, for oblique wave attack, the maximum loading is not acting on the entire
length of the crest wall at the same instant. Since crest walls have a finite length,
assuming that the maximum wave loading acts at the same instant over the entire length
of the crest wall leads to an overestimation of the actual forces on crest walls under
oblique wave attack. This study describes a method to account for the effect of the finite
length of crest walls on the forces caused by oblique wave attack.

The physical model tests conducted by [5] in a wave basin were used. A triangular shape
is applied to model the temporal shape of the (horizontal and vertical) force events
(exceeded by 0.1% of the incoming waves) with 0.912 <r <0.924. It was found that the
duration of the force events (durationo.i%) (base of the triangle) is the same for both
horizontal and vertical forces. Equation (7) is proposed to estimate the duration of the
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force events (rMSE = 0.472). Equation (6) is derived to estimate the position of the peak
within the force event; the rising time of the horizontal forces is faster than for the vertical
forces. The method proposed in [5] was suggested to calculate the maximum loading
(Fo.1%). The agreement between the calculated and measured force register was good
(0.874 <r <0.879).

The temporal shape of the force events was transformed into the space domain by means
of the velocity at which the force event travels along the structure (vi). To this end, the
travel time between two measurement points was determined, and vi was obtained by
dividing the distance between both points between the travel time. The same travel time
and v; were obtained for horizontal and vertical forces. The travel time obviously is O for
perpendicular wave attack, since the whole crest wall is impacted by the wave in the
same instant. Equation (10) was proposed to calculate v for oblique wave attack with a
rather high accuracy (rMSE = 0.066).

The actual force on the entire crest wall with a finite length (AFo.106) Was obtained using
a triangular shape in the space domain. The adopted approach resulted in conservative
estimates of the reduction due to the finite length of crest walls under oblique wave
attack. The best fit for actual force on the entire crest wall with a finite length (AFo.1%)
resulted in 60% of the triangular shape (Kopt = 0.6) with rMSE = 0.133.

A new reduction factor (y.) was defined as the ratio between AFg .19 estimated using the
findings of the present study and the maximum force acting against the crest wall (Fo.1%
Lerest). Equations (16) and (16) were proposed to directly estimate y_ for both horizontal
and vertical forces. Equation (16) is valid if Lcrest > (durationg 1o, V). Equation (17) was
developed to account for relatively short crest walls Lerest < (durationg ie Ve). To obtain
Equation (17), the methodology developed in this study using the best fit approach (Kopt
= 0.6) was applied on two data sets: (1) generated cases within the experimental ranges
with five values of the length of the crest wall (Lcrest) and (2) tests conditions with five
values of Lerest. The forces on the entire crest wall with finite length (AFo.1%) were also
calculated using the generally applied method (AFo.10 = Fo.1% Lcrest). Equation (17) was
derived using dataset (1), while dataset (2) was used for cross-validation (0.198 < rMSE
<0.227). Since the derived reduction factor, expressed by Equations (16) and (17), does
not depend on Foi%, Equations (16) and (17) are applicable independently on the
estimator used for Fo 1%.

The expressions proposed in this study are valid within the ranges of the present tests
(0.84 < Rc/Hs < 1.6; 1.27 < RJ/A: < 1.55; 0 < Fp/Hs < 0.56; 0.13 < Hs/hs < 0.27). Tt is
encouraged to check their validity out of the experimental ranges of this study, paying
special attention to the effect of wave characteristics on the shape of the force events,
different crest wall geometries, and armor layers (1:2 rock armored slopes).

This study has illustrated how large the reduction in the required size of the crest wall
can be if the finite length of the crest wall is taken into account in oblique wave attack
conditions. Therefore, it is recommended to take into account not only the reduction in
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the maximum forces due to oblique waves, but also the reduction due to the fact that the
maximum forces do not occur at the same instant over the entire length of crest walls on
rubble mound breakwaters.
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