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ABSTRACT

SUBMERGED BREAKWATERS AS A MEASURE TO REDUCE WAVE
OVERTOPPING AT VERTICAL SEAWALLS

Rapid urbanization and population growth in coastal cities are increasing pressure
on urban areas. This pressure is fed by climate change caused by global warming. Sea
level rise, one of the most significant impacts of climate change, increases flood risk of
urban areas by reducing the effectiveness of coastal protection structures, especially
during storms. Therefore, submerged breakwater can be used as a solution to reduce
wave-overtopping. This study is 2D, small-scale experimental research carried out in
IZTECH Hydraulics Laboratory within the scope of TUBITAK project 122M553 and
investigates the performance of submerged breakwaters in reducing wave overtopping on
vertical seawalls. It is shown that submerged breakwaters can be used as an effective
coastal defense system by reducing the overtopping discharge by up to 90%. The
effectiveness of the submerged breakwater is expressed through a reduction factor (ysub),
which quantifies its impact on wave overtopping. Reduction factor is influenced by
geometric parameters of the submerged breakwater, such as breakwater height and crest
width, as well as hydrodynamic conditions including wave height, wavelength, and water
depth. Based on 128 different experimental tests, relationship between these parameters
and wave overtopping reduction is quantified, and the reduction factor is formulated as a
function of submerged breakwater’s design parameters. Reduction factor is then
integrated into widely accepted EurOtop (2018) wave overtopping prediction formula to
provide an estimate of wave overtopping discharge in the presence of a submerged
breakwater. Furthermore, the effectiveness of wave-transmission formulas proposed in

literature is evaluated by comparing them with the data set generated in this study.

Vi



OZET

DIKEY DENiZ DUVARLARINDA DALGA ASMASINI AZALTMAK
ICIN ONLEM OLARAK BATIK DALGAKIRANLAR

Kiy1 kentlerindeki hizli kentlesme ve artan niifus, kentsel alanlar tizerindeki
baskiy1 artirmakta. Bu durum kiiresel 1sinmanin tetikledigi iklim degisikligiyle daha da
siddetlenmektedir. iklim degisikliginin en belirgin etkilerinden biri olan deniz seviyesinin
yiikselmesi, 6zellikle firtina kosullariyla birlestiginde kiy1 koruma yapilariin etkinligini
azaltarak kentsel bolgelerin tagkin riskini artirmaktadir. Bu baglamda, dalga asmasini
azaltmak icin batik bir dalgakiran ¢ziim olarak kullanilabilir. Bu calisma, IYTE Hidrolik
Laboratuvarinda, 122M553 kodlu TUBITAK projesi kapsaminda gerceklestirilen 2
boyutlu, kiiciikk 6lgekli deneysel bir aragtirma olup, dikey deniz duvarlarinda dalga
agsmasint  azaltmada batik dalgakiranlarin  etkinliini incelemektedir. Batik
dalgakiranlarin, dalga agma debisini %90’a kadar azaltarak etkin bir tamamlayict kiy1
savunma sistemi olarak kullanilabilecegi gosterilmistir. Batik dalgakiranin etkinligi,
dalgalarin agmasi tizerindeki etkisini dlgen bir indirgeme katsayist (ysub) ile ifade edilir.
Bu indirgeme katsayisi, dalgakiran yiiksekligi ve kret genisligi gibi batik dalgakiranin
geometrik parametreleri ile dalga yiiksekligi, dalga boyu ve su derinligi gibi hidrodinamik
kosullardan da etkilenir. Bu parametrelerin etkisi dalga asmasindaki azalmanin
belirlenmesinde 6nemli bir rol oynar. 128 farkli deney testi kullanilarak, dalga
asmasindaki azalma niceliksel olarak belirlenmistir. Daha sonra batik dalgakiranin
tasarim parametrelerinin bir fonksiyonu olarak ifade edilmis azaltma faktori
tanimlanmistir. Bu indirgeme katsayisi, yaygin olarak kabul géren EurOtop (2018) dalga
asmasi tahmin formiiliine entegre edilerek, batik dalgakiranin dikey deniz duvari oniine
yerlestirilmesi durumunda, dalga asma desarjinin tahmin edilmesini saglar. Ayrica bu
deneysel caligmada, literatiirde 6nerilen dalga iletim formiillerinin etkinligi, bu calismada

iretilen veri seti ile karsilastirilarak degerlendirilmistir.
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CHAPTER 1

INTRODUCTION

The large and rapidly increasing human population, settlements and economic
activities in coastal areas increase the vulnerability of these areas to natural disasters. As
noted by Small et al. (2003), these densely populated areas host a variety of natural
processes that are often modified by human activities and create vulnerability to natural
disasters. The establishment of special economic zones has encouraged more intensive
development by increasing the geographical advantages of coastal areas (McGranahan et
al., 2007). This further increases the risk of vulnerability to natural disasters.

The combination of human settlement, economic activities and infrastructure
development efforts collectively increases the risk profile of coastal areas. These factors
make coastal areas vulnerable to natural risks such as storms, floods and sea level rise.
Sea level rise is one of the severe results of the climate change caused by global warming.
When sea level rise is considered together with the storm conditions, the resilience of the
coastal protection structures is quite inadequate to protect the city from coastal flooding.
Therefore, some measures must be taken for adaptation of the coastal structures to sea
level rise.

[zmir, one of the important coastal cities in Tiirkiye, is also at risk of coastal
flooding at times when storms are intense, especially in the winter season, negatively
affecting life in this region. Figure 1.1 illustrates the coastal flooding caused by
overtopping in the Kordon Region of Izmir. Also, according to Intergovernmental Panel
on Climate Change (IPCC) report, climate change due to global warming will cause rise
in sea levels and wave heights soon. As a result of rising sea levels and increasing wave
heights, coastal areas may experience flooding and low-lying areas may be inundated.

Kisacik et al. (2019), states that crest of seawall is not high enough to reduce wave
overtopping, the simplest course of action would be to increase the crest heights of these
structures, as the local administrations and the people are opposed to any obstruction to
the scenery. Kisacik et al. (2022) noted that it is preferable to limit the crest heights of
such structures, as many coastal areas serve recreational purposes where accessibility to

the sea and the preservation of scenic views are important.



If it is not possible to increase the crest level, submerged breakwater may be an
alternative solution to protect the coastal areas from the flooding (van Gent et al., 2022).
The crest of the submerged breakwater is positioned below the still water level (SWL) to
break the incident waves by creating a shallow region. Therefore, the transmitted waves
approaching the structure will have relatively lower energy. Consequently, the
overtopping discharge will decrease due to the submerged breakwater.

Submerged breakwaters are economically more advantageous than conventional
rubble mound breakwaters (Ahrens, 1987). The most important reason for this is that the
crest elevation in submerged breakwaters is low. Another advantage of the submerged
breakwater is that submerged breakwaters are more aesthetically pleasing than
conventional breakwaters for coastal areas.

In Izmir Bay both coastal protection structures, vertical seawalls and rubble
mounds are inadequate to protect the coastline against flooding. Since vertical seawalls
are the most critical case, this study focuses on reducing the overtopping discharge on
vertical seawalls.

This study aims to evaluate the effectiveness of submerged breakwaters in
mitigating wave overtopping at vertical seawalls through physical model tests. To achieve
this, experimental investigations were conducted in the Hydraulic Laboratory at Izmir
Institute of Technology (IZTECH), where the impact of submerged breakwaters was
quantified using a gamma reduction factor, representing their influence on overtopping
discharge.

A submerged breakwater solution was proposed to mitigate the risk of flooding
while preserving the visual aesthetics of both the seaside and the landward areas. This
approach provides the advantage of reducing wave overtopping without obstructing views
or altering the natural coastal environment. By dissipating wave energy before it reaches
the shoreline, submerged breakwaters are designed to maintain a balance between
functionality and aesthetics, enhancing coastal protection systems.

In addition to quantifying wave overtopping reduction, the study also examined
wave transmission phenomena associated with submerged breakwaters. Understanding
wave transmission is crucial for assessing how much energy passes through or over the
breakwater, affecting the wave climate on the protected side. The results of this study are
expected to contribute valuable insights into the performance of submerged breakwaters
as a supplementary coastal defense strategy and provide a basis for comparison with

existing findings in the literature.



Figure 1.1. Flooding photos of Kordon region, Izmir during storm conditions.
(Source: Izmir Sponge City Report, 2022)

1.1. The Structure of Thesis

This thesis consists of 4 main chapters apart from the current introduction section.

Chapter 2 provides an overview of the relevant academic literature about wave
transmission and wave overtopping on vertical seawall.

In chapter 3, the detailed experimental set-up and test program are presented.
Also, in chapter 3 hydrodynamic conditions the hydrodynamic conditions under which
the experiments were conducted are presented in detail. This chapter provides a
comprehensive overview of the experimental setup, including dimensional analysis and
reflection analysis, to guarantee accurate representation of the wave and structural
interactions. Through these analyses, the chapter lays a foundational understanding of the
parameters impacting wave transmission and wave overtopping discharge, serving as a
basis for the study’s quantitative assessments.

Chapter 4 presents the experimental results, detailed analyses of wave
transmission and the findings related to gamma reduction. The data obtained from these
experiments provide useful insights into the performance of submerged breakwaters in

wave energy dissipation and overtopping reduction.



Chapter 5 concludes the study by summarizing the key findings and discussing
their implications for coastal protection. Additionally, this chapter proposes directions for
future research, offering recommendations that could expand on the current findings and
explore new approaches to enhance the effectiveness of submerged breakwaters in

various hydrodynamic conditions.



CHAPTER 2

LITERATURE REVIEW

2.1. Wave Transmission

The amount of wave passing to the back of the structure after being partially
absorbed by an artificial or natural obstacle is called wave transmission. The transmission
coefficient, Ky, is defined as the ratio of the transmitted wave height (Hmo, ) to the incident
wave height (Hmo, i) or the square root of the ratio of the transmitted wave energy to the

incident wave energy, as shown in Eq. 2. 1.

0.5
K, = Hmoc _ (E) 2. 1)

HmOL' Ei

Here,

Hmot: Spectral wave height transmitted through the structure.
Hmoi: Spectral wave height of approaching the structure.

E:i: The energy of the wave transmitted through the structure.
Ei: The energy of the wave approaching the structure.

Transmitted wave energy dependent on characteristic features of incident waves
in other words wave height, wave period and wave steepness, the geometry of the
structure, crest width, height and slope of the structure, and permeability of the structure.

Many studies on wave transmission have been conducted in literature, and Van
der Meer (1990a) was the first to formulate it as stated in Eq. 2. 2, with the limitation that
the wave transmission coefficient between 0.1 and 0.8. In this formula, the wave

transmission coefficient, K;, decreases linearly according to the relative crest of the

F
HmoO;

freeboard (

). Besides F is negative for submerged structures.

K, =0.80 for —2.0< <-113

HmOl-



. .

here;

F: Crest freeboard. F = h, — h’
where, h; is water depth in front of the structure and h' is structure’s height.
Hmoi: Spectral wave height approaching the structure.
However, this formula does not consider the crest width effects.
Meer et al. (1994) proposed the following formula, considering both the crest
width effect and the nominal rock diameter effect on wave transmission on both emergent

and submerged structures.

K, = aDnSO +b (2.3)

Where Diyso is the nominal rock diameter of breakwater, and a and b coefficients

are defined as,

HmO;

a =0.031 oy 0.24 (2. 4)
for emergent breakwaters,
HmoO; B \"® (2.5)
b = —5.425,, + 0.0323 —0.0017 ( ) + 0.51
Nso Dng
for submerged breakwaters
b = —2.65,, +0.05 2% | .85
= —2.65p, + 0. n50+ . (2.6)
Here Sy, is the wave steepness based on peak wave period, %
2

For conventional emergent breakwaters K; is limited between 0.075 and 0.75 and
F

for submerged type breakwaters Kt is minimum 0.15, maximum 0.60 for o < —2.The

Nso

. . . . Hmo;
general wave transmission formula is valid with the range of 1 < i < 6 and

Nso
HmoO;
D1’l50

0.01 < Sy, < 0.05. According to Meer et al. (1994), > 6 causes instability in the

structure and Sy, > 0.05 can cause the breaking of waves.



d’Angremond et al. (1996) performed advanced analyses and formulated wave
transmission on permeable and impermeable structures, demonstrating the effect of both
the structure's crest width and height, as well as wave steepness.

For permeable breakwaters,

-0.31
F

K,= —04 ( )
t Hm01+ HmOl

X (1—e%5%) x 0.64 2.7)

For impermeable breakwaters,

-0.31
F

= —0. x (1 —e79%¢) x 0.80
Where,
_ tana
HmO0 (2.9
L

The limitation value of the K is in these formulas, 0.075<K; <0.80

here;

B: Crest width

F: Crest freeboard.

Humoi: Wave height approaching the structure.
&: Surf similarity parameter (Iribarren number)

tana: front slope of the breakwater face

A HrnU v
v,
F
ht
h' ° !
Sea Bottom 1' L 1'

Figure 2.1.Submerged Breakwater Parameters Representation



Seabrook et al. (2000) suggested the following formula as a result of physical

model analysis which shown in Figure 2.2.

Hmoi

F
Ko=1- <e°'65Hm0t TR 0.047(

B xF )
L = DnSO
(2.10)

*

F Hmoi)
067 | —
+ 0.06 (B*Dnso

The formula shows that relative submergence, crest width, incident wave height
parameters are the most important parameters for wave transmission. Also, it is

recommended that the formula be examined under these boundary condition ranges,

B+ F
—7.08 < (—) <0

L * DnSO
F % Hypp;

214 < (%) <0 2.11)
ns50

2" Probe Array 1" Probe Array ‘

Wave Paddle
- Wave Absorbing Beach )
__-.'_ . ."ﬂ"h ,. -

""ﬁ-.:JK | Submerged Breakwater L
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Figure 2.2. 2-D Experimental Setup
(Source: Seabrook et al., 2000)
Calabrese et al. (2003) proposed the following formula for wave transmission in
low crested and submerged breakwaters in large-scale experiments, replacing Dyso with
B in the formula used by Meer et al. (1994):

F
Ki=ag+b (2.12)

Where a and b coefficients are defined as,

B
0.2568—
Hmoi

_ HmOl
a = (0.6957 —— — 0.7021)e (2.13)



—0.0507L

b= (1-0.562e7%0507%)e Hmoi (2.14)
With the ranges between,
~04<%<03

B

B
106 << 8.13 (2.15)

031 <% <061
ht
3<E<5.20

Briganti et al. (2003) obtained consistent results showing that the formula

proposed by d’Angremond et al. (1996) is valid for % <10 and extended the formula

to be used for wider-crested submerged breakwaters with H:lo->10' The following
formula is,
K, = —0.35L + 0.51(L)—°-65 X (1 — e 041%)
‘ HmO; HmO; (2.16)
Meer et al. (2005) extended that formula for % > 12,
K= —03—— +0.75(1 — e~0¢or 3
¢t = —0. Hm0i+ . ( —e ) fOT'fop< (2.17)

Here Kt is between -0.075 and 0.8.

Charles Friebel et al. (2003), proposed the formula below for K; for submerged

breakwaters wave transmission.

B I (2.18)
) — 0.0292(—) — 0.4257(—
hy hy

K, = —0.4969
t exP(HmOi
B F
~0.0696l0g(;) + 0.1359() + 1.0905

The formula is valid for,

—8.639 < (

< 0.000
HmOl) -

B
0.286 < (;-) < 8.750
t



4 (2.19)
0.440 < (;-) < 1.000
t

B

0.024 < (7) < 1.890
F

—~1.050 < () < 0.000

where,

B: Crest width

h’: height of the submerged breakwater

h¢ : water depth at the toe of the submerged breakwater
F: Crest freeboard.

Hmoi: Wave height approaching the structure.

L: wavelength at local depth.

Kurdistani et al. (2022) proposed the formula below for wave transmission at

submerged porous breakwaters from a numerical simulation modelling with Flow-3D.

K, = 0.5761n (0.428(1 + cota)%%%? (1 —

F_~0.75Befry0.125,_Lp 1039, 0.413\y—0.18 (2.20)
—)" P (=) ()P PP T + 0.923
HmO; Dnso Beff
. 4B+bottom width . . .
Here Befr is . for submerged breakwaters. ® is non dimensional wave
1 2mh . . . .
parameter defined as (E)tanh(Tt) and vy is non dimensional wave damping parameter
TLO'th
defined as ,
BHmo

where n = porosity, and x = horizontal coordinate inside the breakwater core.
Recently, Van Gent et al. (2023) conducted physical model tests at DELTARES
and proposed a new wave transmission formulation at submerged structures and

compared the new expression with Daemen (1991) and Calabrese et al. (2003).
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Figure 2.3. Cross-section of the foreshore in the flume
(Source: van Gent et al., 2023)

The new formulation is,

F
Ki = ¢, tanh <(_(M + ¢ ( )2+ ¢y )) +¢s (2.21)

B
Lm-1,0

Where,
Table 2.1. Coefficients for Eq. 2.21
(Source: van Gent et al., 2023)
Structure Type C1 C2 C3 Cs4 Cs
Impermeable structure 0.47 3.1 0.75 0 0.5

Permeable structure
0.43 3.1 0.75 -0.25 0.5
(rubble mound structure)

Perforated structure 0.13 3.1 0.75 -0.15 0.82

Perforated structure
) 0.4 3.1 0.75 -0.15 0.5
with screen

Perforated structure with
0.17 3.1 0.75 -0.15 0.75
perforated screen

2.2. Wave Overtopping on Vertical Sea Walls

In the literature, TAW (2002), EurOtop (2007), EurOtop (2016) and EurOtop
(2018) manuals provide technical information for the calculation and estimation of wave
overtopping amount. One of the widely used manuals today is EurOtop (2018) manual.

In EurOtop (2018); wave overtopping behavior of different structural designs under

11



various wave conditions is analyzed with laboratory experiments conducted on coastal
structures with different structural features such as slope, surface roughness, width, height
and using these collected data sets, the relationships between the parameters affecting the
wave overtopping amount and wave overtopping are analyzed and empirical formulas are
developed.

Owen (1980) conducted some of the earliest studies on wave overtopping
discharge and proposed the following Eq. 2.22, demonstrating that as the crest freeboard
R. increases, wave overtopping discharge q decreases exponentially. Figure 2.4 shows the

description of vertical seawall wave overtopping and parameters related to that term.

R
d = aexp (—b c )

/ Himo 2.22
9 Hm03 " ( . )
where a and b are fitting coefficients.

Franco et al. (1994) suggested coefficients,a = 0.2 and b = —4.3 for formula

R¢

x and with the boundary conditions 0.03 < < 3.2 and for deep water conditions. On

mo

the other hand, for intermediate and shallower water Allsop et al. (1995) suggested

R¢

coefficients, a = 0.05 and b = —2.78. The suggestion is valid for 0.03 < < 3.2.

mo

Allsop et al. (1995) stated that wave overtopping calculations on vertical seawalls
can always be expressed not by an exponential equation but also by the power equation,
and for this purpose they determined the h* parameter using data obtained from model
studies where wave breaking occurred. Meer et al. (2014) stated that the h* parameter is
used as a measure of impulsiveness, with a transition from non-impulsive to impulsive

overtopping conditions at the wall taking place over the range 0.2 < h* < 0.3.

(2.23)

Based on the findings outlined, EurOtop (2007) stated that for non-impulsive conditions
(h*>0.3)

q

1/gHmO3

For impulsive condition (h* <0.2)

Cc

R
= 0.04exp (—2.6 —C> valid for 0.1 < <35
Himo Hino (2.24)

12



R
= 1.5 x 10" %exp (h* —C> —31
0

h*z gh3 Hm

R (2.25)
valid for 0.03 < h*H—C <1

moO

More comprehensive research on vertical seawall wave overtopping was
conducted considering CLASH data and experimental set-ups were studied. As a result,
the equations on vertical seawall wave overtopping in EurOtop (2016) and EurOtop
(2018) were reworked and updated. For example, Goda (2000) stated that foreshore local

water depth is important.
The current formulas mentioned in EurOtop (2018) are as follows.
For no influence of foreshore,

q R,

—— = 0.047 X exp (—(2.35
,/gH o
m

EurOtop (2018), recommends for a design approach, increase the average

1.3
Hmo) ) (2.26)

discharge by about one standard deviation, so the new recommended formula is below,

R
1 - 0.054 x exp (—(2.35——)%)
HmO

2.27
gHm03 ( )

If there is influence of foreshore impulsive or non-impulsive conditions are checked.

2
Meer et al. (2014) stated that — B — 0.23 was used to determine impulsive or non-

mo~m-1,0
impulsive conditions. This is roughly equal to h*=0.3, because of the different wave

period measure used. Where L,,,_; ¢ 1s deep water wavelength based on Ty, _1 . (Lyp—10 =
9Tm_ 1,0/2T)

2

> 0.23 (treat as non — impulsive conditions)
HmOLm—l,O

2

< 0.23 (treat as impulsive conditions)
HmOLm—l,O

For non-impulsive condition,

13



q

1/gHmos

One standard deviation (o) increased,

e -

q

1/gHmos

For impulsive condition,

Rc
= 0.062exp (—2.78 )
HmO

q

1’g*HmO3

h* Sm_1,0

Cc

, R
(valld for0< 0

mo

< 1.35)

0.5
ST L TS
g+ H 3 h* Sm_1,0 Hino
1/ mo

: R.
(valld for T > 1.35)

mo

One standard deviation (o) increased,

q o 0.5
= 0.0155 = <¢> exp (—2.2

’ hxs, _
g*Hm03 moe

. R.
(valld for0< 0 < 1.35)

mo

0.5
H R
L=0.0020*< mo ) ( C)
’g « H 3 h * Sm—l,O HmO
mo

, R¢
(valld for T > 1.35)

mo

where S;,,_1 ¢ is the wave steepness, 2nH,,,/ gT,%l_l,O

0.5
H R
= 0.011 (L"> exp (—2.2 < )
Himo

-3

R,
HmO

)

(2.28)

(2.29)

(2.30)

(2.31)

(2.32)

(2.33)
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R. = crest freeboard

H,, =wave height at the toe of the structure
h = water depth at the toe of the structure
1:m = slope of foreshore, vertical:horizontal |

Figure 2.4. Overtopping at vertical seawall
(Source: EurOtop, 2018)

The literature on wave transmission and wave overtopping discharge on vertical
sea walls individually, currently contains a large number of research. However, in most
of these studies, there is no coastal structure behind the low-crested structure or
submerged structure.

Van Gent, (2024) investigates the impact of submerged and emerged coastal
structures on the structure-induced wave setup, particularly focusing on the magnitude of
mean water level setup between these structures. Also, how factors such as structural
permeability and the distance between the submerged low-crested structures (LCS) and

the coastal structure influence the mean water level setup.

1SET-UP8

Figure 2.5. Experimental set-up of rubble mound breakwater behind the submerged
breakwater (Source: Van Gent, 2024)

Another research by Rambabu and Srineash (2024) conducted a numerical study

primarily focused on evaluating surface elevation near the seawall, examining wave

15



reflection characteristics, and analyzing hydrodynamic pressures exerted on the seawall
when it is protected by a submerged breakwater. Although the two studies mentioned
above were conducted with a coastal structure behind a low-crested structure, the wave
overtopping reduction on vertical seawall by a submerged or low-crested structure is a
subject that has not yet been studied in literature. Therefore, this subject was studied with
the experimental setup prepared in this study and the gaps in the literature were tried to

be eliminated.
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CHAPTER 3

METHODOLOGY

3.1. The Experimental Setup

Small-scale 2D laboratory experiments were conducted to investigate and
quantify the effectiveness of submerged breakwaters in reducing wave overtopping at
vertical seawalls under impulsive wave conditions. A total of 128 experiments were
carried out in the wave flume, with systematic variations in wave and structural
parameters to ensure comprehensive data collection across different hydrodynamic
conditions.

All physical model tests are conducted in the wave flume at the Hydraulics
Laboratory of the Izmir Institute of Technology (IZTECH, Turkey) (Figure 3.1). The
wave flume is made of steel and glass with dimensions of 40 m in length, (8-meter section
of the 40 m long wave channel was made of thick glass to facilitate observation during
the experiments), 1.4 m in height, and 1 m in width.

A piston type wavemaker in flume has the capacity to produce regular and
irregular waves with a power of SkW (Aktas, 2020). At the end of the flume, a 1/5 sloped
passive absorption system made up of rocks was constructed to minimize the reflections
occurring in the wave flume (Figure 3.2). The HR Wallingford Wave Measurement
System™, consisting of 60 cm twin-wire analog wave probes and a wave gauge
monitoring device with a built-in 16-bit A/D converter, is used to convert voltage
differences into water surface profiles (Aktas, 2020). The calibration of these wave gauge

systems was performed daily before the experiments started.
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Figure 3.1. Wave Flume at [IZTECH Hydraulics Laboratory

.

[V

Figure 3.2. a) Passive absorption system without water in flume b) Passive absorption
system with water in flume

18



In the experiments conducted by Romano et al. (2015), it was suggested to work
with minimum of 500 waves in the experiments for wave overtopping calculation. On the
other hand, the convergence tests conducted on the confidence intervals in their
experiments show that the difference in the confidence interval between a 500-wave time
series and a 1000-wave time series is less than 20%. Also, EurOtop (2018) stated that
physical model tests suggest that between 500 and 1000 random waves are required to
avoid significant variations in extreme statistics. Considering all this information and
studies, 1000 irregular waves with JONSWAP spectrum was selected as a statistical
representation of a real sea state that guarantees consistent results.

To achieve accurate reproduction of all hydrodynamic conditions, the largest
Froude model scale was set to 1:16 after considering the flume's water depth and
wavemaker capacity. The experimental model is located on a horizontal platform
approximately 20.9 m away from the wave generator, 0.18 m above the bottom of the
wave flume. The horizontal platform starts with a 1/30 transition slope approximately
10.5 m in front of the wave generator, and 1.5 m is left between the submerged breakwater
and the vertical sea wall. (Figure 3.3). According to the Dokuz Eyliil University scientific
research project (BAP) numbered BAP-2016.KB.FEN.014 by Kisacik et al. (2017), and
the Izmir Sponge City Report (2022) the critical R, value for vertical walls is determined
as 1.2 m under the still water level condition. Also, still water level is determined as 2.8
m in the prototype conditions by Kisacik et al. (2017), and the Izmir Sponge City Report
(2022). Accordingly, the scaled model height of the vertical wall was determined as 0.25
m. In the following chapters, the models in the experimental setup will be explained in
more detail.

Behind the vertical seawall model there is an overtopping tank to measure the
amount of overtopping discharge in each experiment. A 0.1-meter-wide chute integrated
into the vertical seawall model directs the overtopped water into this tank. At the end of
each test, the accumulated water in the tank was measured, and this is used to calculate
the mean wave overtopping discharge g (expressed in m*/s per meter of vertical seawall
crest width). Figure 3.3 shows the characteristics of the model and its placement within
the wave flume. Additionally, the figure illustrates the dimensions of the setup, with the
top part representing the side view of the wave flume and the bottom part representing

the top view of the wave flume.
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Wave Paddie Submerged Breskwater Vertical Sea  Overtopping Tank
wall

Figure 3.3. Experimental Set-up (upper panel side view; lower panel top view)

The model was instrumented with 6 wave gauges to measure incident, transmitted
and reflected waves. Gauge 1 is in front of the wave paddle, gauge 2 is located at the toe
of foreshore slope and used to take measurements before the wave transformation along
the foreshore slope. Gauge 3.,4,5 are positioned in front of the submerged breakwater to
measure incident and reflected spectral wave heights (Hmo,i, Hmo,r), and wave periods (tm-
1.0) by using (Mansard et al., 1980) 3-gauge-procedure reflection analysis method. The 6"
wave gauge is behind the submerged breakwater, i.e. in front of the vertical sea wall to
measure the transmitted spectral wave heights (Hmo, ). The positions of all wave gauges

within the wave flume are also represented in Figure 3.3 .
The experimental set-up consists of,
e The case with no structure to measure undisturbed wave conditions.
e Only submerged breakwater case to measure transmitted wave height (Model X),

e Submerged breakwater with vertical seawall case to measure overtopping

discharge (Model Y),

e The simple vertical wall case to measure reference overtopping discharges.

(Reference Case)
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3.1.1. No Structure Condition

The Figure 3.4 below shows the experimental setup used in the wave flume, where
no structure is present, to determine the incident wave height (Hmo, i) and wave period
(Tm-1,0) for calculating wave overtopping under conditions with minimal reflection. In the
no-structure case, although there is no physical structure in the flume, a passive absorption
system is present (see Figure 3.2), introducing some level of wave reflection. To address
this the reflected waves were separated using the 3-gauge procedure method, which was
developed by (Mansard et al., 1980). The values of Hmo and Tm-1,0, used in the overtopping
calculations, were measured at the 3™, 4" and 5" wave gauges and processed with the 3-
gauge procedure method. This method is effectively isolating the incident wave height
from the reflections caused by the passive absorption system.

Later sections will provide a more detailed examination of reflection analysis,
which will elucidate the significance of minimizing wave reflection and its impact on

experimental accuracy. (See Chapter 3.4.2)

Y

Wave Paddie

Figure 3.4. No structure condition experimental setup (upper panel side view; lower panel
top view)

3.1.2. Submerged Breakwater (Model X)

Figure 3.5 and Figure 3.6 show the details of the Model X which includes
submerged breakwater, B is the breakwater’s crest width and h’ is the breakwaters height.
The submerged breakwater is built from stones with a nominal diameter between
0.027 m < Dngy < 0.035 m, with the weight of the stones calculated using zero damage

condition as stated by the Hudson formula below Eq. 3. 1.
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Vs X H%O,i
W= Y. 3.1
Kp X cotf X (£ — 1)3 (G0
Yw

where ys and yw are the specific weight of stone and water, respectively, Hmo is the design
wave height, Kp is the stability coefficient, and 0 is the angle of the sloping face of the
breakwater.

In order to ensure zero damage, each breakwater geometry was fixed to the shape
of the breakwater using metal wire mesh. It was particularly preferred that the openings
of the metal wire mesh were wider than the gaps between the breakwater stones. This
choice was made in order not to affect the permeability of the breakwater and to preserve
the natural flow characteristics between the stones. In this way, the experimental

conditions were arranged to reflect the realistic behavior of the breakwater structure.
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Wave Paddle Submerged Breakwater

N

Wave Paddle Submerged Breakwater

Figure 3.5. Model X experimental setup (upper panel side view; lower panel top view)

The height of the submerged breakwater (h') is between 0.09 m and 0.21 m with
a slope of 1:2. The crest width (B) is determined between 3Dnso<B<8Dns0, considering
the suggestion of Rock Manual (2007) 3Dnso for the minimum crest width. The values of
submerged breakwater heights and crest widths are summarized in Table 3.1.
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Table 3.1. Submerged breakwater parameters

Height (h*) (m) Crest Width (B) (m)
h'1 =0.09 B1 = 3Dnso =0.09
h's =0.12 B2 = 4Dnso =0.12
h's =0.15 Bs = 6Dns0 =0.18
h's =0.18 Ba = 8Dnso =0.24
h's =021

In the experimental process, five different submerged breakwater heights (h') and
four different submerged breakwater crest widths (B) were tested. However, a total of 15
distinct geometric configurations were employed (see Table 3.2). Experimental designs
were carefully designed to replicate feasible and possible breakwater configurations. On
purpose, combinations that were inconsistent with the functional requirements of
breakwaters, such as an excessively wide crest width and a very small breakwater height,
were excluded. Thus, a balanced range of configurations was chosen to guarantee that the
results of the investigation could be used to inform engineering applications that are both
realistic and effective. This approach aimed to generate experimental results that are in
close alignment with practical design constraints, thereby increasing the feasibility in the
development of submerged breakwater solutions. The studied geometric configurations

are shown in the Table 3.2 below.

Table 3.2. Submerged breakwater geometric configurations

h'y

Bl B2 B3
h's
h's
h's B2 B3 B4
h's
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Figure 3.6. a) Visualization of wave breaking in Model X. b&c) Visualization of Model
X under wave conditions.

3.1.3. Submerged Breakwater with Vertical Seawall (Model Y)

Model Y includes both submerged breakwater and vertical seawall. h; is water
depth at the toe of the submerged breakwater and vertical seawall, R. is the total crest
freeboard. This part aims to evaluate the reduction effect of submerged breakwater on
overtopping discharge. In this part of the experiments the submerged breakwater, the
vertical seawall and an overtopping tank are located in the wave flume to simulate real-
world conditions more effectively (Figure 3.7, Figure 3.8 and Figure 3.10). The geometric
parameters of the submerged breakwater from Model X were systematically applied in
Model Y, and the effect of the geometric parameters of the submerged breakwater on the
wave overtopping amount is examined by measuring the wave overtopping in each test.

The vertical seawall model is made of wooden material. Its heigh is 0.25 m and
the width and the length of the vertical seawall model is about 1 m. The overtopping tank
is also made of wooden material. The inner length and width of the overtopping tank is

0.77m x 0.77m and the height of nearly 0.46m. However, to position the 0.1 m wide chute
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see Figure 3.10, that directs overtopped water into the tank, the surface behind the vertical
seawall model was cut to allow the chute to fit properly. This setup also enabled a very
mild slope to be provided, facilitating the smooth transfer of overtopped water from the
vertical seawall model to the tank.

The distance between the submerged breakwater and the vertical seawall was
determined based on the midpoint of the crest width of each submerged breakwater

model. For this study, this distance was kept fixed at 1.8 m.

WG3 WG4 WG5S WG6
0,16 ¢ 1 3

0,32

HmOi

Submerged Breakwater Vertical Sea Overtopping Tank
Wall

Figure 3.7. Submerged breakwater with vertical seawall (Model Y)

Figure 3.8. Visualization of submerged breakwater and vertical seawall
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3.1.4. The Simple Vertical Seawall (Reference Case)

These experiments are conducted to measure the reference overtopping discharge
for each hydrodynamic condition. In this case, only the vertical seawall model and
overtopping tank are included. Reference overtopping discharges were measured without
the submerged breakwater under the specified hydrodynamic conditions to provide
reference values for Model Y. This allows the effect of the submerged breakwater on wave
overtopping to be defined as a reduction factor (ysu) based on the wave overtopping

discharges measured in this set-up. Figure 3.9 illustrates the model characteristics.

Wave Paddle

|

‘Wave Paddie

Vartical Sea Overtopping Tank
Wall

Figure 3.9. The reference case model (upper panel side view; lower panel top view)

The reference discharge values obtained in this setup serve as a critical baseline
for evaluating comparisons and analyses of the submerged breakwater's effectiveness
across varying experimental scenarios. These values not only help in quantifying the
reduction in wave overtopping but also provide a foundation for comparing the
experimental results, with datasets used in the EurOtop guidelines, allowing the
consistency and reliability of the measured data to be quantified against values derived

from the formula in EurOtop (2018).
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Figure 3.10.

a) Visualization of inner channel view of the Model Y without waves b)
Visualization of inner channel view of the Model Y with waves c)
Visualization of inner channel view vertical seawall model and overtopping
tank. d) Visualization of wave overtopping collection with 0.1m wide chute.
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3.2. Hydrodynamic Conditions

The studied range of hydrodynamic conditions were determined by Kisacik et al.
(2017) for BAP project with consideration of the Izmir Bay prototype conditions with
1:16 Froude scale. Two different water depths were used in front of the structure and two
different wave heights and periods were tested for each water depth. Additionally, in
experiments, the steepness of 0.04 is considered to reflect Mediterranean conditions. (See

Table 3.3)

Table 3.3. Target hydrodynamic conditions

ho (m) ht () Hmo (M)  Tm-10(S) Lo(m) So
H1 0.4 0.22 0.075 1.15 2.065 0.036
H2 0.4 0.22 0.091 1.26 2.479 0.037
H3 0.4175 0.2375 0.075 1.15 2.065 0.036
H4 0.4175 0.2375 0.091 1.26 2.479 0.037

where;

So = wave steepness

S = HmO
, = —mo
Lo (3.2)
Tm—1.0°
Lo = Deep water wave length = grzn—nw

When determining the hydrodynamic conditions, water level is determined first.
As a result of the field measurements made by Kisacik et al. (2017) within the scope of
the BAP Project for the Gulf of Izmir, the still water level (+0.00) (SWL) was determined
as 2.8m. However, climate change, global warming, storm conditions and water level
increases due to these should also be considered. Kisacik et al. (2017), stated in their study
that the extreme water level change for Izmir Bay could be 1 m. As a result, the high-
water level (+1.00) (HWL) for Izmir Bay was determined as 3.8 m.

The wave model of Izmir Bay was simulated using the third-generation nearshore

wave model SWAN (Simulating Waves Nearshore) studies conducted within the scope of
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BAP project studied by Kisacik et al. (2017), Ak (2021) and Sponge City Report (2022).
SWAN was developed at Delft University of Technology, that computes random, short-
crested wind-generated waves in coastal regions and inland waters. (SWAN Manual,
2017). The waves simulated in this study are compelled by the most recent reanalysis of
offshore wind data from the European Centre for Medium-Range Weather Forecasts
(ECMWF), ERAS5 (Sponge City Report, 2022). According to model results, the wave

climate in some important regions of Izmir Bay is shown in Table 3.4.

Table 3.4. Wave climate of Izmir Bay

Locations Hmo (m) Tp (s)
Bostanli 1.13 3.87
Poligon 1.46 4.16
Karsiyaka 1.17 4.62
Mavisehir 0.74 3.74
Konak 1.43 4.85
Bayrakli 1.20 4.77

As seen in Table 3.4, the highest significant wave height was determined as 1.46
m, and the average of all wave heights was determined as 1.2 m by eliminating the lowest

wave heights.

3.3. Test Program

The performance of submerged breakwater on both dissipating the energy of
incident waves and reducing the overtopping discharge should be analyzed separately.
Therefore, Model X and Model Y experiments were carried out under the same
hydrodynamic conditions and geometric design conditions. The first part (Model-X) is
related to the effect of submerged breakwater geometry on the transmitted wave
condition, so it includes only submerged breakwater without the vertical seawall behind
it. The wave conditions measured behind the submerged breakwater are compared with

those obtained from tests conducted at the exact location but without a submerged
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breakwater. This procedure is repeated for fifteen different geometric configurations of
submerged breakwater performed under four different hydrodynamic conditions (see
Table 3.3).

The second part (Model-Y) is to evaluate the reduction effect of submerged
breakwater on overtopping discharge. In this concept, the submerged breakwater, the
vertical seawall, and an overtopping tank are located in the wave flume. The fifteen
different geometric configurations of submerged breakwater are tested under four
different hydrodynamic conditions. After each test, the amount of water overtopping from
the crest of the vertical wall is measured and recorded as mean overtopping discharge
(referred to as q). For more accurate quantification of the reduction in overtopping
discharge, reference tests are performed including only the vertical seawall without the
submerged breakwater in front of it. Both Model-Y and reference tests are performed with
the same relative freeboard (R¢/Hmo) under the same hydrodynamic conditions.

Based on this information, four experiments are required for the case with no
structure to test four different hydrodynamic conditions. Additionally, four experiments
will be conducted in the scenario with only the vertical seawall model, serving as a
reference for wave overtopping. Each model (Model X and Model Y) will be tested with
15 different geometric configurations under the four hydrodynamic conditions, resulting
in a total of 60 experiments. In total, the experimental program consists of 128 separate
experiments. Also, several experiments with the same target spectrum were conducted to

ensure the repeatability of both wave properties and overtopping discharges.

Table 3.5. Test matrix for empty and reference case.

Test Number Wall Existence  h' B  Hydrodynamic Condition
T000_1 - - - H1
g % T000_2 - - - H2
i © T000 3 - - - H3
TO00_4 - - - H4
T000_5 w - - H1
[<B]
; g T000_6 W - - H2
§ ©  T000_7 W - - H3
T000_8 wW - - H4
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Table 3.6. The test parameter matrix for Model X

Model X
Ge(_)metrl_c Wall Existence h' B Hydrodynamic Condition
Configuration
Go1 - hl" Bl H1&H2&H3&H4
G02 - hl" B2 H1&H2&H3&H4
G03 - hl" B3 H1&H2&H3&H4
G04 - h2' Bl H1&H2&H3&H4
G05 - h2' B2 H1&H2&H3&H4
G06 - h2' B3 H1&H2&H3&H4
G07 - h3' B2 H1&H2&H3&H4
G08 - h3' B3 H1&H2&H3&H4
G09 - h3' B4 H1&H2&H3&H4
G10 - h4' B2 H1&H2&H3&H4
G11 - h4' B3 H1&H2&H3&H4
G12 - h4' B4 H1&H2&H3&H4
G13 - h5' B2 H1&H2&H3&H4
Gl14 - h5' B3 H1&H2&H3&H4
G15 - h5' B4 H1&H2&H3&H4
Table 3.7. The test parameter matrix for Model Y
Model Y
Gegmetrl_c Wall Existence h' B Hydrodynamic Condition
Configuration
Go1 w hl" Bl H1&H2&H3&H4
G02 wW hl B2 H1&H2&H3&H4
G03 w hl" B3 H1&H2&H3&H4
G04 wW h2' Bl H1&H2&H3&H4
G05 w h2' B2 H1&H2&H3&H4
G06 w h2' B3 H1&H2&H3&H4
G07 w h3' B2 H1&H2&H3&H4
G08 wW h3' B3 H1&H2&H3&H4
G09 w h3' B4 H1&H2&H3&H4
G10 wW h4' B2 H1&H2&H3&H4
G11 w h4' B3 H1&H2&H3&H4
G12 wW h4' B4 H1&H2&H3&H4
G13 w h5' B2 H1&H2&H3&H4
G14 wW h5' B3 H1&H2&H3&H4
G15 wW h5' B4 H1&H2&H3&H4




3.4. Data Analysis

All wave measurements were analyzed using the "WavelLab" software developed
by Aalborg University. (See Figure 3.11)

Each test and its repeat trials were conducted over a duration of 1220 seconds. To
avoid the initiation phase at the beginning of each test and the damping phase at the end,
a specific time window was selected for analysis. For all tests, this time window begins
att=50sand ends at t = tend - 50 s. The first 50 seconds were excluded to eliminate the
effects of the zero-wave duration and the initiation phase, during which wave generation
had just started, and synchronization across wave probes was still stabilizing. Similarly,
the final 50 seconds were excluded to avoid the damping effects caused by the paddle
stopping, which could artificially reduce wave heights. This approach ensured that the
analyses were based on stable and reliable data, eliminating transient effects during both
the initiation and damping phases.

Both time domain and frequency domain analyses were conducted separately for
each wave gauge, and the results (Hmo, Tm-1,0, Tp, Hs) were recorded.

Ml File Edt View Cakuton Repon Window Help

PEH X®D B0 /2

Input Output - Frequency Domain Analysis
Data toAnalyse Wave Elevations Tadle Graph

Reguiar | reguiar Waves Imeguiar Waves

Data Fies 3 ties selected Browse
Number of Headlines 0 Detalls
Channels (seperate by semcoion) Al Details
Sampie Frequency [H2] 13 Details

Set mean to 2610

Callbraton Function (use X for signal)  16854'x+0 092915 Details
‘Water Depth [m] 022 Details

Length Scale (Prototype/Mode) 1 Detalls

Number of Data Points to Skip at Start 550 Details
Number of Data Points to Skipat End 650 Details

Start Calculation Stop Calculation

Advanced Options
Table Graph

Figure 3.11. "WaveLab" Software data analysis
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3.4.1. Dimensional Analysis

The aim of the dimensional analysis study is to produce dimensionless parameters
and examine the physical meanings of these parameters while examining the effect of the
submerged breakwater on the wave overtopping process.

Parameters which affect the wave transmission on submerged breakwater are

related to the geometry of submerged breakwater, fluid and flow parameters.

Table 3.8. Wave Transmission Parameters for Submerged Breakwaters

Parameters Definitions Units Dimensions
B crest width of breakwater m LIMmOTO
F(he-h) freeboard m L IMOTO
h' height of structure (at its axis) m LIMOTO
Geometric Duso nominal rock diameter of m LIMOTO

armour layer (=(Mnso/pa))*)

front slope of the

m breakwater face (=tan) i )
ht water depth m LImOTO
g Gravitational acceleration m/s? LIMOT2

incident wave height
H; (Hmoi) m LIMOTO
at the toe of the structure

Flow
H transmitted wave height m LImOTO
L wavelength at spectral peak m LImOTO
T period at spectral peak S LOMmOT?!
Fluid p Water density kg/m?® L3MIT?
ui
M Water dynamic viscosity kg/m*s LIMIT?

The parameters for dimensional analysis:

F (A1, A2, A3, A4, As, As, A7, Ag, Ao, A10) =F (B, he, h’, Hi, H,, L, g, p, 1, m)



As shown in the Table 3.9 the parameters classified as geometric, kinematic,
dynamic and non-dimensional and according to Buckingham n-theorem there are 12
possible scenarios with 7 non-dimensional parameters. It should be noted that K; is the
ratio of H; to H;. Therefore, it was not considered as a repeating parameter in the

dimensional analysis process.

Table 3.9. Classification of parameters

Geometric  Kinematic Dynamic Non-Dimensional
B g p m
ht o Kt
b
Hi
Ht
L

Dimensional Analysis Calculation for Scenario 1

repeating parameters(r) = (B, g,p)

m = Bg"p°h’

LOMOTO — (LlMOTO)a(LIMOT—Z)b(L—3M1TO)C(L1MOT0)
a=-1;b=0;c=0

m =B7'g%° h,

L %
; 7T3=_; Ty = — 7T5=§;T[6_ T, =m

_px1/B3Xg ;

The repeating parameters for other scenarios are listed in Table 3.10 but their calculations

are not detailed.

Table 3.10. Non-dimensional & variables for all scenarios

Scenario 1 Scenario 2 Scenario 3 Scenario4 Scenario5 Scenario 6 Scenario 7 Scenario 8 Scenario 9 Scenario 10 Scenario 11 Scenario 12

Repeating

p Bgp htg,p h'.gp Htg,p Higp Lgp Bgu htgu h'gu Htgu Hig Lgu
arameters
m h'/B B/ht B/h' B/Ht B/Hi B/L h'/B B/ht B/h' B/Ht B/Hi B/L
M ht/B h'/ht ht/h' ht/Ht ht/Hi ht/L ht/B h'/ht ht/h' ht/Ht ht/Hi ht/L
M3 Ht/B Ht/ht Ht/h' h'/Ht h'/Hi h'/L Ht/B Ht/ht Ht/h' h'/Ht h'/Hi h'/L
un Hi/B Hi/ht Hi/h' Hi/Ht Ht/Hi = Kt Ht/L Hi/B Hi/ht Hi/h' Hi/Ht Ht/Hi =Kt Ht/L
s L/B L/ht L/h' L/Ht L/Hi Hi/L /8 L/ht L/h' L/Ht L/Hi Hi/L
M M M M M M H H H H H M
e pX,/nggp><1/F3><gp><1/F3><gp><1/F3><gplenggpxwlFaxgprlﬂxgpx\/nggpx\/Faxgpx\/Faxg pX\/ngg pX\/FSXg
7 m m m m m m m m m m m m
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3.4.2. Reflection Analysis

In experimental processes, wave reflection generally occurs from any obstacle.
Reflections are particularly significant levels when a vertical structure is present making
it impossible to directly measure the incident wave height Hmoi in such a system. If the
reflected waves are not separated from the incident waves, the superposition of incident
and reflected wave measurements may lead to unrealistic results. Therefore, minimizing
wave reflections in the wave flume is crucial for obtaining more realistic results. Different
methods have been proposed to separate the reflected and incident waves.

The initial technique was suggested by Goda et al. (1976). In this approach, wave
data was simultaneously collected from two adjacent locations by two wave gauges.
Utilizing Fourier components, wave height of the reflected and incident waves
characteristics are determined.

In this study, the 3-gauge wave reflection analysis method developed by Mansard
et al. (1980) was used to separate the incident waves from the reflected waves and the
method needs three wave gauges positioned at specific intervals from one another, based

on the wavelength at the average depth where the gauges are located.

L L < < L . L d » 3L

Table 3.11. Distance between wave gauges according to wavelengths.

Distance Distance

. Wave
Water Depth Period Gauge  Wavelength L (m) between between
ht (m) T (s) gauge 3-4  gauge 3-5
Numbers
(m) (m)
0.22 1.15 1.5002
0.22 1.26 1.6782
3-4-5 0.16 0.48
0.2375 1.15 1.5432
0.2375 1.26 1.7295
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This approach is particularly well-suited for the precise separation of incident and
reflected waves through the use of multiple wave gauge measurements, thereby delivering
a more precise representation of the wave field. (Mansard & Funke, 1980) achieved a
wider frequency range with this method and reduced noise compared to the two-gauge
method. The goal is to realize a more realistic simulation of sea state conditions through
the application of this technique, which will result in more accurate experimental results.

To verify the accuracy of the obtained incident wave height, it was compared with
the incident wave height measured under no-structure conditions (see Chapter 3.1.1),
where all structures were removed from the wave flume and reference case incident wave
height with using the technique of Mansard et al. (1980) (see Figure 3.12). While the
values are similar, minor differences exist. The average difference between the incident
wave heights calculated in the two models is 2% and maximum difference is 2.9%,
meaning that technique works well. These differences are attributed to the uneven surface
of the foreshore constructed on the flume bed and the imperfect performance of the

passive absorption system.

Mansard-Funke Reflection Analysis Comparison

0.16

< <
— —
b2 s

(=]
—_
=
o
)

0.08

0.06

Reference Case H,; (m)

0.04
0.02
0.00 &

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16
Empty Case H,;; (m)

Figure 3.12. No Structure and Reference Case incident waves comparison

36



The Figure 3.13 below presents the average results of the reflection coefficients
conducted for all hydrodynamic cases and all models. These results emphasize the
influence of structural factors on wave reflection in experimental setups. As expected,
the reflection is highest in the reference case, which involves only a vertical wall.
Similarly, in Model Y, the presence of the vertical wall results in a relatively high
reflection. Also, the reflection is lowest in the no-structure case; however, the reflection
coefficient C; is approximately 0.2. This is primarily due to irregularities in the flume and
the flume bed, as well as the insufficient performance of the passive absorption system at

these depths, as previously discussed.

Reflection Coefficients
1.000

0.900
0.800

0.700

0.600 m Empty Case

0.500 m Model X

0.400 m ModelY
m Reference Case
0.300
0.200
0.000
H1 H2 H3 H4

Figure 3.13. Reflection coefficients for all hydrodynamic cases and all models

In addition, the analysis of wave reflection for transmitted wave height was

conducted using the Eq. 3. 4 proposed by Goda et al. (1976).

1
H; = ———H;
V14 C? (3.4)
Cy '
H, = ——H;

V14 C?

Where, Hs denotes the significant or other representative wave height of composite waves
observed by the wave gauge (Goda et al., 1976).

Measurements of the transmitted wave height were obtained from the 6™ wave
gauge result, which was positioned behind the breakwater. (See Figure 3.3) However,

because only a single wave gauge was placed behind the breakwater, it was not possible
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to conduct a direct reflection analysis in this region by the help of Mansard et al. (1980)’s
3-gauge wave reflection analysis method. Yet, the sixth wave gauge, where transmitted
wave height measurements were taken, was still affected by wave reflection within the
flume. To address this, the reflection coefficient was determined using empty-case
experiments, where no structure was present. (See Chapter 3.1.1) These experiments
provided the reflection characteristics of the flume itself, allowing for the accurate
calculation of incident wave height in the absence of the structure. The same reflection
coefficients obtained from these tests were then applied in the analysis of the transmitted

wave height.
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CHAPTER 4

RESULTS AND DISCUSSIONS

This research primarily aims to evaluate the performance of submerged
breakwaters in reducing overtopping discharge when designed in front of vertical sea
walls. Another important aspect of this study is to evaluate the effectiveness of submerged
breakwaters in relation to wave transmission. The findings obtained from the conducted
experiments are discussed under this topic.

Initially, overtopping discharge measurements for the reference case model
without a submerged breakwater (simple vertical wall case) were compared with
estimates from the EurOtop (2018) database, which is used to predict overtopping
discharge for simple vertical walls. Additionally, these measurements were compared
with predictions from the EurOtop (2018) formulations and with results from overtopping
discharge experiments previously conducted on simple vertical walls in other
laboratories. The purpose of this comparison is to assess the accuracy and consistency of
the data obtained at IZTECH by benchmarking against EurOtop (2018) database
measurements and those from other labs.

Secondly, the reduction effect on overtopping discharge is quantified by
examining changes in the hydrodynamic conditions and submerged breakwater
parameters when a submerged breakwater (Model Y) is positioned in front of the vertical
seawall. In this situation, the reference case and Model Y have the same relative freeboard
(Re/Hmo), which enables a direct comparison of performance under equivalent conditions.

The primary objective of this study is to develop a reduction factor, denoted as
Ysup, almed at quantifying the effectiveness of submerged breakwaters in reducing
overtopping discharge for vertical seawalls. This factor is derived in reference to the
EurOtop (2018) formulation for vertical steep walls (Equation 7.9), facilitating a
systematic approach to evaluate the performance impact of submerged breakwaters
within established overtopping prediction frameworks.

Another key research focus is the investigation of wave transmission behavior of
submerged breakwaters under varying geometric parameters and hydrodynamic
conditions. The concept of wave transmission has been extensively studied in literature,

with numerous formulations developed. This study aims to compare the data obtained
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from experiments conducted in the IZTECH laboratory with existing formulations in the
literature, providing a basis for evaluating the consistency and applicability of these

findings.

4.1. Wave Transmission Analysis

As noted in the literature review in Section 2.1 and included in the formulations,
the transmitted wave at a submerged breakwater is influenced by key parameters such as
Duso, the front slope of the breakwater face, and permeability. However, these parameters
were held constant in this study, so variations dependent on them could not be observed.
The geometric parameters influencing wave transmission over a submerged breakwater
and wave overtopping reduction by a submerged breakwater are the breakwater height
and crest width. Since the cross-sectional area of the breakwater can be determined using
these parameters, the analyses are carried out based on variations in the breakwater’s
cross-sectional area.

In this experimental study, the efficiency of the wave transmission formulas
proposed in the literature, as discussed in Section 2.1, was evaluated by comparison with
the dataset produced in this study. In the following sections of this chapter, detailed
analyses will be presented, comparing the wave transmission coefficients calculated from
the formulas (Kt calculated) with those obtained from the laboratory data (Kt measured).

Hmo incident values in the no structure case and the transmitted wave height,
measured by the wave gauge behind the submerged breakwater (WG6), are used to
calculate transmission coefficients. Also, Model X allows for a detailed assessment of
how transmitted wave height is influenced by structural parameters and wave
characteristics, providing insights essential for optimizing coastal defenses.

Figure 4.1 shows the measured wave transmission coefficients on vertical axis and
the non-dimensional freeboard (F/Hmoi) on the horizontal axis where F is the difference
between the water depth (h;) and the breakwater height (h’). Also, in Figure 4.1, all
measured wave transmission coefficients (K;) are above 0.4, and for conditions with the
lowest F/Hmoi, the wave transmission coefficients are observed to approach Kt = 1. In
cases with a structure of very low elevation or without any structure, the wave
transmission coefficient is expected to approach Kt = 1. The current test results show a

trend that aligns with this expectation.
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Similarly, as shown in Figure 4.1 and Figure 4.2 , under the same hydrodynamic
conditions and breakwater height, a wider crest clearly results in a lower wave
transmission coefficient. This is because a wider crest provides a larger surface area for
wave energy dissipation, reducing the amount of energy transmitted past the structure.
Experimental results confirm this trend across a range of crest widths, demonstrating that
increasing the crest width significantly improves the breakwater's efficiency in reducing
wave transmission. These findings highlight the importance of crest width as a design

parameter for optimizing the performance of submerged breakwaters.
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Figure 4.1. Measured wave transmission for all test vs F/Hmoi
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Figure 4.3 to Figure 4.10 show the changes in spectral shape for incident and
transmitted waves under all hydrodynamic conditions analyzed in this experimental work.
Blue area shows the incident waves, orange area shows the transmitted waves spectral
shapes. The horizontal x-axis shows the frequency with unit Hz and the vertical y-axis
shows the spectral density with unit (m*s). The largest breakwater geometry, G15,
reduced energy more effectively than the smallest geometry, GO1. This indicates that
larger breakwater structures are more efficient in attenuating wave energy, resulting in

more significant modifications to the spectral shape of the transmitted waves.
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Figure 4.3. H1 Hydrodynamic Condition - G01 submerged breakwater geometric
configuration variance spectrum
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Figure 4.4. HI Hydrodynamic Condition — G15 submerged breakwater geometric
configuration variance spectrum
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Figure 4.5. H2 Hydrodynamic Condition — GOl submerged breakwater geometric
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Figure 4.7. H3 Hydrodynamic Condition — GOl submerged breakwater geometric
configuration variance spectrum
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4.1.1. Existing Formula for Wave Transmission and Present Dataset

Figure 4.11 shows the calculated K: using Meer (1990a) formulation Eq. 2. 2
versus the measured K:. Based on van der Meer’s (1990a) approach, the K; values range

from a maximum 0.8 to minimum 0.1. In this study the relative crest freeboard is within

the range of —1.5 < HL < —0.09. As a result, some data points outside the ranges
i

specified by Meer (1990a) and are highlighted as red dots in the Figure 4.11 and these red
dots are not included in R? calculation.

In comparing the experimentally measured K values to those calculated using the
referenced formula, a strong correlation R? = 0.9488 was observed. This high
R? indicates a close alignment between experimental measurements and theoretical
predictions. However, the trend line deviates slightly from the y = x line. This divergence
suggests that values less than 0.6 the formula overestimates and values greater than 0.6
the formula underestimates, but the formula provides a generally accurate representation
of K according to R2. The scatter in the graph can be attributed to the fact that the given

formulation does not take into account the effect of the crest width.
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Figure 4.11. Comparison between wave transmission coefficients calculated from the
Meer, (1990a) formula and measured from the produced data
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Figure 4.12 presents the calculated wave transmission data, using d’Angremond
et al. (1996)’s Eq. 2. 7 on the vertical axis and the measured wave transmission
coefficients on the horizontal axis. d’Angremond et al. (1996) highlighted the importance

of relative crest width and relative crest freeboard in their formula (see Eq. 2. 7). In this

B
HmoO;

study, the range of relative crest width is 0.8 < < 2.6. According to the suggested

formula, the maximum K; value is 0.8 and the minimum K; value is 0.075. Therefore,
these values are indicated as red dots in the figure and not included in R? calculation.
d’Angremond et al. (1996) formula slightly underestimate, and trend is parallel or more
or less same slope and measurements within the formula’s limitations still show a strong
correlation, yielding an R? value of 0.9612. his high correlation can be attributed to the
d’Angremond et al. (1996) formula’s consideration of both crest width and freeboard

effects simultaneously, providing a more comprehensive analysis of wave transmission.
d’Angremond
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Figure 4.12. Comparison between wave transmission coefficients calculated from the
d’Angremond, et al. (1996) formula and measured from the produced data

Figure 4.13 shows the calculated wave transmission data, with Equations 2.10,
and 2.11 on the vertical axis and the measured wave transmission coefficients on the

horizontal axis. In the formula suggested by Seabrook et al. (2000), a wider range was
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used for crest width (from 0.3 m to 3.5 m). When Seabrook et al. (2000) compared their
data with previously proposed formulas, they found these equations unsuitable for
representing breakwaters with wider crests. This observation motivated the development
of Eq. 2.10, as explained. The figure below shows a greater degree of scatter, with an
R? value of 0.7152, indicating a relatively low correlation. The values shown in red, fall
outside the ranges recommended by Seabrook et al. (2000) in Eq. 2.11. These data points,
indicated by red dots which are not included R? calculation, represent the breakwaters in

the dataset with the lowest crest elevations and narrowest crests.
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Figure 4.13. Comparison between wave transmission coefficients calculated from the
Seabrook et al. (2000) formula and measured from the produced data

Figure 4.14 presents the calculated wave transmission data, using Charles Friebel
et al. (2003) equations 2.18 and 2.19 on the vertical axis and the measured wave
transmission coefficients on the horizontal axis. Additionally, the data points lie below
the y = x line, indicating that the formula underestimates the values for this dataset but

still show a strong correlation, with an R? value of 0.9462. In Eq. 2.19, Charles Friebel et

al. (2003) stated the ratio of structure height to water depth is between 0.44 < (%) < 1.0,
t

however in this study this ratio is in between 0.37 < (Z—) < 0.95. The values, which are
t

48



outside the recommended range according to the formula, are shown with red dots in the

graph below and these data points are not included in calculation of R,
Friebel Harris

0.9

0.8

Kt- Calculated
(=]
wn
[ ]
[)
&
)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Kt - Measured

Figure 4.14. Comparison between wave transmission coefficients calculated from the
Charles Friebel et al., (2003) formula and measured from the produced data

Figure 4.15 presents the wave transmission data calculated using Van Gent et al.
(2023) Eq. 2.21 plotted on the vertical axis, and the measured wave transmission
coefficients on the horizontal axis. The resulting R? value is 0.9854, indicating a high
correlation. Compared to other formulas available in the literature, this equation shows
the closest alignment with the experimental data. In Eq.2.21, the effects of both
submergence depth and crest width are analyzed together with wave height and
wavelength. Unlike other empirical formulations in the literature, Eq.2.21 incorporates a
hyperbolic tangent function, which distinguishes it from other approaches. Eq.2.21
yielded the highest correlation among the tested equations, suggesting that the tanh

function effectively captures the nonlinear relationship between the influencing

parameters.

49



Van Gent

0o R?=09854 .7
.58’__?.-"
0.8 ?f
0.9
&0
0.7 0
.. ""
{
0.6 . 2%
o .

E og
= oo .-
B 05 o
5 o.',."
< e
M4 *

0.3

02

0.1

0 e

0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1
Kt - Measured

Figure 4.15. Comparison between wave transmission coefficients calculated from the Van
Gent et al. (2023) formula and measured from the produced data

4.2. Overtopping at Reference Case

This thesis aims to quantify the reduction factor in the wave overtopping
formulations due to the submerged breakwaters located in front of vertical seawall.
Initially, reference experiments were conducted in a wave flume under the same
hydrodynamic conditions, without the presence of the submerged breakwater. The
observed data were compared to the simple vertical wall equations presented in EurOtop
(2018). To establish a robust correlation with the EurOtop (2018) findings, additional
experiments were carried out at two different water depths, distinct from those used in the
overtopping tests involving the submerged breakwater. These two water depths were
chosen to be between the depths used as a baseline, allowing a clearer trend line to be
established. The experimental conditions are thoroughly summarized in the

accompanying Table 4.1.
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Table 4.1. Reference case parameters and overtopping discharge

Condition Tm-l,O (s) Hmo(m) ht(m) Rc(m) h/LO L (m-1,0) (m) Sm-l,O

H1 1.247 0.093 0.220 0.030 0.091 2.427 0.038
H2 1.278 0.102 0.220 0.030 0.086 2.551 0.040
H3 1.259 0.099 0.2375 0.013 0.096 2.475 0.040

H4 1.298 0.109  0.2375 0.013 0.090 2.628 0.041

H5 1.252 0.095 0.226 0.024 0.092 2.447 0.039
H6 1.289 0.104 0.226 0.024 0.087 2.593 0.040
H7 1.257 0.097 0.232 0.018 0.094 2.467 0.039
H8 1.296 0.106 0.232 0.018 0.088 2.622 0.040

The method for predicting the mean overtopping discharge is determined in
accordance with the guidelines in EurOtop 2018 Chapter 7 Vertical and Steep Wall. In the
designed experimental setup, there is a foreshore slope with a slope of 1/30 before
reaching the vertical wall. On the other hand, all tested waves break at the structure, and

this creates “impulsive overtopping” conditions. This condition checked with the

2
M <0.23. Finally, the —

Hmo*Lm-1,0 mo

< 1.35 status is checked and the equation that will

determine the design and evaluation approach is decided. The data is within the range of

0.1 < e

— < 0.35 which means all datas are low freeboard condition. The EurOtop
mo

(2018) formula that satisfies all these boundary conditions is provided below:

0.5
H R
S S 0.011 = <¢) exp (—2.2 - ) ,
g * H 3 h * Sm—l,O HmO
NG 7 Hmo (4.1)
0.1 <——<1.35
HmO
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According to EurOtop (2018) for a design or assessment approach, it is
recommended to increase the average discharge by about one standard deviation which

18,

0.5
H R
4 _ 00155+ <L°> exp (—2.2 < )
’g <l 3 h % Spm_1,0 Hino
mo (4. 2)
0.1 <——<1.35
HmO

Figure 4.16 presents a comparison of the experimental results from the Reference
Case with the formula developed in the EurOtop (2018), which is based on the extensive
overtopping measurements compiled in the CLASH database. Additionally, the figure
includes experimental studies conducted by Kisacik et al. (2019) and Bahadiroglu et al.
(2024). According to Kisacik et al. (2019) , main sources of differences can be attributed
to model effects, variations in the number of waves in one run, and the wave generation
spectrum type. On the other hand, there is foreshore slope difference between the datasets.

Kisacik et al. (2019) has 1/20 foreshore slope and relative freeboard is between 0.2 <

R¢

< 2.0. The vertical wall experiments by Bahadiroglu et.al. (2024) were conducted at

mo

the LABIMA, University of Florence, Italy. In that study, the relative freeboard range was

set between 035 < —¢

< 0.75, with a transition slope of 1/30. All comparative

mo

experimental studies were performed with random waves using the JONSWAP spectrum.
Notably, the experimental results conducted at [ZTECH and LABIMA exhibit a
consistent behavior along the same trendline as predicted by the EurOtop (2018) formula.
While most of the data points lie slightly below the trendline, a smaller portion is
positioned slightly above it, but remains close, reflecting the overall reliability of the
experimental observations. This consistency across results suggests that the experimental
setup and methodology are both reproducible and capable of yielding reliable outcomes,
even when conducted in different experimental facilities. Such findings underscore the
robustness of the experimental approach and reinforce the applicability of the results for

broader coastal engineering practices.
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Figure 4.16. EurOtop database comparison of mean overtopping discharge for vertical
seawalls: Kisacik et al. (2019), LABIMA (2022), and IZTECH (2024).

4.3. Impact of Submerged Breakwater on Vertical Seawall

Overtopping Discharge

The Model Y test matrix, which examines the effect of a submerged breakwater
on overtopping discharge for a vertical seawall, is provided in Table 3.7. Model Y includes
tests on 15 different submerged breakwater geometries. To assess the reduction effect of
the submerged breakwater on overtopping discharge, experiments conducted for the
simple vertical wall case are compared with Model Y data. Consequently, the simple
vertical wall case, serving as a reference for Model Y, is referred to as the “reference
case.”

For both scenarios, tests were conducted under four different hydrodynamic
conditions, comprising two water depths and two target wave height and periods. The
results, presented in Figure 4.17 and Figure 4.18, demonstrate that all Model Y
configurations successfully reduced overtopping discharge relative to the reference case.
Figure 4.17 shows the reduction achieved across all hydrodynamic conditions at a
constant relative freeboard, Rc¢/Hmo. Meanwhile, Figure 4.18 illustrates the reduction

associated with various geometric configurations when compared to the reference case.
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A key finding is that the largest submerged breakwater geometry, G15, with a
breakwater height of hS5' and a crest width of B4 (see Table 3.1), achieved the greatest
reduction in overtopping discharge. Additionally, as shown in Figure 4.18, it was
observed that as the cross-sectional area of the submerged breakwater decreases, the
reduction effect tends to decrease as well. However, the extent of this reduction requires

comprehensive analysis for a deeper understanding.
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Figure 4.17. Relative overtopping rate comparison of Reference Case and Model Y
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Figure 4.18. Relative overtopping rate comparison of Reference Case and Model Y with
different geometric configurations
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4.4. Overtopping at Model Y

In Model Y, where the submerged breakwater is placed in front of a vertical
seawall, the reduction effect is clearly illustrated in Figure 4.17 and Figure 4.18 for each
geometric configuration and hydrodynamic condition. To quantify this reduction, a
submerged breakwater reduction factor is incorporated into Eq. 4. 2 from EurOtop (2018),
which is formulated for vertical seawalls. Since 60 different experiments were conducted
within the framework of Model Y, 60 different values of ysu, are calculated accordingly.
This calculation involves taking the ratio of each experiment’s overtopping discharge to

the overtopping discharge in its corresponding reference test.

0.5
H R
_ rer  _ 0.0155 * <¢> exp (—2.2 < ),
3 h % Sm_1,0 Hino
g * Hpo
4.3)
(02< 575 <035)
. 0o .
Where (qref) is reference case overtopping discharges.
05
H R, 1
Gsub = 0.0155 * <$> exp (— . < ),

h Sm— Hm Vsu
,’g *Hm03 " Ho o fsub (I l)
( Rc >
. HmO .

Where (gsub) 1s laboratory experiments overtopping discharge for Model Y

dref

dsub

Then when the relative ratio 1s considered, the method for calculating ysup proceeds

as follows.

_ Yrer Hpo )0'5 _ R,

\/T = 0.0155 = h Sm_10 exp ( 2.2 Hmo)

g7 Tmo 5 (4.5)

0.
Gsub HmO Rc 1
—L = (.0155 (—) —2.2 e
g * H 3 i h * Sm-1,0 exp ( HmO Vsub)
mo
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ref exp (_2'2 I‘i,io)
N 1

(4.6)
Qsub -272 RC
exp ( Hmo ysub)
Re
Gres e(—z.szo)
= Re 1 4.7
sub e(_z'szOYsub)
R. R, 1
M = e_Z'ZHmO _(_Z'ZHmOVsub) (48)
9sub
R R, 1
In (qref) = [n <e_2'2H_mO _(_Z'ZHmOysub)>
Asub (49)
R R 1
In (qref) = 22—+ (2.2 < )
Asub HmO Hmo Vsub (4.10)
R 1
In (qr—ef) =-22-—° (1 - )
Gsub HmO Ysub (4.11)
In (Zre];) 1
— e (1 - ) (4.12)
—22—< sub
mo
Qref
1 in <QSub)
( ) =1l (4.13)
Ysub —22-=—<
HmO
1 ) Qref HmO
— 1 (in (%) « 2 f0)
<Vsub Qsub R c (4' 14)
Vo) -
Ysub) =
(0 (Trer\ . oo Hmo (4.15)
1 (ln (—Sub) * —2.2 R )

With the Eq. 4.15, 60 different ysuw values are calculated and reduction factor
variation is in the range of 0.16 < ysu < 0.82. Reduction factor ysu indicates that the
effectiveness of the submerged breakwater in mitigating wave overtopping varies
significantly under different conditions.

According to Figure 4.19 low ysu» values indicate that the submerged breakwater

has a high reduction of wave overtopping Conversely, a higher ysu value (closer to 0.82)
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implies that the breakwater is less effective, allowing more wave energy and wave
overtopping discharge.

The choice and calibration of this reduction factor can depend on multiple
parameters, including breakwater geometry (height, crest width, slope), wave
characteristics (height, period), and water depth. In practical terms, understanding and
accurately defining this reduction factor is crucial because it allows optimizing designs
to prevent coastal flooding, and related risks. As shown in Figure 4.19 The reduction
factor decreases in a linear manner as the submerged breakwater cross-sectional area

increases. The cross-sectional area of the submerged breakwater is,

(2B + 4h") X I’

- (4.16)
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Figure 4.19. Relation between gamma reduction factor (ysu») and submerged breakwater
cross-sectional area

The significance of the submerged breakwater's cross-sectional area in mitigating
overtopping is clearly illustrated through the reduction percentage defined in Eq. 4.17 and
presented in Figure 4.20 , which highlight the decrease in overtopping discharge relative

to the reference case.

Reduction Percentage = Areference — Gsub x 100 (4.17)

Qreference
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In Figure 4.19 and Figure 4.20, it is observed that when the reduction percentage is less
than 10% - 15%, the reduction factor approaches almost 1. This indicates that the
submerged breakwater is relatively ineffective in reducing overtopping discharge
particularly under H3 and H4 hydrodynamic conditions. The key factor influencing this
outcome is the submergence depth, or freeboard (F) of the breakwater. As the freeboard
increases, the wave transmission coefficient also increases (see Figure 4.1). Under H3
and H4 conditions, where the water depth at the toe is 23.75 cm, the breakwater is found
to be nearly ineffective in scenarios with the largest freeboard which means the smallest
h’ values. Consequently, these geometries exhibit minimal reduction in overtopping
discharge. Furthermore, as shown in Figure 4.20, the experimental results for reduction
percentage form two distinct curves under H1, H2 and H3, H4 hydrodynamic conditions.
As expected, for the same breakwater geometries, a decrease in the reduction percentage
is observed at higher water levels.
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Figure 4.20. Relation between reduction percentage and submerged breakwater cross-
sectional area

The main objective of this study is to increase the strength of the existing coastal
defense system by adding a submerged breakwater as an additional measure. The cross-
sectional area of the submerged breakwater is the most critical design parameter for
reducing overtopping discharge, as previously mentioned.

It is appropriate to represent the cross-sectional area in a dimensionless form in

order to reduce the impact of scale effect. In this context, efforts have been made to
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achieve the best correlation using the dimensionless parameters identified through the
dimensional analysis presented in Section 3.1.3.

The Table 4.2 below assesses the efficiency of various non-dimensional
parameters by utilizing a variety of metrics, such as R? (Linear, Logarithmic and
Exponential), RMSE (Root Mean Squared Error), MAE (Mean Absolute Error), and the
difference between RMSE and MAE. The accuracy of the parameters and their ability to

fit the data are evaluated by these metrics.

n
1
. E _ ) 2
RMSE = n (QObserved qpredlcted) (4'18)
i=1
n
1 (4.19)
MAE = z E |Qobservea — Qpredicted
i=1
where n is the number of observations.
Table 4.2. R?, RMSE and MAE values for non-dimensional parameters
Non-Dimensional Li R? Loaarithmic R? E ial R2 RMSE MAE RMSE-MAE
Parameter inear ogarithmic xponential
Lm-10 0.94 0.94 - 7.4823E-04 6.6871E-04 7.9522E-05
VArea
e XLinoao 0.935 0.933 ; 7.3828E-04 6.5724E-04 8.1049E-05
VArea X Hpoi
Hunoi X Lin_10 X It 0.80 0.932 ; 7.6163E-04 6.7375E-04 8.7880E-05
Area?
2
Hmoi X Lin—1,0 0.892 0.93 - 7.5996E-04 6.7215E-04 8.7803E-05
Area X h;
Humoi X Lm—1,0 0.896 0.928 ; 7.6332E-04 6.7443E-04 8.8890E-05
Area
Hmoi X Lm0 X he 0.853 0.928 - 7.6547E-04 6.7618E-04 8.9293E-05
Areals
Humoi X he 0.890 0.92 - 7.7321E-04 6.8077E-04 9.2444E-05
Area

(cont. on next page)
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Table 4.2. (cont.)

h
t 0.917 0.916 - 7.6169E-04 6.7276E-04 8.8927E-05
vVArea
Himoj 0.906 0.910 - 7.7060E-04 6.8124E-04 8.9359E-05
vArea
Hp0i X Ly
—moi 7 "m-10 0.897 0.904 - 7.6480E-04 6.8000E-04 8.4808E-05
VArea X hy
hi
Area X Sm-1,0 0.875 0.902 - 7.8386E-04 6.8558E-04 9.8279E-05
H2 . xh
—_moi 7t 0.868 0.901 - 7.8754E-04 6.8950E-04 9.8037E-05
Area X Ly_19
H,0: X h,
__me 0.883 0.884 - 7.8482E-04 6.8588E-04 9.8943E-05
VArea X Lp_1
Kt - - 0.85 7.6097E-04 6.6829E-04 9.2672E-05

Most non-dimensional parameters exhibit high explanatory power, with R? values
that fall within the range of 0.80 to 0.94. Overtopping discharge is affected by the different
geometry of the submerged breakwater; therefore, the breakwater's area is incorporated

into almost each parameter. Additionally, it can be stated that some parameters are directly

affected by wave steepness (—=>=), the breaker index (%), as well as wave height,
,0 t

H.
Lm-1

water depth, and wavelength. The data is best fit by the parameter % (R?=0.94,

heXLm—1,0

VAreaxFmg; (R?=0.935, logarithmic R*=0.933), as

logarithmic R?>=0.94) and parameter

. eX Lo L .
observed by the highest values. \/%’:Hl‘o and \/n,;r_;ﬁ also attain the lowest RMSE and
mo,i

MAE values, with RMSE values of 0.0007383 and 0.0007482, respectively, and MAE
values of 0.0006572 and 0.0006687, respectively. These values suggest minimal

2
Himoi” Xh¢

—t = demonstrates the maximum RMSE
AreaxXLm—1,0

prediction errors. In contrast,

(0.000787536) and MAE (0.0006895), which underscores its inferior predictive accuracy
in comparison to the other parameters.

The magnitude of significant errors is elucidated by the distinction between

RMSE and MAE. The slightest differences are observed for L’Zﬁ (0.0000795),

rea
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suggesting that the errors are consistent and systematic, with minimal influence from

outliers.

heXLm—1,0 Lm—-1,0
= and ==

VAreaxHpmg, i VArea

In general, outperform the others in terms of both

explanatory power (R?) and error metrics (RMSE, MAE). These parameters exhibit high
accuracy and robustness against large errors, rendering them appropriate for applications
that necessitate precision predictions.

The figures below (see Figure 4.21 - Figure 4.38) provide a comprehensive
overview of the experiments that were conducted with %95 prediction interval from the

t-test for the clear evaluation.
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Figure 4.21. Relation between gamma reduction factor (ysu) and non-dimensional
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Figure 4.22. Relation between gamma reduction factor (ysw) and non-dimensional
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Figure 4.25. Relation between gamma reduction factor (ysu) and non-dimensional
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Figure 4.26. Relation between gamma reduction factor (ysw) and non-dimensional

HpoiXhe . . . . o .
parameter %wﬂh logarithmic representation and 95% prediction
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Figure 4.28. Relation between gamma reduction factor (ysw) and non-dimensional
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4.4.1. Best Fit Non-Dimensional Parameters for Gamma Reduction

The proposed formula Eq. 4.20 is plotted in Figure 4.39 which displays the
correlation between the reduction factor, ysu» and the non-dimensional parameter of
submerged breakwater with a linear fit. Eq. 4.20 represents the wavelength normalized

by the square root of the breakwater’s area.

Lm—l,O

Ysub = 0.0609 (m) —0.1986 (4.20)

The Figure 4.39 shows that an R? value of 0.94 was achieved, indicating the other
strongest fit for this dataset. Moreover, the lower RMSE and MAE values further support
the functionality of this parameter. As also observed in the figure, only four points lie
above the prediction interval line. The correlation between the predicted from Eq. 4.20
and the observed reduction factors is illustrated in Figure 4.41. The mean overtopping
discharges at vertical seawall with submerged breakwater can be estimated by
incorporating Eq. 4.20 into Eq. 4.4 , Figure 4.42 illustrates a substantial degree of

agreement between the measured and calculated values. A logarithmic representation of

70



the reduction factor is plotted against the same non-dimensional parameter in Figure 4.40.
Although data distribution suggests a linear trend, supporting the use of a linear equation

for the best fit, this figure is included to provide a visual reference.
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The crest width and the height of the submerged breakwater has an influence on

the wavelength and the wave form which is directly related to the wavelength.
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Figure 4.41. Comparison of the observed and predicted reduction factors of submerged
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Figure 4.42. Comparison of the calculated and measured mean overtopping discharges

Likewise, another proposed formula Eq. 4.21 is plotted in Figure 4.43, which
displays the correlation between the reduction factor, ysu» and the non-dimensional
parameter of submerged breakwater with a linear fit. The Eq. 4.21 is a function of breaker

index and normalized wavelength with square root of the breakwater’s area. In other



words, it is obtained by multiplying the first proposed parameter by the breaker index.
Figure 4.44, on the other hand, provides a logarithmic representation of the reduction
factor against the same non-dimensional parameter. While the data distribution appears
to follow a linear trend, supporting the recommendation to use a linear equation for the

best fit, Figure 4.44 was included for visual reference and comparison.
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Figure 4.43. Relation between gamma reduction factor (ysu) and non-dimensional
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The Figure 4.43 shows that an R? value of 0.935 was achieved, indicating one of
the strongest fit for this dataset. Furthermore, the lowest RMSE and MAE values further
support the functionality of this parameter. Additionally, Figure 4.43 shows this parameter
has no data points outside the prediction interval line.

The correlation between the predicted from Eq. 4.21 and the observed reduction
factors is illustrated in Figure 4.45.

Finally, the mean overtopping discharges at vertical seawalls with submerged
breakwater can be estimated by incorporating Eq. 4.21 into Eq. 4.4, Figure 4.46 illustrates

a substantial degree of agreement between the calculated and measured values.
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Figure 4.46. Comparison of the calculated and measured mean overtopping discharges

Even though the R? value of K; is low when compared to the R? values of other
non-dimensional parameters, it can be suggested that a gamma reduction factor depending
on K; will find a wide applicability since K is easy to calculate and well defined in most
experimental processes. The physical role of a submerged breakwater is to dissipate wave
energy. The parameter that best describes this process is K Therefore, the non-
dimensional parameter K should also be included in the best-fit definitions.

The proposed formula Eq. 4.22 is plotted in Figure 4.47 which shows the
correlation between the gamma reduction factor, ysu», and the non-dimensional parameter

Kt with an exponential fit.
Ysub = 0.0478¢30988Ke (4.22)

The correlation between the predicted from Eq. 4.22 and the observed reduction
factors is illustrated in Figure 4.48. The mean overtopping discharges at vertical seawall
with submerged breakwater can be estimated by incorporating Eq. 4.22 into Eq. 4.4 ,
Figure 4.49 illustrates a substantial degree of agreement between the measured and

calculated overtopping discharge values.
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Figure 4.49. Comparison of the measured and calculated mean overtopping discharges

The submerged breakwater decreases the overtopping discharge at the crest of the
vertical seawall when it is located in front of it. This reduction is represented by a gamma
reduction factor in the traditional formula of EurOtop (2018), Eq. 4. 2.

Gamma reduction coefficient depends on several non-dimensional parameters.

L .
\/’;fr_;‘ao), second one is the
t Lin—1,0Xh¢

T . g h
multiplication of the first one with breaker indices (H S Fireaua
mo,i mo,i

First one is wavelength normalizes by the square root of area (

and the last one is

the wave transmission coefficient K¢ , which is the ratio of incident wave height to
transmitted wave height. The findings indicate that there is no single unique outcome, but

rather a combination of various results, as all have similar R? values, and no single

Lm—1,0

VArea

higher R? value compared to the others. The used data range of relative crest

parameter emerges as the definitive best-fit, even though ( ) may have a slightly

il ), steepness (Sp—1,0), and breaker index (H;ntoi)

width ( ), relative freeboard (

B
Lm-1,0 HmO;

are written in Eq. 4.23 below.
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—15<— < -0.09 (4.23)
Hmo;

3<Z <10
L

HmO;

04 <
ht

<0.5

HmOi

0.038 <

or Sp—10 < 0.042

m-—1,0

This data includes uncertainties related to laboratory effects, scale effects, 3D
effects, and the use of pure freshwater instead of saline water. Therefore, it should be
validated by using prototype data.

From the Figure 4.43, Figure 4.39 , Figure 4.47 and Equations 4.21, 4.20, 4.22 it
can be observed that the overtopping discharge, which is influenced by the submerged
breakwater, is significantly affected by wavelength, incident wave height, water depth
and K¢ parameter. Therefore, these parameters exhibit strong correlations with the gamma

reduction factor.
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

Coastal zones, including Izmir Bay, are at a substantial risk of experiencing
natural disasters that are further worsened by climate change and sea level rise, such as
increased storm intensity and wave heights. The necessity for innovative and adaptive
solutions has been prompted by the limitations of conventional coastal protection
structures, such as rubble mound breakwaters and vertical seawalls, in addressing these
challenges.

The objective of this research was to assess the effectiveness of submerged
breakwaters in reducing wave overtopping at vertical seawalls with the help of physical
model tests. The influence of the submerged breakwater is reflected by a gamma reduction
factor. This factor is included in the traditional EurOtop formulation.

The experimental investigations conducted at the Izmir Institute of Technology
(IZTECH) have provided valuable insights into the performance of submerged
breakwaters under varying hydrodynamic conditions. Random waves were used in the
experimental study and 128 different 2D small scale experiments were conducted.

The experimental data demonstrated that, in certain cases, submerged breakwaters
reduced wave overtopping at vertical seawalls by as much as 90%. However, this
significant reduction was observed under specific geometric and hydrodynamic
conditions. The geometric parameters of submerged breakwater (i.e. height and crest
width) are directly correlated with its reduction factor. To evaluate the impact of the
submerged breakwater on wave overtopping reduction, experiments were performed with
and without the submerged breakwater.

It is important to note that submerged breakwaters are fixed structures, and as sea
level rise is a gradual process, their effectiveness is expected to decrease over time. This
theoretical projection highlights the need to consider future sea level scenarios during the
design and implementation phases to ensure long-term resilience.

After validating overtopping discharge measurements for a vertical seawall
without a submerged breakwater using the EurOtop (2018) guidelines, a reduction factor

related to the submerged breakwater was defined, considering factors such as wave
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climate, water depth, and environmental conditions to help reduce overtopping discharge
and protect urban infrastructure against storm surge events.

The gamma reduction factor of the submerged breakwater was found to be
inversely proportional to its area. To model this dependency, two different equations have
been proposed. Also, considering the importance of the wave transmission coefficient (Ky)

in this analysis, an additional equation including K is also developed. The final equations

are,
Yeup = 0.0609 (Lm‘l"’ ) —0.1986 6 < tm10 4,
b = Vared ) T VArea
Lm-10 X h¢ > Lm-10 X ¢
=00267 —2=22""* }_01979, 15< —07"t 37
Youb (\/Area X Hino,g VArea X Hpyg
Ysub = 0.0478¢30%88%t 0.40 < K, < 0.86

The variation of reduction factor is in the range of 0.16 < ysup < 0.82 and the new

forms of nondimensionalized exponential form equations are expressed as,

0.5
H R, 1 R
d _0.0155+ (L"> exp (—2.2 < ) 01<— ¢ <0.35

, h* sy, _ H
g * Hmo3 m-1,0 mo Vsub mo

These formulas indicate that parameters such as wavelength, wave height and
water depth play an important role in determining the gamma reduction factor. The results
highlight the strong correlations between these variables and the reduction factor and their
critical impact on the overall performance of submerged breakwaters.

In addition, experiments with the submerged breakwater existing alone in the
flume were conducted to investigate the wave transmission through a submerged
breakwater. The data set analyzed in this study showed strong correlations with the
formulas proposed in the literature. Among those examined, the formula proposed by Van
Gent et al. (2023), Eq. 2.21 provide the strongest correlation.

Low wave transmission coefficients are directly related to low wave overtopping
discharge, highlighting the complementary role of submerged breakwaters in enhancing
coastal protection systems. The results of this study demonstrate that submerged
breakwaters can be an effective supplementary measure to address flooding risks and

enhance the resilience of vertical seawalls.
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To improve the accuracy and reliability of this study, it is essential to acknowledge
the disadvantages associated with submerged breakwaters. Constructing these structures
on the seaward side is more challenging and costly compared to landward crest
modifications. Additionally, submerged breakwaters pose navigation hazards due to their
low visibility during high tides or rough sea conditions, potentially endangering boats and
other watercraft. Their ecological impacts are also notable, as they can alter marine
habitats and disrupt the behavior of aquatic species, with some facing habitat loss or
disturbances in sedimentation patterns.

Given these challenges, it is advised to incorporate supplementary datasets that
cover a wider range of incident wave heights to improve the accuracy and reliability of
this study. A more comprehensive explanation of the behavior of submerged breakwaters
under varying hydrodynamic conditions would be facilitated by the incorporation of a
wider range of wave height scenarios. This will enhance the understanding of the
relationships among wave height, wave overtopping, and wave transmission, ensuring the
findings are relevant across a wider range of hydrodynamic conditions. Also, such data
will improve understanding of submerged breakwater performance under extreme wave
conditions, leading to improved modeling design recommendations.

Lastly, the differences induced by scale effects can be further mitigated by
undertaking in-situ measurement or using larger-scale model results. Moreover, physical
investigations can be complemented by advanced numerical modeling techniques, which
enable the validation of results at a variety of scales. The reliability and applicability of

the findings to real-world scenarios will be enhanced by these methods.
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